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Abstract
Epigenetic regulation is a fundamental element for governing eukaryotic gene expression.

Eukaryotes have a wide array of proteins that help maintain patterns of epigenetic modifications,
which in turn control which genes are expressed in a spatiaotemporal manner. One such epigenetic
modification is lysine acetylation, which occurs on a variety of proteins including histones. Due
to the proximity of DNA to histones, changes in histone acetylation directly impact gene
expression. The addition of acetyl moieties to DNA by lysine acetyltransferases (KATs) allows
the decompaction of chromatin, leading to gene transcription, so histone acetylation is considered
as an activating mark. Opposing KATs are histone deacetylases (HDACs) which function to
remove acetyl moieties from histones, thereby condensing the chromatin and causing
transcriptional repression.

The interplay between acetylation and deacetylation is important for cellular functioning.
Without appropriate acetylation and deacetylation, there is a dysregulation of gene expression,
which can have devastating implications, including development of cancer. With the advent of
genetic testing and through the use of mouse models, it is clear that appropriate histone acetylation
is critical in embryonic development. Mice lacking KATs or other proteins within KAT complexes
often die in utero or before weaning, showing substantial defects. Additionally, patients with
mutations in genes encoding subunbits of the KAT complexes have been identified through genetic
testing of different developmental disorders.

Recently, a patient was identified to possess two different de novo mutations in the gene
encoding KAT14, one of the two acetyltransferases within the transcriptional adaptor 2A-
containing (ATAC) complex. The ATAC complex is known for its roles in cell cycle progression
and mammalian development. The patient with KATI14 mutations presents with Diamond
Blackfan anemia, a bone marrow disorder that arises during development. These KAT 14 mutations
alter protein size and stability, while greatly changing the landscape of histone acetylation,
affecting both acetylation of histone H3 and H4. Due to the magnitude of alterations in this patients
KAT14 it is suspected that the KATI14 variants play a critical role in the mechanism of
pathogenesis for this patient.

In addition to the de novo mutations found in KAT14, seven different individuals have been
identified with WD40 (tryptophan-aspartic acid) repeat domain 5 (WDRS5) mutations. WDRS5 is a
part of the nonspecific lethal (NSL) complex, a KAT complex known for its role in histone H4
acetylation. Patients with WDRS mutations present with a distinctive global development delay

syndrome that mirrors the phenotype of patients with mutations in similar lysine acetyltransferase
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complexes. These de novo mutations impact WDRS’s ability to act as a histone reader, reducing
binding to histone H3, as well as alter the subcellular localization of WDRS5. Additionally, the
mutations impacted the acetylation profile of the NSL complex. Due to similarities in phenotype
to other global developmental delay disorders and similar reductions in acetylation found in related
KAT complexes, we suspect these seven patients represent a novel global developmental delay
syndrome.

These findings about KAT14 and WDRS shed light on the importance of histone acetylation in

development and help classify two new developmental syndromes.
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RESUME

La régulation épigénétique est un ¢élément fondamental de 1’expression génétique chez les
eucaryotes. Les eucaryotes possédent une grande variété de protéines qui aident a maintenir les
motifs épigénétiques, qui a leur tour régulent I’expression des genes. L’acétylation de la lysine est
une des modifications épigénétiques possibles; elle se produit dans diverses protéines, notamment
les histones. Etant donné la proximité de I’ ADN avec les histones, les changements de 1’acétylation
des histones ont une incidence directe sur 1I’expression génétique. L’ajout de résidus d’acétyle a
I’ADN par la lysine acétyltransférase (KAT) permet la décompaction de I’ADN chromosomique
et, par la suite, la transcription des geénes. Il semble donc que I’acétylation active I’expression
génétique. Contrairement aux KAT, les histones désacétylases (HDAC) enleévent les résidus
acétyles, entrainant la condensation de I’ADN et la répression transcriptionnelle.

L’interaction entre 1’acétylation et la désacétylation est essentielle au fonctionnement cellulaire.
Sans 1’acétylation et la désacétylation nécessaires, I’expression génétique devient dérégulée, ce
qui peut avoir des conséquences dévastatrices comme le cancer. L utilisation de tests génétiques
et de modéles murins montre clairement que 1’acétylation des histones est essentielle au
développement embryonnaire. Les souris qui manquent de KAT ou d’autres protéines comprises
dans les complexes KAT meurent souvent in utero ou avant le sevrage et présentent des anomalies
importantes. De méme, les patients ayant des mutations dans les complexes KAT présentent
différents troubles du développement.

Récemment, un patient ayant deux mutations de novo dans le géne codant KAT14, ’une des
deux acétyltransférases dans le complexe de 1’adaptateur transcriptionnel contenant 2A (ATAC).
Le complexe ATAC est connu pour son role dans la progression du cycle cellulaire et le
développement mammalien. Le patient ayant les mutations KAT14 est atteint de ’anémie de
Diamond-Blackfan, trouble de la moelle osseuse qui se manifeste pendant le développement. Ces
mutations KAT14 alterent la taille et la stabilité de la protéine ce qui a un substantielle effet sur
I’acétylation des histones H3 et H4. L’ importance des altérations du KAT14 chez le patient laisse
supposer que les variants KAT14 jouent un role critique dans le mécanisme pathogénique de ce
patient.

En plus des mutations de novo dans KAT14, des mutations des protéines a domaine de répétition
WDA40 (acide tryptophane-aspartique) S (WDRS) ont été détectées chez sept autres individus. La
protéine WDRS fait partie du complexe NSL (nonspecific lethal), soit un complexe KAT connu

pour son role dans I’acétylation de I’histone H4. Les patients ayant des mutations de WDRS
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présentent un syndrome de retard de développement global particulier qui ressemble au phénotype
des patients ayant des mutations dans des complexes lysines acétyltransférases similaires. Nous
avons trouvé que les mutations de novo ont une incidence sur la capacit¢ de WDRS d’agir comme
lecteur d’histone, ce qui réduit la liaison a I’histone H3 et change la localisation subcellulaire de
WDRS. De plus, les mutations changent le profil d’acétylation du complexe NSL. Les similarités
entre ce phénotype et d’autres syndromes de retard de développement global ainsi que la réduction
de I’acétylation dans les complexes KAT nous portent a croire que les sept patients présentent un
nouveau syndrome de retard de développement global.

Nos constatations quant au role de KAT14 et WDRS démontrent I’importance de 1’acétylation
des histones dans le développement et aident a classer deux nouveaux syndromes

développementaux.
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CHAPTER 1: LITERATURE REVIEW

1.1 EPIGENETIC REGULATION AND HUMAN DISORDERS

The foundation of eukaryotic life’s diversity comes through its genetic blueprint, DNA
(deoxyribonucleic acid). In order to contain all of genetic information, DNA is packaged into a
structure called chromatin, which are tightly packaged nucleosome proteins of core octamers
histones surrounded by DNA.? Through the compaction of chromatin DNA, differential expression
of genetic information occurs, generating different cell and tissues types. Appropriate gene
expression is integral in functioning, therefore changes in gene expression can have detrimental
consequences. Thus, understanding DNA sequences and gene expression are essential to
deciphering the human body in conditions of health and illness.

Gene expression is regulated through post-translational modifications (PTMs) of histones or
other proteins. Epigenetics refers to the study of these reversible PTMs. Specifically epigenetic
traits are “stably heritable phenotypes resulting from changes in chromosome without alterations
in the DNA sequence”.? In general, there are three types of signals that establish epigenetic traits.
Firstly, epigenators are environmental factors that trigger intracellular pathways.?> The second
signal is epigenetic initiators, which respond to the epigenator in order to define the location of the
epigenetic chromatin.® Finally, epigenetic maintainers maintain the chromatin environment.?
Maintenance occurs through different phases of the cell cycle and through the following
generations.?

As a whole, epigenetics is the study of regulatory mechanisms that control gene expression.
Changes in gene expression occur through responses to stimuli and can be altered without
impacting the DNA sequence itself.

1.1.1 EPIGENETIC REGULATION

Epigenetic regulation processes consist of four different types of modifications: 1) DNA
methylation, 2) non-coding RNA associations , 3) chromatin remodelling, and 4) histone
modifications.* These four regulation mechanisms affect gene expression and utilize PTMs to exert
their functions. PTMs are reactions where biochemical moieties are added onto specific amino
acids of proteins through enzymatic catalysis.

Many PTMs exist, including methylation, phosphorylation and acetylation. PTMs are added to
proteins by transferases and removed by enzymes such as deacetylases, or phosphatases.> Each

PTM is unique and able to act in different cellular functions. PTM’s are able to work alone, or



alongside one another, to coordinate the regulation of cellular and systemic processes. The
presence and absence of different PTMs allows varying cell types to arise.

Proteins involved in controlling or interacting with PTMs are called epigenetic regulators, due
to their ability to control transcription. Regulators are critical for many cellular processes as well
as genomic integrity. Three common types of epigenetic regulators are writers, erasers and readers.
Writers are epigenetic regulators that can enzymatically add PTM moieties on histones, proteins
or the DNA.® Examples of writer proteins are acetyltransferases or methyltransferases. Erasers
oppose the function of readers by enzymatically removing the moieties from their respective
locations.® Different erasers include deacetylases and demethylases.* The interplay between the
addition and removal of modifications indicates that gene expression is dynamic instead of
permeant.* Readers are proteins that recognize, and or bind to cellular targets that are modified or
unmodified.* Reader domains can be found in many proteins and help control the specificity of
where reader and eraser proteins exert their effects.® Common reader domains include the tudor
domain, which recognizes H3K4me2/3, as well as WD40, and bromodomains, which both
recognize modified or unmodified histone H3.’

With an ever-expanding range of PTMs being identified, the understanding of patterns and
networks of PTMs is complex and intertwined. The most common PTMs and the epigenetic
regulators that are responsible for the modifications are described in detail in the following

sections.

1.1.1.1 DNA METHYLATION

Methylation and demethylation are one set of unique modifications. Methylation based
modifications occur on proteins, including histones and on the DNA itself.®* On DNA, methylation
occurs on cytosine residues, particularly CpG dinucleotides, where the mark is associated with
transcriptional repression. DNA methyltransferases (DNMT) are responsible for catalyzing the
methylation reaction. DNA methylation patterns can be propagated, for example DNMT]1 is able
to reproduce CpG methylation patterns on the DNA of daughter progeny to match the parental
DNA after cell division.® Although many DNA methylation sites act to directly repress gene
expression, some can act indirectly, allowing the recruitment of other enzymes or complexes to
further compact the chromatin.®

1.1.1.2 NON-CODING RNA ASSOCIATIONS

Like DNA, non-coding RNA (ncRNA) can also undergo modification. The vast majority of the

human genome is not translated into proteins, however these non-coding regions have regulatory



roles in gene expression patterns, among other cellular functions.”!? Ribosomal and transfer RNAs
(rRNA and tRNA) are two types of ncRNA and are involved in the synthesis of proteins from
messenger RNA (mRNA).” ncRNA can be divided into two major groups, small or large ncRNA
(sncRNA, IncRNA), both of which are able to regulate and recruit DNMTs or histone modifying
groups to exert transcriptional effects.” Examples of sncRNA include microRNA (miRNA) and
small interfering RNA (siRNA). A single stranded variant of ncRNA, miRNA, is important in
regulating gene silencing after transcription, through supressing translation and enhancing
endonucleic cleavage.'"!'? Small interfering RNA (siRNA) are similar to miRNA and lead to
transcriptional silencing mediated through the degradation of mRNA.!> Conversely, enhancer
RNA’s (eRNA), a type of IcRNA, correlates to the presence of active gene transcription.'? IncRNA
are thought to have specific functions in the nucleus, helping bring regulatory complexes to
specific areas of the genome either activating or repressing gene expression.'? In all, ncRNAs are
involved in both gene silencing and activation, making these RN As invaluable to gene expression
and an important component of epigenetic regulation.'*

1.1.1.3 CHROMATIN REMODELING

Another form of epigenetic regulation is chromatin remodeling. Chromatin remodeling is vital
in regulating gene expression, acting to package chromatin into specific regions.'”> Despite
chromatin regions being tightly packed, the DNA can still be accessed and this process is regulated
by chromatin remodelers.!> In chromatin remodeling, remodeling complexes hydrolyze ATP in
order to generate energy.'® This energy can then be used to alter the structure of chromatin, which
modifies where nucleosomes are.'® Remodeling complexes are able to effect various DNA
elements, such as enhancers, origins of replication or promoters, mediating how these elements
are packaged in the cell, and determining gene expression patterns.'> There are four major
chromatin remodeling families, SWItch/Sucrose Non-Fermentable (SWI/SNF), Imitation SWI
(ISWI), Chromodomain-helicase-DNA-binding protein (CHD), and Chromatin-remodeling
ATPase INO8O (INOS8O0). These families of remodelers share certain properties, such as
recognition of histone modifications, nucleosomal and DNA affinity, ATPase regulatory domains,
interaction domains and the ability break the binding between histones and DNA through DNA
dependent ATPase domains. '3

Remodelers can alter gene expression by mediating the proper location and addition of
nucleosomes for the chromatin to bind to after DNA replication.!> Remodelers can also be used to

access hidden cis DNA elements, through nucleosomal sliding.!> Additionally, remodelers are



important in transcription by regulating nucleosomes, either removing them to allow polymerase
functioning to continue un-impeded or properly replacing the remodeler once this process is
finished.'

1.1.1.4 HISTONE MODIFICATIONS

Another modification that affects nucleosomes, or more specifically their octamers are histone
modifications. In the nucleus, PTMs can occur on histones, where moieties are added or removed
from histone tails. Modifications of the tails can serve to transcriptionally activate or repress
regions of DNA.” The changes between active and inactive states are reversible, leading to
dynamic control of gene expression.” PTMs are identical to histone modifications and occur
outside of the nucleus on cytoplasmic proteins.!® By modifying proteins, signalling patterns are
stimulated or adjusted, allowing for further alterations in gene expression. Here after, four common
types of histone modifications will be examined in further detail.

1.1.1.4.1 METHYLATION AND DEMETHYLATION

Methylation and demethylation are a unique set of modifications. Methylation based
modifications can occur both on proteins and on the DNA itself, as previously mentioned.®

A common place for modifications is on histone tails, and this is no exception for methylation.
Protein methylation occurs due to the activity of lysine methyltransferases (KMT), which are able
to either mono, di or tri methylate lysine residues on target proteins or within the histone tails. An
example of this is KMT2D or MLL2, a member of the SET1/MLL (SET nuclear proto-oncogene
1/ Mixed-lineage leukemia) family of histone methyltransferases, which specifically targets the
methylation of histone H3K4. Unlike acetylation, methylation will not affect the charge of the
histone tail, instead lysine methylation serves as a recognition site for reader proteins, which will
bind to these marked histones.!” Histone methylation can be both activating or repressing
depending on which residue is affected or the amount of methyl groups added, for example H3K4
methylation indicates active transcription, whereas H3K9 methylation silences chromatin
regions.'® Opposing the action of KMT, are lysine demethylases (KDM), which act to remove
methylation marks from histones. '

1.1.1.4.2 PHOSPHORYLATION

Phosphorylation is another common catalytic process that occurs on proteins. Kinases are
enzymes that catalyze phosphorylation and dephosphorylation.* These enzymes can act as both
activators or inhibitors of their targets.* Kinases can directly phosphorylate targets or indirectly

phosphorylate through binding to chromatin or other proteins to exert effects downstream.*



Phosphorylation interacts with other types of modifications. An example of this can be found
through the phosphorylation of the methyltransferase EZH2 (Enhancer of Zeste Homolog 2). This
causes a reduction in EZ2H’s ability to bind in complexes and subsequently a loss of histone
H3K27me3 causing increases in gene expression.!” The addition of phospho moieties can act to
either enhance or suppress gene expression, and is dependent on the marker or protein being
phosphorylated.* Phosphorylation can allow increases in binding, changes in specificity of the
binding partners, either an activation or termination of protein function and enhance or supress
other modifications.* In all phosphorylation is a wide-spread mark with many functions.

1.1.1.4.3 LYSINE ACETYLATION AND DEACETYLATION

One type of lysine modification is acetylation. Acetylation involves the transfer of an acetyl
group from acetyl Co-A to the g-amino group of histone tail lysine residue or other non-histone
protein targets.?? This reaction is catalyzed by lysine acetyltransferases (KAT) and can be reversed
by histone deacetylases (HDAC). Histone acetylation alters gene expression through its ability to
neutralize the positive charge of histones, allowing for a weakened association between histones
and negatively charged DNA.?° In this relaxed state chromatin is transcriptionally active, with the
presence of acetylated histones indicative of active transcriptional.?>?! For this reason, a common
location for acetylation modifications to occur is on gene promoters or enhancers.?! Conversely,
when HDACS catalyze deacetylation there is transcriptional repression and a tightening of the
association between the DNA and the nucleosomes.?’

Historically, KATs were referred to as HATs (histone acetyltransferases), but the name has been
updated to reflect the enzymes ability to acetylate both histone and non-histone targets. However,
the term HDAC is still used, since a common consensus in nomenclature was agreed upon.?? More
than a dozen KATs have been identified, with the majority of KAT’s belonging to one of three
groups, GCN5-related-N-acetyltransferase (General control of amino acid synthesis 5) (GNAT)
family, p300/CREB binding protein (CBP) family and the Monocytic Leukemia Zinc Finger
Protein (MOZ), Ybf2/Something about silencing 3 (Ybf2/Sas3), Sas2, HIV-1 Tat Interactive
Protein, 60kDa(TIP60) or as its commonly known, the MYST family.?>2” To date 18 different
HDAC’s have been identified.?® These 18 enzymes can be categorized into four classes: Rpd3-like
proteins are in class one (HDACI1-3/8), Hadl-like or class two (HDAC4-7/9/10), class three
consists of Sir2-like proteins (SIRT1-7) and finally there is class four, featuring only HDAC11.28

All HDAC s in classes one, two and four have conserved active sites and rely on zinc dependent



mechanisms.?® Whereas SIRT enzymes utilize NAD* dependent mechanisms to perform
deacetyltransferase activities.?®

The regulation of acetylation modifications on histones plays an integral role in many cellular
functions. Acetylation is an activating modification, and thus can stimulate transcription.
Depending on the acetyltransferase different histone lysine substrates will be targeted, allowing
for specificity of gene transcription. Acetylation has been implicated in DNA repair mechanisms,
such as nucleosome acetyltransferase of 4 (NuA4) complex, a KATS containing complex, which
is necessary in the formation of DNA double stranded breaks.?’ Furthermore, p300 is involved
with proliferating cell nuclear antigen (PCNA), which is found in DNA replication and repair
processes.>”

1.1.1.4.4 ACYLATION

Acylation modifications are similar to the previously mentioned acetylation modifications.
There are eight identified types of short chain acylation modifications, which occur on the g-amino
group of histone tail lysine residues, including: butyrylation (bu), hydroxyisobutyrylation (hib)
propionylation (pr), succinylation (succ), crotonylation (cr), B-hyrdroxybutyrylation (bhb),
glutarylation (glu), and malonylation (ma).3! Within the eight types of acylations, three groups
arise based on their chemical properties.®' B-hyrdroxybutyrylation and hydroxyisobutyrylation are
both polar acyl groups, and when bound to lysine their hydroxyl group allows them to form
hydrogen bonds with proteins.?! Succinyl, malonyl, and glutaryl all contain acidic acyl groups with
negative changes which influence lysine residues to adopt a negative charge.*' Finally,
propionylation, crotonylation and butyrylation are hydrophobic, and cause lysine residues to have
increased hydrophobicity.!

Many acylation modifications are catalyzed by KATs. KATs are able to use both acetyl-CoA
and acyl-CoA as substrates to modify gene expression.’! One example is KATS8, a member of the
MYST family, which propionylates histone H4K16.3> For this reason, KATs that catalyze
acylation reactions may be called acyltransferases.’! Like acetylation, these acylation’s can be
removed by one of the four classes of HDACs.3? Patterns of acylation’s, histone modifications and
the larger networks of PTMs, show the complexity of epigenetic patterns and how important they
are to gene expression.

1.1.2 EPIGENETIC REGULATION AND DISEASE

Maintenance of epigenetic patterns is critical for cellular and physiological functions in humans.

When dysregulation of epigenetic networks occurs, there can be severe and detrimental



consequences. Changes in gene expression caused by alterations in epigenetic regulators are a
common cause of disease. The following sections provide examples of disorders arising from
defects in epigenetic regulators that alter epigenetic patterns.

1.1.2.1 CANCER

One disorder well known for both aberrant genetic and epigenetic regulation is cancer. In cancer
there are global changes to the epigenome, including alterations in gene expression, histone
modifications, protein activation and DNA methylation patterns.’> Common alterations in gene
expression include activation of oncogenes and silencing of tumor suppressors. These conditions
are advantageous for the uncontrolled growth of tumor cells.?

In cancer, hypomethylation is found genome wide, however certain CpG island promoters are
hypermethylated.’**3> DNA hypomethylation can cause oncogene activation and is integral in
promoting genomic instability, encouraging both chromosomal rearrangements and
retrotransposon translocation.*® Conversely, hypermethylation has the opposite effect, acting to
promote tumor suppressor silencing and tumor initiation, effectively causing the loss of DNA
repair or apoptotic functions.3-°

Patients with cancer have genome wide changes in chromatin modifications. Common
alterations found in cancer patients includes a loss of H4K16ac and H4K20me3, or an over
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expression of HDACs, causing a profound reduction of acetylation.
translocations can also occur in KAT proteins including MOZ, which is a prominently mutated
protein in leukemia patients.*> These are a fraction of potential modifications in epigenetic

regulation that occur in cases of cancer.

1.1.2.2 NEURONAL DISORDERS

In addition to cancer, epigenetic dysregulation is implicated in other disorders. Hereafter
alterations in the central nervous system (CNS) will be examined.

Neurodegenerative disorders have been linked to impairments in epigenetic mechanisms. One
of these disorders is Alzheimer’s disease, where there is a dysregulation of restrictive element 1-
silencing transcription factor (REST).** REST proteins normally silence stress or apoptotic genes,
however in Alzheimer’s, REST is lost, leading to gene activation.** Alzheimer’s features
hypermethylation of CpG sites specific for genes, such as ankyrin 1, whose single nucleotide
polymorphism (SNP) variants are risk factors for Alzheimer’s.***> Another neurodegenerative
disorder is Huntington’s disease, where patients have altered levels of 5-mc DNA methylation.*®

Furthermore patients with Huntington’s have mutations in the huntingtin protein, which interacts



with the CBP acetyltransferase, causing a depletion in soluble or active CBP levels, therefore,
leading to hypoacetylation.*’*® Furthermore, in the brains of Huntington’s disease patient there is
an upregulation of HDAC’s, particularly HDAC5.* A dysregulation in the equilibrium between
KATs and HDACs is a common feature of Huntington’s disease.*®

Similar to neurodegenerative disorders, epigenetic dysregulation is found to cause
developmental or intellectual disabilities. Rubinstein-Taybi syndrome is an intellectual disability
and facial anomaly disorder that is caused by mutations in the CBP acetyltransferase.’® Rett
syndrome is another X-linked neurological disorder that impacts neuronal, motor and language
development.®! Most cases of Rett’s are attributed to mutations in the methyl-CpG binding protein
2 (MECP2), a protein known to modulate transcription through binding to methylated regions of
the DNA.32>3 Mutations in the MECP2 gene can demolish the proteins ability to interact with the
corepressor complex NCOR-SMRT(nuclear receptor corepressor- silencing mediator or retinoic
acid and thyroid hormone receptor), altering gene silencing.>* Similarly, intellectual disability and
global developmental delay syndromes caused by mutations in the MYST family of
acetyltransferases have been well characterized. These disorders will be described in further detail

in section 1.3.
1.2 DIAMOND BLACKFAN ANEMIA AND THE ATAC COMPLEX
1.2.1 ATAC COMPLEX

1.2.1.1 SAGA-LIKE COMPLEXES

The Spt-Ada-GCN5-acetyltransferase (SAGA) complex was first discovered in yeast in 1997.5
SAGA was initially characterized for its ability to act in transcriptional processes, its ability to
effect histone modifications and its non-transcriptional roles in maintaining DNA integrity.>® The
SAGA complex is evolutionarily conserved; however, the complex diverges in metazoans, leading
to two evolutionarily related complexes, SAGA and ATAC.>” The metazoan SAGA complex more
closely resembles its yeast ancestor compared to ATAC, however both SAGA and ATAC share a
catalytic core. The core consists of four subunits, SAGA Associated Factor 29 (SGF29),
Transcriptional Adaptor 3 (TADA3), KAT2A or KAT2B and TADA2A (ATAC) or TADA2B
(SAGA).’® ATAC and SAGA’s remaining subunits are unique to their respective complexes.

While they may be evolutionarily connected, the roles SAGA and ATAC play in physiological
and cellular processes are different. One difference between the two complexes is SAGAs ability
to act as a deubiquitinase, specifically on histone H2B.’* SAGAs deubiquitinase functions are
mediated by the subunit Ubiquitin carboxy-terminal hydrolase 8 (UBPS8).>° Both ATAC and



SAGA are involved in stress induced signalling pathways, however the pathways and genes they
interact and regulate differ. One stress pathway is the DNA damage response to UV damage, a key
member of this pathway is tumour suppressor p53.3® It was found in human U20S cell lines treated
with UV, that ADA2B, a SAGA specific subunit, was recruited to p53 dependent promoters (p21,
Growth arrest and DNA-damage-inducible 45 alpha, p53 up-regulated modulator of apoptosis and
BCL2 associated X apoptosis regulator), but not ATAC’s ADA2A allowing SAGA, not ATAC,
regulates p53.%° Other stress pathways include MAPK (mitogen activated protein kinase)
signalling cascades.’® How these MAPK pathways are regulated depends upon which complex or
protein they interact with. The SAGA complex is a part of the endoplasmic reticulum (ER) MAPK
stress pathway.*” In conditions of stress SAGA subunits and RNA Pol II localize to ER stress
regulated genes (glucose-regulated protein 78kDa, homocysteine inducible ER protein with
ubiquitin like domain, C/EB homologous protein, endoplasmic reticulum resident protein 70).°!
Conversely, ATAC is able to regulate the osmotic stress pathway, specifically through regulating
Jun-N-terminal kinase (JNK).®> ATAC works to regulate the JNK signalling cascade in both
conditions of normality and osmotic stress.®?> In normal conditions, c-Jun requires the ATAC
complex to act as a transcriptional cofactor, where it occupies target genes Jra and chickadee,
allowing for the acetylation of enhancer and promoter regions of these genes.®? This indicates in
homeostasis, the ATAC complex helps to activate transcription of JNK target genes.®> However,
in conditions of osmotic stress the ATAC complex plays an opposing role, acting to suppress JNK
gene activation.%? In order to suppress JNK, ATAC co-localizes to the c-Jun gene and recruits
kinases like, mitogen-activated protein kinase kinase 4, JNK and Misshapen, which prevents the
pathway from activating.®

Similar to their roles in stress responses, the acetyltransferase capabilities of ATAC and SAGA
vary. Both SAGA and ATAC contain the same catalytic core, therefore some acetylation properties
overlap, with KAT2A and KAT2B both functioning to acetylate histone H3K9.3® However, the
ATAC complex contains a second acetyltransferase subunit, KAT14. KAT14 works to acetylate
histone H4 residues, particularly H4K 16, and to a lesser extent H4K5/12.% While KAT14 in
ATAC has histone H4 acetylation capabilities, these are generally weaker than those of KAT2A/B,
indicating that strong histone H3 acetylation can be activated by both SAGA and ATAC, whereas
weak histone H4 acetylation will only be found in the presence of ATAC.



1.2.1.2 ATAC SUBUNIT COMPOSITION

The ATAC complex contains ten different subunits. Many of these subunits are considered to
be epigenetic regulators and have unique roles in the context of the complex. ATAC can be thought
of as two halves linked together through protein interactions. These two halves are the catalytic
core, shared between SAGA and ATAC, and the ATAC specific half, likely linked through binding
to WDRS.

In ATAC, the shared catalytic core features four subunits, TADA2A, TADA3, SGF29 and either
KAT2A or KAT2B. TADA2A is ATAC specific, however a similar protein TADA2B is in the
SAGA complex.”® The role of TADA2A in ATAC is to stimulate KAT2A or KAT2Bs
acetyltransferase capabilities, however this activation is weaker than that of TADA2B. *°
TADA2A has two common domains that affect chromatin function, SANT and SWIRM.%
Furthermore, SANT domains are readers, both recognizing and binding to histones.®> TADA2
proteins are mandatory for the acetyltransferase activity of KAT2A.%® Like TADA2A, TADA3 is
needed for efficient acetylation of histones by KAT2A and KAT2B.®' TADA3 is able to interact
with non-histone substrates such as p53. TADA3 is a co-factor of p53 and is required for p53s
transcriptional and apoptotic functions.®* SGF29 is another protein in the catalytic core. This
protein features tandem Tudor domains, allowing SGF29 to specifically recognize methylated
histones, particularly H3K4me2/3 and allows for recruitment of the ATAC or SAGA complexes
to target sites.%® The final members of the catalytic core are either KAT2A (GCN5) or KAT2B
(PCAF, P300/CBP-associated factor). These KATs are highly related and interchangeable within
the ATAC complex. Both KAT2A and KAT2B function as lysine acetyltransferases, working to
acetylate histone H3 targets, with the highest affinity for H3K9. KAT2A and KAT2B contain
bromodomains, thus they act as readers, and bind to acetylated histone lysine residues.>®

The catalytic core is attached to the remaining ATAC subunits through interactions with WDRS.
WDR35 is a histone reader and recognizes and binds to either modified or unmodified histone H3.6
In addition to its roles as a histone reader, WDRS also acts to mediate protein interactions. WDRS
has two different binding sites, the WDRS binding motif (WBM) and the WDRS5 interacting site
(WIN).% Given similarities in binding motifs of proteins that interact with WDRS it is likely that
WDRS will bind to TADA3 through the WIN site and Zinc finger ZZ-type containing 3 (ZZZ3)
through the WBM motif, bridging the ATAC specific subunits to the catalytic core. This suggests

WDRS is integral for in structural formation of the complex.
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The remaining five members of the complex are ATAC specific. ZZZ3 is one of these members,
and is a histone H3 reader, whose binding properties are enhanced by the acetylation of H3K4.57
The interactions between ZZZ3 and histone H3 are critical for ATACs acetylation and gene
activation properties.’” KAT14 is the remaining lysine acetyltransferase of the ATAC complex,
and primarily acetylates histone H4K 16.%¥ Another notable role of KAT14 is its ability to act as a
scaffold, helping to maintain complex stability and integrity.’® When KAT14 is lost in drosophila,
the ATAC complex will disassemble, highlighting its importance in complex integrity.%
MAP3K12 binding inhibitory protein (MBIP) is a mammalian specific component of the ATAC
complex, and was initially determined to be an inhibitor of the mitogen-activated protein kinase
(MAPK) upstream kinase.%® MBIP is believed to bind directly to KAT14 to promote the structural
integrity of the ATAC complex.®” Subunits YEATS domain containing 2 (YEATS2) and down-
regulator of transcription 1 (DR1), form a heterodimer through the interaction of their histone fold
domains. This heterodimer is a negative regulator of transcription, when recruited to a promoter
alone they can interact with TBP (TATA-binding protein).”” YEATS2 is a histone reader that
selectively binds to both acetylated and crotonylated histone H3K27.”! DR1 is the final component
ofthe ATAC complex and it naturally forms a duplex with NC2a (Negative cofactor 2 ), however
each subunit can function independently.” DR1 is found in high concentrations in growing cells
when glucose is absent.”> The formation of and the binding within the ATAC complex has yet to

be determined.

1.2.1.3 ATAC COMPLEX FUNCTIONS

The ATAC complex serves numerous functions within cells. One notable role of the ATAC
complex is acetylation of the chromatin allowing for transcriptional activity. ATAC is also
involved in cell cycle progression.”> When the complex is lost there is a dramatic decrease of cells
in the S phase and an increase of cells in the G2/M phase.®° Certain members of the ATAC complex
are critical in cell cycle transitions. There is a delay in M/ G transitions when 4ADA2A or ADA3
are lost, with the cells displaying defects in the midbody and centrosome, as well as, an increase
in acetylation of both histone H4K 16 and a-tubulin.”® This confirms that ATAC is important in
cell cycle phase transitions and when the complex is lost it leads to cell cycle arrest.®® Throughout
mitosis ATAC will localize to the mitotic spindle, thereby helping mediate progression through
the cycle.”® One important component of the cell cycle is Cyclin A/ cyclin dependent kinase 2
(CDK2). Cyclin A/CDK2 promotes the progression of cells through the S phase and stimulates the
G2 phase, where CDK2 acts to activate Cyclin A through phosphorylation.®® Cyclin A/CDK2 are
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important in early mitosis for the formation of the centrosome, but must be degraded through
ATAC acetylation of cyclin A.”> This degradation allows SIRT2 to become active which is
required for proper progression of mitosis through the deacetylation of tubulin and H4K16.7* This
means SIRT2 activity is indirectly regulated by ATAC and ATAC is necessary for mitosis.”?

Along with cell cycle regulation, the ATAC complex has a role in nucleosome sliding activity.”?
Nucleosome sliding refers to sliding or displacement of nucleosomes through modifications of
histones and impacts the stability or the structure of nucleosomes.” Alterations in nucleosomes
serve to adjust the chromatin structure causing transcriptional activation or repression.”> While the
ATAC complex helps facilitate nucleosome sliding activities of the SWI-SNF and ISWI
remodeling complexes, ATAC itself cannot stimulate remodeling activity.”?

The ATAC complex is a part of many cellular activities on its own, however it is also able to
form additional complexes. ATAC can interact with the Mediator coactivator complex (MED).
MED helps bridge proteins, such as transcription factors, to regulate the transcription of the
preinition complex (PIC), through the loading RNA Pol II onto promoters.”* When ATAC and
MED interact they join together forming the meta-coactivator complex (MECQO).”> Assembly of
the MECO complex occurs in certain types of cells, such as mouse embryonic stem cells or
fibroblasts.”> The interaction between the ATAC and MED complexes in MECO is mediated by
the leucine zipper motif-containing protein 1 (LUZP1), however other factors likely contribute to
the bridging of the complexes.” Within cells the MECO complex functions to regulate non-coding
RNA genes that are transcribed by RNA Pol I1.7°

As well as being involved in the MECO complex, ATAC also interacts with a variety of other
proteins including, Xeroderma Pigmentosum Complementation Group C (XPC), which is a DNA
damage sensor, known for its roles as a nucleotide excision repair factor.”® XPC also functions in
the absence of stress, where it will co-localize with RNA Pol II at promoters in fibroblasts.”® At
these promoters there are high levels of E2F transcription factor 1 (E2F1), which interacts with
XPC mediating their localization at promoters.’® Through XPC’s interaction with KAT2A, XPC
is able to recruit the ATAC complex to XPC-dependent gene promoters.’® This newly formed
XPC-E2F1-KAT2A/ATAC complex at XPC-dependent gene promoters allows for the acetylation
of histone H3K9.7” This shows that XPC acts to remodel chromatin through the recruitment of
ATAC, utilizing RNA Pol II to transcribe XPC-dependent genes.”®

Another protein ATAC interacts with is actin. Actin is an key component of cells, helping to

maintain the cytoskeleton and is involved in nuclear functions, such as gene expression.’® In gene
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expression, actins role is partially mediated through its ability to interact with RNA Pol II at
transcriptional start sites and aids in the assembly of the PIC.””"” In vitro, actin is a negative
regulator of the acetyltransferase properties of KAT14.7® The ATAC complex interacts with actin,
through direct binding of actin to the C-terminal end of hKAT14.7® This interaction significantly
reduces the catalytic capabilities of KAT14, resulting in a loss of H4 acetylation.”

1.2.1.4 ATAC COMPLEX IN MAMMALS

As previously described, the ATAC complex is involved in varying cellular processes, in
addition to these functions ATAC is also critical in mammalian functioning. Certain subunits of
the ATAC complex are implicated in different stages of development. Kat2a is integral for
embryonic development in mice, and when lost there is embryonic lethality at E10.5, with the
embryos displaying increased levels of apoptosis in dorsal mesodermal structures.®® Knockout
mouse models of Kat/4 have also been examined. In these models no mice survive to birth, with
embryonic lethality occurring between day E8.5-11.%° Knockout Katl/4 embryos displayed a
profound loss of histone H3K9, H4K5/12/16 acetylation.%® These embryos lack tissues of the
developing heart, and presented with developmental delays, and increased levels of apoptosis.®’
Kat14 null embryos also feature cell cycle abnormalities, with a twofold increase of Go/M and G
phase cells and a decrease in S phase cells.®” This indicates that the ATAC complex is important
in cell cycle progression in mammals.

In mammalian cells, ATACs involvement in signaling cascades has been studied. When Hela
cells are treated with 12-O-tetradecanoylphorbol-13-acetate (TPA), an activator of the PKC
signaling pathway, there is significant localization of ATAC subunits to three different immediate
early genes, c-Fos, Fos-related antigen 1 and early growth response protein- 1.8' ATAC was found
to be required for the regulation of these immediate early genes, in conditions of inactivation or
stress activation.®! However, there was no increase in localization of SAGA subunits, indicating
only ATAC is brought to the promoter regions of TPA-induced genes. This represents one
differential role in stress regulation between ATAC and SAGA in mammals.®!

1.2.2 DIAMOND BLACKFAN ANEMIA

1.2.2.1 CLINICAL PRESENTATION

Diamond Blackfan Anemia is a rare inherited blood disorder and is considered a congenital red
cell aphasia.®? In Diamond Blackfan anemia the bone marrow fails to produce mature erythrocytes,
due to a defect in erythroid differentiation.?? Impairments in the bone marrow likely stem from

alterations in embryonic development, since patients are identified within the first year of life.®?
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Patients with Diamond Blackfan anemia present with anemia, which is characterized by a marked
decrease in red blood cells, with near normal levels of neutrophils and platelets.®? Other than
anemia, patients clinical presentations may include: short stature, webbed necks, microcephaly,
abnormal thumbs, and cleft lip or palate.’? Diamond Blackfan anemia can cause other multi-
systemic affects, leading to abnormalities in cardiac, genital and facial organization or
functioning.®” In addition to these phenotypes, Diamond Blackfan anemia is also a cancer
predisposition syndrome and patients have an elevated risk of developing cancers like leukemia.®’

Diamond Blackfan anemia is a rare disorder, with approximately seven cases identified per
million births.®* Seventy percent of Diamond Blackfan anemia cases are attributed to mutations in
ribosomal protein genes.®® The remaining thirty percent of cases of are idiopathic and have no
known causes.®® Common ribosomal protein mutations in Diamond Blackfan anemia include,
ribosomal protein SIP (RPS19), RPL5, RPL26 and RPLI1.3* Despite knowing these mutations

occur, little is known about the mechanistic features of Diamond Blackfan anemia.

1.2.2.2 MECHANISM OF PATHOGENESIS

The exact mechanism of pathogenesis of Diamond Blackfan anemia is currently unknown,
however there are hypotheses that speculate the mechanism of pathogenesis. First, Diamond
Blackfan anemia is considered an intrinsic defect of the bone marrow, particularly in
erythropoiesis. This explains why bone marrow transplants can be curative, since the
microenvironment is not involved.®*® A major area of study in the pathogenic mechanism of
Diamond Blackfan anemia is the tumor suppressor p53. p53 regulates expression of target genes,
including p21.8687 Alterations in p53 target genes are found in erythroid cells of Diamond Blackfan
anemia patients.%37 Patients with ribosomal protein gene mutations causing Diamond Blackfan
anemia have an upregulation or increased activation of p53 in erythroid cells leading to decreases
in erythroid cell proliferation.?®87 Mutations in RP genes are thought to affect the RP’s ability to
sequester mouse double minute 2 homolog (MDM-2), an inhibitor of p53, thus p53 and MDM-2
will not bind and MDM-2 will not ubiquitinate p53.% Therefore proteasomal degradation of p53
will not occur, leading to higher levels and greater activation of p53.86 The upregulated p53
accumulates in the erythroid lineage of hematopoietic cells, particularly within erythroid
progenitor cells, ultimately causing apoptosis of the progenitor cells.®” This mechanism explains
why erythrocytes are selectively lost in Diamond Blackfan anemia.®’

An additional complication to Diamond Blackfan anemia’s pathophysiological mechanism is

the imbalance between globin synthesis and free heme.’®# Diamond Blackfan anemia patients
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have an abundance of free heme and reduced level of globin syntheses.?®# This imbalance leads
to the production of reactive oxygen species and increased levels of apoptosis in erythroid
progenitor cells. 38

Depending on which RP is mutated in Diamond Blackfan anemia, there could be different
mechanisms of pathogenesis. For example mutations in RPS/9 cause reductions in erythroid
progenitor cell proliferation, whereas mutations in RPL// cause reductions of progenitor cell
proliferation with increases in apoptosis and delayed differentiation.®® However mutations in both
proteins cause p53 pathway activation an activation and feature cell cycle arrest in Go/G .5

The p53 pathway is not the only cascade to be affected in Diamond Blackfan anemia. Patients
with Diamond Blackfan anemia have profound dysregulation of the TGF-f3 (transforming growth
factor-beta) signaling pathway.?>°° The TGF-p signalling pathway is known for its functions in
the control of cellular proliferation and degradation.”’*> Two specific functions of the TGF-f
pathway are aiding in erythroid differentiation, as well as acting as a negative regulator of stem
cell proliferation.”® In Diamond Blackfan anemia patient induced pluripotent stem cells, there is a
dramatic increases in JNK activation.”® JNK is one member of the non-canonical TGF-f
pathway.”® This indicates that the TGF-B is either affected by Diamond Blackfan anemia, or is
involved in pathogenesis of the Diamond Blackfan anemia phenotype.

1.2.3 DIAMOND BLACKFAN ANEMIA AND KAT14 RATIONALE

Recently Dr. Pankaj B. Agrawal identified a patient with de novo heterozygous mutations in the
KAT14 gene, presenting with Diamond Blackfan anemia. We plan to assess if the mutations found
in the patient are causing alterations to the KAT14 protein, namely KAT14’s ability to act as an
acetyltransferase, cellular localization and its binding capabilities and structural integrity within
the ATAC complex. Furthermore, we wish to understand the pathogenic mechanisms of the
mutated protein, and if they are related to any previously known theories of Diamond Blackfan
anemia pathogenesis. In the future, we hope to bridge the understanding of how alterations in the
ATAC complex affect TGF-3 signaling and JNK, resulting in a novel form of Diamond Blackfan
anemia. Future works aim to see if the mutations in KAT14 alter p53 signalling, which has
previously been seen in Diamond Blackfan anemia patients. This discovery would link the ATAC
complex to p53 regulation for the first time. Finally, in analyzing KA 714 mutations and the ATAC
complex as a whole, we hope to better understand the functions of KAT14 and the ATAC complex

and their roles in development.
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1.3 GLOBAL DEVELOPMENTAL DELAY SYNDROMES AND WDRS5
1.3.1 GLOBAL DEVELOPMENTAL DELAY AND INTELLECTUAL DISABILITY

1.3.1.1 CLINICAL PRESENTATION AND DIAGNOSIS

Global development delay is characterized by a meaningful delay in at least two of the following
areas: gross or fine motor development, cognition, daily activities, speech or language, social and
personal.”? Cases of global developmental delay are diagnosed before the age of five.”® Although
not part of the characterization of global developmental delay, many patients also have intellectual
disabilities. Intellectual disability is not only a function of 1Q.%* Instead, intellectual disability can
be diagnosed if three criteria are met: 1) there are impairments in intellectual functions noted by
standardized intelligence tests and clinical assessments (problem-solving, learning, planning, etc.),
2) the impairments in adaptive functioning are great enough to prevent the fulfilment of civic duties
or personal independence, and 3) these intellectual shortcomings present early on.”3

Diagnosing both global developmental delay and intellectual disability early in life is beneficial
to patients. This allows time to prevent complications associated with these disorders, since they
often co-occur with multi-system affects, or larger problems in neuronal structure.”® Understanding
these problems can help improve the quality of life and overall life span of patients.”®> An example
of a complication is seizures, which are common in global developmental delay disorders. If
caregivers and physicians are aware of the possibility that negative side effects, they are better
prepared to identify and manage them should they arise. Early diagnosis allows for treatments and
support systems to be put in place ensuring for the safest and most normal life for the patients.”?
Such treatments could include specialized educational programs, speech therapy or
physiotherapies to treat the language and motor delays, respectively.

1.3.1.2 PREVALENCE

Global developmental delay and intellectual disability are both found readily in patients, with
one-to-three percent of the population are identified to have one or both of these disorders.”
However, given a potential lack of testing, or the inability to obtain a diagnosis, it is likely these
numbers are underreported. In areas where the population is of a lower socioeconomic status,
levels of global developmental delay and intellectual disability will be higher than reported.

One family of protein complexes implicated in both intellectual disability and global
developmental delay is the MYST family of acetyltransferases. The next section features an in-

depth analysis of MYST complexes.
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1.3.2 MYST FAMILY COMPLEXES

1.3.2.1 MYST FAMILY OF ACETYLTRANSFERASES

The MYST (Moz, Ybf2/Sas3, Sas2, Tip60) family of KATs is named after the four founding
members. In mammals there are five MY ST proteins, KATS, KAT6A, KAT6B, KAT7 and KATS.
Each member of the MYST family contains a hallmark MYST domain, is a conserved residue
needed for both the catalytic and acetyl-CoA binding capabilities of the protein.”> MYST proteins
also feature a C2HC zinc finger.”® The roles of each MYST protein and proteins within their
respective multi-protein complexes will be discussed here after.

1.3.2.2 MY ST CoOMPLEX COMPOSITION AND FUNCTIONS

1.3.2.2.1 KATS5 COMPLEXES

KATS (Tip60) is one member of the MYST family. Initially, KATS5 was noted for interacting
with HIV-1 Tat.’” KATS3, like the rest of the MYST proteins, is an acetyltransferase with the
strongest affinity for histone H4K12. However, the protein can also acetylate histone H4K5/8/16,
and H3K14.7 KATS5 has the ability to act on non-histone targets, like p53, which requires
acetylation for activation.”’ This enzymatic reaction is particularly important for activating p53s
apoptotic and cell cycle arrest functions, helping to remove DNA damage.”’

KATS is a member of the NuA4 (nucleosome acetyltransferase of H4) complex. In humans the
NuA4 complex contains 16 different subunits: transformation/transcription domain associated
protein (TRRAP), hDomino(p400), KATS, enhancer of polycomb homolog 1 (EPC1/EPC-like),
bromodomain containing 8 (BRDS), vacuolar protein sorting 72 homolog (YL-1), DNA
methyltransferase 1-associated protein 1 (DMAP1), inhibitor of growth 3 (ING3), RuvB like AAA
ATPase 1/2 (RUVBLI1/2), YEATS domain containing 4 (GAS41), Actin, BRG1-associated factor
53A (BAF53a), MORF-related gene 15 protein (MRG15), Esal associated factor 6 (Eaf6) and
MRG domain binding protein (MRGBP).”® Many of these proteins act as epigenetic regulators.
The proteins BRD8 (bromodomain), GAS41 (YEATS), KATS (Chromodomain) and ING3 (PHD
Finger) all act as histone readers being able to recognize and bind to either modified or unmodified
histone residues, allowing the complex to localize to the chromatin and exert transcriptional
functions.”® Subunits within the complex are known to contain domains important in chromatin
remodelling including, hDomino (HAS/SWI2/SANT), and DMAP1 (SANT).”® These domains
allow the NuA4 complex to target specific promoter regions in order to activate transcription of

select genes. %%
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The NuA4 complex has vast functions involving its many subunits. In humans NuA4 is an
activator of transcription. This activation allows for cell cycle progression.”® NuA4 plays a role in
the DNA damage response, particularly in nonhomologous end joining.’® Through the presence of
the helicase subunits RUVBL1/2, the complex plays a role in homologous repair, through Holiday
junction movement.”® These are a few examples of NuA4 protein functions.

Along with the NuA4 complexes roles in cellular processes the complex also has importance in
mammalian physiological functions. KATS5 is integral to mammalian development. With
homozygous loss of Kat5, mice present with embryonic lethality near the blastocyst phase, with
increases in cell death and an attenuation of cellular proliferation.”® These results indicate that
KATS is critical for cellular survival during embryogenesis. KATS is critical to CNS development,
however, developmental models looking at the CNS have not been studied due to the embryonic
lethal phenotype of Kat5 knockouts.'”” KAT5 is found in the mammalian forebrain and

hippocampus.!?!

When adult mice undergo a conditional knockout of Kat5 in the forebrain, the
hippocampal CA1 region undergoes mass dysregulation of gene expression.'®! Additionally,
hypoacetylation of histone H4K12 occurs at transcriptional start sites of many genes including

those involved in neuroplasticity.'?!

Ultimately, the loss of Kat5 in mice forebrains lead to
neuronal degradation in the hippocampus.'?!

While KATS is fundamentally critical in mice, other binding partners also have developmental
importance. One NuA4 subunit, ING3, is traditionally a tumor suppressor protein. ING3 is critical
for the formation of the prenatal brain and is required for mammalian embryonic development.'??
Like Kat5, when Ing3 is lost in mice, embryonic lethality occurs, at E10.5.'°2 These knockout mice
display growth retardation, abnormal neural tube closure, developmental disorders and ectodermal
differentiation is lost.'> Both KAT5 and ING3 show the importance of the MYST family NuA4

complex in mammalian development and neurological functioning.

1.3.2.2.2 KAT6A AND KAT6B COMPLEXES

Another set of protein complexes in the MYST family of acetyltransferases are KAT6A and
KAT6B. The MOZ/MORF or KA6A/KAT6B complexes are tetrameric, containing four subunits:
Bromodomain and PHD finger-containing protein 1 (BRPF1), Inhibitor of Growth 5 (INGS),
homolog of Esal-associated factor 6 (hREAF6) and either KAT6A (MOZ) or KAT6B (MORF).!%3
Both KAT6A and KAT6B acetylate histone H3, with the highest affinity for H3K23.95:100.103
KAT6A and KAT6B serve as transcriptional coactivators of the MOZ/MORF complexes, since
neither protein directly binds to the DNA.!%* The activator of the MOZ/MORF complex is the
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multivalent chromatin reader BRPF1.19%1%4 BRPF1 acts as a scaffold within the complex, bringing
together either KAT6A or KAT6B with ING5 and EAF6.!9 Within the complex BRPF1 also acts
as a reader containing two reader domains a Pro-Trp-Trp-Pro (PWWP) domain and a
bromodomain, which are able to recognize and bind to unmodified or acetylated histone H3,
respectively.!%-197 BRPF1 is vital in acetylation, acting through KAT6A and KAT6B to control
acetylation of histone H3K23.!% The subunit INGS5 is an epigenetic regulator found to be highly
expressed in stem cells and involved in DNA replication through direct interactions with MCM
(mini-Chromosome-Maintenance) helicases.!%!1%9:111 Finally, the subunit hEAF6 is known to aid
in the stabilization of the MOZ/MORFcomplexes.”®

The MOZ/ MORF complexes are crucial in mammalian development and physiological
functioning. KAT6A 1is important during embryonic development, acting to maintain fetal
hematopoietic stem cells.!'>!!3 Loss of Kat6a in mice results in embryonic lethality at E14.5, with
fetuses displaying altered hematopoiesis and a loss of blood.!'? The absence of Kat6a leads to
senescence of neural stem cells, and causes altered brain development.'!'* Similar to KAT6A,
KAT6B is also imperative in development and in the regulation of neural stem cells.!">™"'7 Kat6b
null mice, died prematurely, at approximately three weeks of age, with pups displaying abnormal
brain development, craniofacial abnormalities and cerebral defects.!'® In addition to their roles in
development, both KAT6A4 and KAT6B can be altered in cancer, both undergoing translocations in
acute myeloid leukemia (AML), and are mutated in solid tumour malignancies.?>!!*-12!

Like KAT6A/KAT6B, BRPF1 is also integral in mammalian development. BRPF1 is required
for embryogenesis and when Brpf1 is knocked out in mice embryonic lethality occurs at day
E9.5.122 BRPF1 is critical for neuronal development, including structures such as the cerebral
cortex, hippocampus and the dentate gyrus.!?!>4 Moreover, BRPF1 is vital neural stem cells
regulation, and neocortex organization.'?> When Brpf1 is knocked out in mice it leads to abnormal
neogenesis and agenesis of the corpus callosum.'”* Knockout BrpfI mice have alterations in
histone modifications, with a deficiency in both histone H3K23 acetylation and
propionylation.'%:125:126 Kqt6a, Kat6b and Brpfl mouse models highlight the importance of the
MOZ/MORF complexes in mammalian development.

1.3.2.2.3 KAT7 COMPLEXES

KAT7, or HBO1 (HAT binding to ORC1) is a part of two different types of tetrameric
complexes. This lysine acetyltransferase was initially identified through its interaction with the

origin recognition complex protein 1 (ORC1). KAT7 can acetylate both histone and non-histone
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targets, such as proteins in the ORC complex, including: ORC2, cell division cycle 6 and MCM?2.
The acetylation of ORC complex proteins initiates DNA replication.'?”!?8 KAT?7 is found within
two different HBO1 containing complexes, both featuring ING4/5, mEAF6, and either jade family
of PHD finger (JADE) 1/2/3 or BRPF2/3. The main purpose of the JADE and BRPF subunits is to
change the selectivity of KAT?7.

The first KAT7 complex features differential JADE proteins. JADE is a histone reader
containing two PHD domains which recognize and bind to tri-methylated H3K4.'?° JADEI is the
most common JADE protein interacting with KAT7 and binds directly to the chromatin to
specifically encourage KAT7 acetylation of histone H4K5/8/12.130:131

The second KAT7 complex features BRPF homologs, with KAT7 having the highest affinity
for BRPF2. KAT?7 binds to BRPF2’s N-terminal region, which is both necessary and sufficient for
the interaction.'*>!3® This interaction stabilizes BRPF2 protein levels and inhibits protein
degradation.'3>!33 Much like BRPF1, BRPF2 also contains bromodomains. These bromodomains
are histone readers, binding to acetylated histone H3 and directing KAT7 to acetylate histone H3,
particularly H3K14.'9130 In some cases BRPF3 can form a tetrameric complex with KAT?7,
however BRPF2-KAT?7 complexes are more abundant. BRPF3 is not well characterized due to its
non-essential roles in development and survival, which is opposite to its paralogs BRPF1/2.134

Proteins ING3/4/5, and mEAF6, are found in all KAT7 complexes and their functions have been
discussed in sections 1.3.2.2.1 and 1.3.2.2.2 . In both complexes, BRPF2 and JADE protein
homologs act as scaffolds, bringing together KAT7, ING3/4/5 and mEAF6.'3°

KAT7 complexes have diverse cellular functions. Histone H3K 14 acetylation by KAT7-BRPF2
complexes regulates immune system development.!3> When the Kat7-Brpf2 complex in mice is
lost, maturation of peripheral T cells halts, and T cell survival is diminished.'*> Conversely KAT7-
JADE complexes are important in DNA replication and associate with the MCM complex, which
assembles onto the replication origins on the chromatin.!3¢ The interaction with the MCM complex
i1s mediated through the co-activating capabilities of KAT7 on chromatin licensing and DNA
replication factor 1.'%2

Similar to other MY ST family members, KAT7 complex subunits are integral for development.
The KAT7-BRPF2 complexes acetyltransferase capabilities on histone H3K14 are especially
critical for survival. When KAT?7 is lost, there is a ninety percent reduction histone H3K14
acetylation causing a reduction in gene expression of genes regulating embryonic patterning.'3’

The loss of Kat7 in mice caused developmental arrest and lead to embryonic lethality between day
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E10.5-11.5."%7 These mice did not feature alterations in DNA replication or cell proliferation in
development.'3” Through this knockout mouse model, KAT7 was deemed critical in the regulation
of embryonic patterning.

BRPF2 is also essential to development. The KAT7-BRPF2 complex helps regulate
erythropoiesis in development.'3* When Brpf2 is knocked out in mice embryonic lethality occurs
at E15.5, and a global decrease in histone H3K14 acetylation is found.!** Furthermore, these
embryos displayed growth retardation, and in some cases either abnormal optic lenses, or a lack
of fusion of the neural tube.'*’ These knock out embryos had anemia, due to failed fetal
hematopoiesis, and a reduction in of erythroblasts.!*3 BRPF2 is essential for differentiation of
erythroid cells, and this function is dependent on the interaction between BRPF2 and KAT?7.!3

As well as playing a role in hematopoiesis, BRPF2 is also critical in neuronal functioning.
BRPF?2 is abundantly expressed in the mammalian brain particularly in the proximal dendrites and
perikaryal cytosol of CNS neurons.'*® BRPF?2 is highly expressed in early stages of embryonic
development, with the highest concentration in early neuroblasts and neuroepithelial layers.'3®
Utilizing a mono-allelic inactivation of Brpf2 in mice brain development was studied.'** Mice with
the inactivation presented with brain abnormalities, including a reduction in volume of the
amygdala and the striatum and a dysregulation of the neurotransmitters dopamine and
serotonin.!3%!40 Within the striatum, there was an overall loss of neurons, particularly in spiny
medium sized neurons.!*® Similar to the embryonic knock out, Brpf2 mice with monoallelic
inactivation displayed a hypoacetylation of histone H3K 14 within the cerebrum.'*® These mice
feature behavioural changes, such as, increased aggression, less passive interactions, a lack of
affinity for social interactions and deficits in both long term memory (lack freezing after fear
conditioning), and working memory.'%° Kat7 inactivated mice had imbalances with excitatory and
inhibitory synaptic functions, with the mice featuring a cerebral dysfunction of GABAergic
neurotransmission.'*’ These examples show BRPF2 is critical for embryonic development, and
neuronal functioning.

The function of JADEI in development is well studied. JADE1 is expressed in mammalian
embryogenesis, with high expression in mouse embryonic tissues such as placental components,
extraembryonic ectoderms, trophoblasts, and neural progenitors.'*! JADE! also regulates genes
apart of developmental structures, including the tail bud and primitive streak.'*! Through studying
the dynamics of a fusion product, mJade1-b-Gal, it appears that JADEI is involved in the processes

of elongation and determination in the anterior posterior axis.!#!
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1.3.2.2.4 KAT8 COMPLEXES

Similar to KAT7, KATS is also a part of two complexes, the male-specific lethal (MSL) complex
and the non-specific lethal (NSL) complex.

The MSL complex was initially identified in drosophila and is required for appropriate X
chromosome compensation. In drosophila, males do not have a Y chromosome instead they have

a single X chromosome, which is different to the females X chromosomes.!#?

In order to rectify
this issue the male X chromosome must be upregulated.'> Within the MSL complex there are five
subunits, KATS8, male-specific lethal 1/2/3 (MSL1/2/3) and maleless (MLE).'* These five proteins
are critical for survival in male drosophila, and play an important role in dosage compensation.'#
The MSL complex specifically binds to the male X chromosome and acetylates histone H4K 16,
helping mediate chromosome puffing and the up regulation of genes to compensate for the loss of
a chromosome.'* Two non-coding RNAs on the X chromosome called r0X1/2 attract the MSL
complex, causing localized spreading of the MSL complex on male X chromosomes.'* The MSL
complex is thought to be targeted to active chromatin, and is generally co-localized with RNA Pol
I1 proteins.'#*

While the MSL complexes most notable role is in drosophila dosage compensation, it has
alternative functions in mammals. In mammals the MSL complex consists of the core KATS8 and
MSL1/2/3 subunits.'*® The MSL complex in humans, is integral for acetylation of histone H4K 16,
similar to the complexes role in drosophila.'* However, unlike in drosophila, hMSL is not
involved in male characteristics, and does not specifically associate with either the X or the Y
chromosome, instead hMSL is involved in global acetylation levels of H4K 16,146

The NSL complex is another KATS8 containing complex that primarily acts to acetylate histone
H4K5/K8/K16.'47-149 As a whole, the NSL complex helps regulate cellular processes. Subunits in
the complex are found to be enriched at the promoters of constitutively active housekeeping

147 This enrichment at promoters occurs to regulate the initiation of RNA Pol II

genes.
transcription.'*’” Promoters that NSL subunits localize around, include members of the PIC,
indicating, the NSL complex is integral for the efficient recruitment of RNA Pol II to target
genes.'*” In addition to initiating RNA Pol II, the NSL complex helps regulate transcription on a
genome-wide level.'>® Due to the NSL complexes catalytic properties, it is believed the NSL
complex acetylates histone H4K 16 allowing for NURF to localize at target promoters.'>! Another

attribute of the NSL complex is its ability to regulate signalling networks that are required for
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proper cellular homeostasis, and thus localize at promoters and enhancers of microtubules and
mitochondria, both of which are key in cellular functioning.!*?

Another facet of the NSL complex is its ability to interact with other protein complexes. The
best example of this comes from the dynamics between NSL and the MLL/SET complexes. The
MLL/SET family of complexes are methyltransferases, acting to methylate histone H3K4. Both
complexes have two shared subunits, WDRS5 and HCF1.'>3 The NSL complex has be found to
promote the methyltransferase capabilities of the MLL/SET complexes, in an histone H4K16

acetylation dependent manner.'3?

In order to exert its affect, the NSL complex acts upstream of
MLL/SET complex, meaning changes in MLL/SET complex do not affect the NSL complexes
ability to act as an acetyltransferase.!>* Given the relationship between the NSL and MLL/SET
complexes, it suggests that the interplay between these complexes may be important in
coordinating gene transcription or regulation.'>3

The NSL complex is made up of nine subunits. Within the complex KATS8 functions as the
acetyltransferase. KAT8 binds to a protein called KANSL1 (KATS8 Regulatory NSL Complex
Subunit). KANSLI1 acts as the scaffolding member, tethering the complex together, and helps
potentiate the catalytic activities of KATS8. 43152 [n the NSL complex, KANSLI1 binds to the
histone reader WDRS5.915* The interaction between KANLS1 and WDRS5 is integral for the
complexes ability to interact with target gene promoters.'*® WDRS5 is a part of many different
epigenetic complexes, and is recognized for its value in facilitating protein-protein interactions. In
the complex, WDRS bridges the connection between KANSL1 and KANSL2. KANSL?2 is not a
well characterized protein. The drosophila homolog of KANSL2, dNSL2 is critical for the viability
of drosophila.'> KANSL2 has been shown to be upregulated in glioblastoma cells, and is
responsible for helping to regulate the stemness of these cancer cells.'”® KANSL3 is the final
KANSL protein in the complex, and is required for KATS to bind to mitochondrial DNA, for the
regulation of respiratory genes involved in oxidative phosphorylation.!3” Through KANSL3, the
NSL complex helps to control the regulation of both nuclear and mitochondrial DNA .17

KANSL3 binds to another subunit in the NSL complex, O-linked-N-acetylglucosamine
transferase 1(OGT1)."*® OGT1 is a specific transferase that catalyzes the addition of O-Linked -
N-acetylglucosamine onto serine or threonine residues.'”® OGT1 O-GlcNAcylates KANSL3,
which stabilizes KANSL3’s interaction in the NSL complex.'>® By stabilizing the interaction
between KANSL3 and the NSL complex, OGT1 helps regulate the NSL complexes global histone

acetylation properties.'®
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OGT proteins interact with another NSL subunit, host cell factor 1 (HCF1). ' HCF1 is a
transcriptional co-regulator, and can be O-GlcNAcylated.'®® HCF1 acts as a histone reader and
writer, although it cannot bind to the DNA directly, it can interact with other chromatin binding
proteins.'®" One of HCF1’s roles is acting as a cofactor of the E2F (E2 factor) transcription factor,
which functions in the G1/S phase transition to help regulate the cell cycle.'®!

Another protein in the NSL complex is microspherule protein 1 (MCRSI). MCRSI is a
microspherule protein, and localizes in nucleoli, specifically in electron dense bodies.'®> The
protein acts in cilium formation and is an important factor in cargo transport to the centrosome in
a dynein-dependent manner.'®> MCRS] is found in other complexes, including the chromatin
remodelling complex, INO80.!63

The final subunit of the NSL complex is PHD finger protein 20 (PHF20), a histone reader
containing both tudor and PHD finger domains.'®* These domains can identify and bind to
H3K4me?2 allowing for the acetylation capabilities of the NSL complex to proceed.'®* PHF20 is
also able to interact with methylated residues of p53, regulating the stabilization and activation of
p53.'%5 This interplay between methylation, the NSL complex and p53 is a potential mechanism
for rapidly spreading open chromatin, through histone H4K 16 acetylation.!®* Through the wide
array of subunits, the NSL complex is involved in a variety of cellular processes, which are critical
to cellular performance.

The NSL complex is integral in mammalian development. KATS is a critical component of
embryogenesis and when Kat§ is lost in mice embryogenesis fails, leading to death prior to
implantation.'®® These knockout embryos display a profound loss of histone H4K 16 acetylation,
abnormal aggregation of the chromatin, DNA fragmentation and increased levels of apoptosis.!'®®
Reduced H4K16 acetylation has genome wide effects, such as defective double strand break repair
or impairments to the DNA damage response.'®” Mice, featuring Kat8 purkinjie cell knockouts
were also generated and displayed cerebellar dysfunction, ataxia and defects in motor coordination
indicating Kat8 is critical for post mitotic survival and maintenance of purkinjie cells.!®® Cerebral
knockouts of Kat8 in mice leads to a profound loss of both histone H4K16 acetylation and
propionylation in the cerebrum.’? These mice all die before three weeks of age, however
abnormalities can be found beginning on E16.5.32 A cerebrum specific loss of Kat8 also causes
dysfunction in the development of neural stem and progenitor cells (NSPC).3? Along with the
alterations in NSPCs, the hippocampus and neocortex show cerebral hypoplasia, aberrant

neurogenesis, a dysregulation of proliferation in cerebrocortical neuronal epithelia and a dramatic

24



increase in apoptosis.’> These mouse models of Kat8 indicate Kat8 is integral in embryogenesis,
purkinjie cell maintenance and neuronal development as a whole.

KANSL1 mouse models have also been studied. Mice with homozygous mutations in the Kans//
gene display impairments in memory, which may be attributed to alterations in hippocampal
cells.!'®® Hippocampal cells in the Kansl/l mutant mice show an upregulation in genes that control
neurogenesis, synaptic transmission and overall chromatin organization.!®® These mutant mice
suffer from a dysregulation in promoters controlling CA1 neuronal cells.'® Similar to KATS,
KANSLT1 is imperative in neuronal development of mammals.

PHF20 is also developmentally important in mammals. A knockout Phf20 mouse model led to
lethality the first day after birth, with mice displaying abnormalities including: growth defects,
skeletal composition, hematopoietic abnormalities and lymphocyte development problems.!”?
Although PHF20 is not critical to the maintenance of global acetylation levels of histone H4K 16
it does work downstream of acetylation to regulate the transcription of NSL gene targets.'””

Other members of the NSL complex, MCRS1, OGT1 and HCF1 are also involved in
developmental processes. When Mcrs is mutated in mice, early embryonic lethality occurs to a
failure in implantation, abnormal inner cell masses in the blastocysts and a reduction of cells in
the epiblast lineage . In an Ogt deletion mouse model embryonic lethality occurs and in a model
featuring cardiomyocyte-specific loss of Ogt severe symptoms of heart failure were found.!”!!7?
The self-renewing capacity of embryonic stem cells is decreased with the loss of Ogt in mice.!”
Mouse models of Hcfl have also been analyzed. In epiblast specific Hcfl knockout mice
embryonic lethality occurs at E8.5.!7* These HcfI null mice had unique features including a loss
of the gastrulation phase developmental arrest at E6.5, alterations in the cell cycle and endoderm
migration patterns.'’ As one can see, many of the members of the NSL complex are integral for
development and neuronal processes.

1.3.2.3 MY ST COMPLEXES AND HUMAN DISORDER

1.3.2.3.1 KATS COMPLEX MUTATIONS IN HUMANS

Subunits of the NuA4 complex are important in humans, with abnormalities in these proteins
resulting disease. One example of this comes from alterations in KATS5 levels. In cases of
Alzheimer’s disease there is an imbalance between levels of KAT5 and HDAC2.'”> To confirm
this notion post-mortem human hippocampal tissue was studied from those with Alzheimer’s,
where levels of KATS were found to be decreased in both neuronal and glial cells.!” In this study

KATS5s cellular localization was altered, with KAT5 missing from the nuclei.!”> The lack of KAT5
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in the Alzheimer patients hippocampal tissue corresponds to a reduction in KATS5 specific
acetylation, including acetylation of histone H4K5/12/16.'7> While there is a loss of KAT5 an
abundance of HDAC?2 is found, indicating deacetylation is far more prevalent, and the balance
between acetylation and deacetylation is lost.!”> It is thought that the increased levels of HDAC2
and loss of KATS mediate effects on repressing plasticity genes, through amyloid precursor
proteins, before the formation AP plaques.!”® Although most of the models currently used to study
the role of KATS5 in Alzheimer’s disease are in drosophila, there is some evidence that increasing
the levels of KATS may help to re-establish the balance between acetylation and deacetylation in
the brain, helping to restore cognition and brain morphology.'”

Recently, KATS5 has been implicated in a different neuronal disorder. Three patients with de
novo heterozygous missense mutations in KAT5 have been identified.!”® These patients present
with global developmental delay, intellectual disability, and features such as cerebral
malformations and seizures.'’® A notable phenotype of these patients is the presence of facial
dysmorphisms such as a flat facial profile, a round face and down slanting palpebral fissures.!”®
Through genome editing, patient KAT5 variants were introduced into the human cell line K562,
where mutant KATS proteinz had impaired acetylation capabilities, leading to an education in
histone H4 acetylation, similar to patients with Alzheimer’s.!’® Both Alzheimer’s and this novel
global developmental delay phenotype arise when KATS is impaired or mutated showing the
proteins importance in neuronal functioning.

Another member of the NuA4 complex that is critical in humans is TRRAP. Within the NuA4
complex, TRRAP acts as a scaffold to recruit the complex to the chromatin.!”” To date 24 patients
with de novo missense variants in TRRAP have been identified.!”” In these patients two clinical
presentations arose. The first is a multi-systemic syndrome, where patients had a range of
malformations in the heart, brain, kidney and gastrointestinal systems.!”’” The second clinical
presentation includes patients with autism spectrum disorders and epilepsy.'”” A commonality
between the two presentations was the presence of global developmental delay, intellectual
disability and facial dysmorphisms, such as up slanted palpebral fissures, wide nasal bridge or thin
upper lips.!”’

1.3.2.3.2 MOZ-MORF COMPLEX MUTATIONS IN HUMANS

Similar to mutations in TRRAP, alterations in the MOZ-MORF complexes can also lead to
neurodevelopmental disorders. Mutations in KA76A4 causing global developmental delay were first

reported in 2015.!78179 Initially ten individuals with de novo heterozygous mutations in KAT64
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and one with a microdeletion including KAT6A were identified.!’®!7 All the de novo mutations
identified occurred in the C-terminal region of KAT6A4, with certain locations in the gene being
found to be hotspots for mutations.!”®!718% A large portion of mutations, including those in
hotspots, are located within region encoding the genes acidic domain. However, mutations can
occur throughout the KAT6A4 gene.'s°

Following the discovery of the KAT6A Syndrome 86 additional cases were discovered.'781%
Universally found features among patients include: global developmental delay, intellectual
disabilities, speech and motor delays.!’#1°° Other features found include: microcephaly, neonatal
hypotonia, strabismus, and feeding defects.!”®"'? Facial dysmorphisms such as broad nasal tip and
thin upper lips were also present in many patients.'’81°° Varying multi-system defects have been
discovered in patients with K476A4 mutations and are highlighted in table 2.

Another category of disorders similar to the KAT6A syndrome involves mutations in KAT65.
Depending on the location of the mutation in KAT6B one of four disorders can occur:
Genitopatellar Syndrome (GPS), Say-Barber-Biesecker-Young-Simpson variant of Ohdo
Syndrome (SBBYS), a mixed phenotype containing features of both disorders or a subtype of
disorder that cannot be specified.

GPS was first defined in 2000."! Key characteristics of the disorder include, renal or genital
abnormalities, absent patella, developmental delay, intellectual disability and dysmorphic facial
features.!”! The GPS phenotype is associated with severe complications. When first defined, it was
noted that three children with GPS died in their first few years of life, either spontaneously or due

191

to respiratory distress.””’ Two pregnancies were also terminated due to renal anomalies and

191

microencephaly.’”" Certain features patients present with are particularly damaging, including

agenesis of the corpus callosum, and numerous skeletal abnormalities.'*!

In 2012 through exome sequencing, mutations in KAT6B were determined to cause GPS.!9%13
The identified mutations in KAT6B cluster in the C-terminus of the final exon, within the region
encoding the acidic domain.!*>!%* These de novo truncating mutants do not undergo nonsense-
mediated decay (NMD), thus a truncated KAT6B protein is produced lacking the conserved

methionine and serine rich domains, and the entire transactivation domain.!'%%193.194

Moreover,
mutations causing GPS lead to a significant reduction in global acetylation levels of histone H3
and H4.'%3 In all, 42 cases of GPS have been identified.!?!-193:195-208

Simpson and Young first noted SBBYS in 1987, in a patient with congenital heart defects,

mental handicaps, hypothyroidism and abnormal facial features, such as a bulbous nose.?”
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Following this case, Say, Barber and Biesecker identified patients presenting with developmental
delay, blepharophimosis and abnormal facial and dental features.?'®?!! Other common features
found in SBBYS include a mask like face, bulbus nose, low set ears, patellae problems, and long
thumbs and big toes.?'?

Mutations resulting in SBBYS are found throughout the KAT6B gene.?'3 SBBY'S can arise when
a mutation occurs in the first 1200 codons.?!? In this case, no truncated KAT6B protein is produced,
due to NMD.?!3 SBBYS mutations can also occur in the most distal part of the gene, generating
truncated protein variants that retain both the acidic and transactivation domain.?'* Since SBBYS’s
discovery, over of 90 cases have been identified. 202:206,209-212,214-229

Both GPS and SBBYS occur in different regions of the KAT6B gene, thus are considered to be
opposite ends of a spectrum of KAT6B disorders.!*+?!3 Researchers have noted a mixed phenotype
arises when mutations occur in other regions of KAT6B.?"3 Individuals who have these mixed
phenotype mutations have hallmark features from both SBBY'S and GPS, demonstrating these two
disorders are more alike than they originally appeared.??° Vickova created an initial system to
classify KAT6B disorders: Group One Disorders where mutations occur within the first 1205
codons, and exclusively lead to SBBY'S, Group Two Disorders, with mutations occurring between
codons 1205-1350 producing GPS, Group Three Disorders where mutations are from codons
1350-1520 leading to mixed phenotype, and finally Group Four Disorders, where mutations
between 1520-2073 primarily cause SBBYS.21323 [n 2016 Radvanskzy went on to generate a fifth
group by dividing Vlckoa’s original group one into two separate groups, where one would be for
variants that lead to haploinsufficiency and have the potential to generate early truncating
variants.!”* Whereas, the second group would be for other mutations occurring early in the coding
sequence that lead to NMD.!*4230 In total 12 patients with K4T6B mutations have been described
with mixed phenotypes.!94202:213.215.230-233

In 2017 mutations in the gene encoding BRPFI were identified in individuals with
developmental delays.'%2** Forty-one individuals have identified with de novo, mosaic or
dominant inherited mutations in BRPF1.198:125:234-238 Another five individuals were found to have
large 3p25 deletions encompassing BRPF1 and SETDS5 (SET Domain containing 5), a putative
histone methyltransferase.?** Key features found in patients with BRPFI mutations include global
developmental delay, language and motor delays, intellectual disability, hypotonia, as well as
skeletal and visual abnormalities.>*> Another important feature is facial dysmorphisms, including

a flat facial profile, down slanting palpebral fissures, small or round ears, and a round face.>%
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Mutations resulting in BRPF1-associated intellectual disability are haploinsufficient, with only
one DNA strand mutated.>*®¢ Molecular analysis shows mutations in BRPFI lead to reductions in
levels of histone H3K23 acetylation and propionylation, due to defects in mutant BRPFI
interacting with and activating KAT6A or KAT6B.!%!25 There is no consistent place where
mutations in BRPFI occur, however common regions include in the histone and DNA binding
domain, in or near the PHD domains, in the ING5/MEAF6 binding domains, and in the C-terminal
region, 108234236

There are similarities among all mutations that disrupt the MOZ/MORF complex. KAT6A
mutations disrupt histone H3 acetylation, causing increases in H3K18 and decreases in H3K9
acetylation.!”® Additionally, global decreases in histone H3 and H4 acetylation are found in
individuals with GPS.'”? Finally, mutations in BRPF1 alter acetylation patterns, changing levels
of histone H3K23 acetylation.'”® A common theme among mutated regions in all three genes is
they are all evolutionarily conserved. This suggests that the areas in which the mutations are
occurring are important to gene function.

1.3.2.3.3 KAT7 COMPLEX MUTATIONS IN HUMANS

Like other MYST complexes, KAT7 complexes have also been implicated in human disease.
One of these disorders is AML. In AML, KAT7 acts as a regulator of leukemia stem cell
maintenance.?*® Part of the regulation capabilities of KAT7 on leukemia stem cells is due to the
KAT7-BRPF2 complexes ability to acetylate histone H3K 14, allowing Hox genes to be highly
expressed.??® Another disorder that features changes in KAT7 is theumatoid arthritis. Rheumatoid
arthritis patient synovial fibroblasts feature an upregulation of KAT7, which contributes to the
stimulation of proinflammatory cytokines.?** When further studying this phenomenon in human
tissue, overexpression of KAT7 leads to the induction of proinflammatory cytokines (TGF-p3,
interleukin 6), and promoted cellular differentiation.?*? This overexpression was found to promote
Tul7 cell migration.?*® Given KAT7’s roles in induction of proinflammatory cytokines, and both
cellular differentiation and migration, it points to a role in KAT7 enhancing the progression and
pathology of rheumatoid arthritis.?*

Besides KAT7, BRPF2 is also involved in human disorder. A specific marker on BRPF?2
increases the susceptibility to two mental disorders, schizophrenia and bipolar affective
disorder.!®® Schizophrenia is characterized by the affected individual’s inability to normally
interpret reality.?*' Symptoms include delusions, hallucinations or disorganized thinking.?*!

Bipolar affective disorder features the oscillation between two extreme moods, depression and
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mania.’*? In a Scottish cohort, approximately ten percent of people affected with schizophrenia or
bipolar affective disorder have a specific haplotype of BRPF2.13 Across control and affected
individuals 11 SNPs were identified in BRPF2, six of these were associated with schizophrenia.?*?
Further proving the notion that BRPF?2 is involved in schizophrenia, a large genome wide
association study meta-analysis on schizophrenia found BRPF2 to be the most significantly
associated gene with the disorder.?** The schizophrenia phenotype has also been recapitulated as
a mouse model, utilizing monoallelic inactivation of the BRPF?2 gene.'%

1.3.2.3.4 KAT8 COMPLEX ALTERATIONS IN HUMANS

Not only have mouse models proven the need for the NSL complex integrity in development,
but human patients have been found with disorders similar to those seen in mice.

Patients have been identified carrying mutations in the KAT8 gene.?? In all, nine patients have
been identified, each displaying a similar phenotype with a hallmark of global developmental delay
and intellectual disability.*? Eight of these patients featured heterozygous de novo mutations in
KATS, and one individual with a biallelic variant.3> All of the individuals with K478 mutations
were unrelated, however three individuals share the same mutation (¢.269A>G).*? Along with the
phenotype hallmarks many patients also suffered from epilepsy, neurological abnormalities,
changes in cranial shape and facial dysmorphisms.?? Patients may present with multisystem
effects, including alterations in vision, ears, hands and feet, or cardiac abnormalities.’?> A full
delineation of phenotypes can be found in table 2 . These patients with K478 mutations exemplify
KATS8s importance in development.

Another subunit of the NSL complex mutated in humans is KANSL . Mutations in the KANSL1
gene cause of Koolen-de Vries syndrome, a global developmental delay and intellectual disability
disorder.?® The KANSL I mutations are de novo, and affect a single allele, therefore this phenotype
is caused by KANSLI haploinsufficiency.>* Koolen-de Vries syndrome can also be a result of
17g21.31 microdeletions, where part of KANSLI is deleted.?*® Both the mutation and
microdeletion of KANSLI share similar clinical features, including hypotonia, seizures,
craniofacial, heart, skeletal and genito-urinary defects.?*® A further breakdown of the clinical
presentation can be found in table 2. Patients with Koolen-de Vries syndrome may have severe
CNS malformations, including thinning of the corpus callosum or hydrocephalus.?*” Currently 125
total cases of Koolen-de Vries syndrome have been identified, with over 120 of these being
postnatal. 243247271 Postnatal and total cases need to be differentiated, since malformations in CNS

development can be detected in utero, some parents may decide to terminate the pregnancy.?*’ This
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can cause a discrepancy between the prevalence of Koolen-de Vries syndrome in the population
and the prevalence of KANSL I mutations in utero.

While Koolen-de Vries syndrome and KAT8 syndromes are well characterized, other NSL
subunits are also linked to human mutations. Ten individuals have been identified with mutations
in OGT, and an additional three had OGT and Mediator of RNA polymerase II transcription subunit
12 (MED12) mutations.>’>27¢ These patients present with X-linked intellectual disability features
including, global developmental delay, intellectual disability, neurological abnormalities, and
facial dimorphisms.?’2273-276 Patients may also suffer from other multi-system effects including
brain cardiac, GI, or visual abnormalities.?’® In patients the mutations appear to cause a reduction
in the viable OGT protein produced.?’® Three individuals presented with X-linked intellectual
disability when missense mutations in MED12 occur.?’* These MED 12 mutants co-segregated with
mutant gene variants of OGT, and were found in three brothers.?’* Each of the brothers also
presented with global developmental delay and intellectual disability, as well as other hallmark
phenotypes seen in the other OGT patients.?’* Finally, two additional cases of OGT mutants are
missense variants occurring in the region encoding OGT’s catalytic domain in two monozygotic
female twins.?”> These twins have altered X gene inactivation, and the mutations cause a reduction
in OGT’s stability impacting OGT’s substrate binding regions and feature a similar clinical
presentation to the other OGT mutant patients.?’> These patients exemplify why OGT is critical
for neuronal development in humans.

HCF1 is another subunit of the NSL complex implicated in neurodevelopmental disorders. 24
individuals have been identified with genetic mutations in HCFI, including one family with mental
retardation, X-linked 3 (MRX3).277-280 Another name for HCF1, is HCF1C, which stands for the
C terminal end of HCF1. Patients with mutations in HCFI are found to have neurological
impairments, including intellectual disability, global developmental delay, and dimorphic facial
features.?’”” These mutations can either be gain or loss of function and have opposite effects on
neural progenitor cells (NPC), axonal growth, and nuclear localization.?’® For example loss of
HCFCI causes an over proliferation of NPCs, with decreased differentiation, whereas over
expression of HCFC1 causes a lack of proliferation and increases differentiation of NPC.?’8
HCFCloverexpression mutations also cause increases in astrocyte production.?”’

Fifteen patients with HCFIC mutations present with X-Linked Cobalamin disorder.?”*280
Cobalamin disorder is a rare metabolic disorder, in which there is a lack of vitamin B12 derivative

(cobalamin) metabolism.?%° Two major cofactors are needed for vitamin B12 metabolism, methyl-
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cobalamin (MeCbl) and adenosylcobalamin (AdoCbl).?®® Mutations in these cofactors or other
enzymes important for cobalamin metabolism can cause the disorder.?’® Patients with Cobalamin
present with multi-systemic effects, including hematological, hepatic, ocular or cardiac defects.?®
The patients with Cobalamin disorder and HCF'I mutations feature the typical cobalamin disorder
phenotype with more severe neurological abnormalities, like developmental delay, epilepsy, facial
dysmorphisms brain abnormalities and microcephaly.?’®-?%? In addition to these individual cases, a
family with MRX3 has been identified with an over expression mutation in HCFC1.2"7 Affected
members of this family were male, indicating this is an X-linked intellectual disability.?’”” The
clinical presentation of the family includes intellectual disability, autistic traits, behavioural
problems, and absence seizures.?’”” HCFCI gene mutations all impact development. Furthermore,
HCFI and NSL complex mutations all lead to global developmental delay and intellectual
disability.
1.3.3 WDRS: A MULTIFACETED PROTEIN BRIDGE
1.3.3.1 WDRS STRUCTURE
One important member of the NSL complex is WDRS. WDRS is a cellular multitasker, and a
part of many complexes. WDR)S is evolutionarily conserved, with all multicellular organisms
having nearly identical WDRS3 paralogs.®® WDRS5’s protein structure consists of a seven WD40
domains each serving as a 3 propeller that assembles along the outside of the protein, while two
binding clefts are featured on the top and bottom.®® WDRS5’s two binding regions are a shallow
binding cleft called the WDR binding motif (WBM) and the WDRS interacting site (WIN), a
deep binding cavity that relies on arginine interactions.®® These binding regions interact with
proteins, allowing WDRS3 to mediate protein-protein and DNA-protein interactions.’® Through
this binding WDRS acts as a histone reader, recognizing and binding to histone H3 through the
WIN site.%® WDRS does not bind to histone H3 carrying repressive modifications, but binds to
unmodified histones or those carrying active modifications, such as methylation.?®! WDR5 also
binds to transcription factors like MYC proteins who bind in the WBM cleft.?®? Together MYC
and WDRS co-localize to the chromatin, allowing MYC to interact with target genes, while
preventing MYC from associating with genes that activate tumorigenesis.?> WDRS5 is also
involved in mitosis, localizing to the midbody and mitotic spindle through stable WIN site.?®3

Mitotic defects occur if the WDRS5 WIN site is not present in mitosis.?
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In addition to belonging to the NSL complex, WDRS5 also serves as a member of the
SET1/MLL family of complexes and nucleosome remodeling and deacetylase (NuRD), which are

described in the following section.
1.3.3.2 WDR5 COMPLEXES

1.3.3.2.1 SET1/MLL COMPLEXES

The SET1/MLL family of complexes promote transcriptional activation through the di and tri-
methylation of histone H3K4.2%5 The term SET1/MLL represents two related methyltransferases,
with SET1 found in yeast, and its homolog, the MLL family found in mammals.?*%2%7 These
methyltransferases all contain the catalytic SET domain, which is responsible for enzymatic
activity.?® Despite there being six members of the MLL family in mammals, these proteins have
their own specialized functions.?®® One major function attributed to MLL complexes is the
maintenance of HOX genes expression patterns. 28289

SET1 or MLL methyltransferases are often in complexes with at least three other subunits,
retinoblastoma-binding protein 5 (RbBPS5), absent, small or homeotic 2 (ASH2), and WDRS5.2%
Within the complex the association of ASH2, RbBP5 and WDRS provides structural integrity,
with MLL’s controlling specificity.?’® In this scaffolding structure, WDRS5 acts as a binding
intermediate with RbBP5 binding to the WBM site and the SET1/MLL proteins binding to the
WIN site.!32°1 Mammalian SET1/MLL complexes HMT activity is stimulated by the WRAD
protein module consisting of the proteins WDRS, RbBPS5, ASH2 and DumPY-30 homolog (DPY-
30).2°2 The WRAD module regulates complex interactions such as protein-protein, protein-DNA
or protein-RNA interactions.?*?> One protein-DNA interaction involves recruiting the SET1/MLL
complex to the chromatin allowing for changes in gene expression.?”> The WRAD module helps
target the complex to transcription factors, like Oct4, which causes the activation of ESC self-
renewal pathways.?9%:2%3

Alterations in SETI/MLL complexes have negative consequences in humans. When one
member of the SET1/MLL family, MLL?2, is mutated a disorder called Kabuki syndrome arises.?**
The MLL2 mutations are autosomal dominant and pathogenic, causing a clinical presentation of
intellectual disability and abnormalities in skeletal, renal and cardiac systems.?%> Kabuki syndrome
patients have distinctive facial features, including everted lower lids, long palpebral fissures,
prominent ears, depressed nasal tip and arched eyebrows.?*> MLL2 mutations are the prominent

cause of Kabuki syndrome but mutations in KDM6A can also lead to this disorder.?*® All mutations

causing Kabuki syndrome have a similar phenotype, however certain hallmarks are more readily
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found when a certain gene is mutated. For example long palpebral fissures are found in all cases
of Kabuki syndrome caused by KDM6A4 mutations, whereas this feature is less common in patients
with MLL2 mutations.?’® To date, there are 238 individuals identified with Kabuki syndrome
caused by MLL2 mutations.?

1.3.3.2.2 NURD COMPLEX

Another WDRS containing complex is the co-repressor complex NuRD. NuRD acts to
deacetylate histones, tightening the binding affinity between DNA and histone octamers making
the DNA transcriptionally inactive. Through NuRD’s nucleosome remodeling capabilities the
complex prevents transcription factors from binding to gene enhancers or promoters, causing
further repression.??”-2%8
helicase-DNA-binding protein 3/4 (CHD3/CHD4), methyl-CpG binding domain protein 2/3
(MBD2/3), metastasis-associated proteins 1/2/3 (MTA1/2/3), HDAC1 and HDAC2, Rbbp4/7, and

GATA binding protein 2a/b (Gata2a/b).>*® In the complex two different enzymatic subunits exist,

The complex consists of six or more components, Chromodomain-

HDACI1/2 are involved in deacetylation and CHD3/4 perform nucleosome repositioning through
the use of ATP.3% Other subunit functions include; MTA isoforms which mediates the binding of
HDACI to the DNA or transcriptions factors, Rbbp proteins which act as scaffolds and bind to
histone H4, and Gata2a/b directly binds to MBD2/3.3°1-3% MBD2 and MBD3 have different
properties. Only MBD2 is able to efficiently bind to DNA with methylated cytosines.’** Three
different isoforms of MBD3 exist, MBD3A, MBD3B and MBD3C. When MBD3C is in the NuRD
complex, it binds to WDR5’s WIN site, adding a seventh subunit to the complex.?%

The NuRD complex containing MBD3C and WDRS5 has distinct functions. In embryonic stem
cells the binding between WDR5 and MBD3C is necessary for MBD3C-NuRDs activity.’®> MBD3
is required for silencing pluripotency genes in embryonic stem cells, allowing for embryonic stem
cell differentiation.>*® The addition of WDRS5 into the MBD3C-NuRD complex changes the target
genes the complex regulates by co-localizing at distal promoters and enhancers to modify gene
expression.’%

Through analyzing different complexes in which WDRS is present, it exemplifies the versatile
nature of WDRS.
1.3.4 WDRS AND GLOBAL DEVELOPMENTAL DELAY RATIONALE
Seven subjects with global developmental delay have been identified to have de novo
mutations in the gene encoding WDRS5. We speculate these patients belong to an emerging group

of global developmental delay disorders, caused by alterations to the NSL complex. Patients with
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WDRS5 mutations have a similar phenotype to those with mutations in the NSL complex subunits
KATS, KANSLI1, HCFI and OGTI. The accumulation of global developmental delay phenotypes
in patients with NSL complex mutations indicates the mutations in WDRS5 may be responsible for
the patient phenotype. To study the mutations in WDRS5, we aim to see if mutated gene produces
protein variants that differ from wild type WDRS proteins in terms of cellular location, protein
binding or structural integrity and acetylation properties within the NSL complex.

Global developmental delay syndromes caused by mutations within the NSL complex are a
part of a larger family of MYST complex global developmental delay syndromes, which feature
patients with mutations in the MOZ/MORF (KAT6A/B) and KATS complexes. With evidence
found in both mice and human cohorts, it shows that the MYST family complexes are integral in
developmental and neuronal processes, and through analyzing the NSL complex it is our intention
to further prove this notion.

1.4 RATIONAL FOR PROJECT

Technology and science are constantly evolving, which significantly impacts our understanding
of disorders and diseases. The dramatic increase in the availability of new information, coupled
with advancements in genetic testing, provides new insights into a number of diseases and
disorders that are attributed to changes at the genetic level.

One gene type that has damaging effects when altered are epigenetic regulators. Over 500
epigenetic regulators have been identified, with these genes playing fundamental roles in

chromatin alteration leading to changes in gene expression.'%8:307

De novo mutations in epigenetic
regulators are frequently identified through genetic testing. However, often little is known about
these new classes of mutations.

The aim of my master’s project is to elucidate patient mutations occurring in epigenetic
regulators that are part of lysine acetyltransferase complexes. In studying these mutations, my aim
is to determine if the gene mutations cause variation in protein stability, enzymatic activities,
subcellular localization or complex organization, when compared to the wild type protein. If there
are differences between wild type and variant proteins produced, it is likely that the genetic
mutations are responsible for the clinical presentation of the patients. If we can determine how the
mutations are impacting the protein, we may be able to further define the pathogenic mechanisms
leading to the disorder. By undertaking an in-depth analysis of lysine acetyltransferase mutations,
we hope to further illustrate the importance of lysine and histone acetylation in human

development.
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1.5 FIGURES AND LEGEND

Figure 1
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Figure 1. Acetylation catalyzed by KATs and deacetylation be HDACs
(A) Illustrations of histone reading writing and erasing. Writers add PTM’s onto histones, while
erasers remove them. Readers are able to recognize cellular targets, controlling the specificity of
writers and erasers. Image generated with BioRender.com.

(B) Ilustration of acetylation and deacetylation of lysine residues. Image generated with

BioRender.com.
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Figure 2
A. ATAC Complex

B. SAGA Complex
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Figure 2. The ATAC and SAGA Complexes:
[Nlustration of the subunit composition of the (A) ATAC complex and (B) SAGA complex. Image

generated with BioRender.com.
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Figure 3
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Figure 3. MYST KAT domain organization and MYST complex subunits

(A) Schematic representation of the MYST complexes: KATS, KAT6A, KAT6B, KAT7, KATS.
Image generated with BioRender.com.

Ilustrations of the subunit composition of (B) NuA4-KATS5 complex, (C) KAT6A/B complexes,
(D) KAT7 complexes and (E) NSL-KATS. Images generated with BioRender.com
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Figure 4
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Table 1
DIAMOND BLACKFAN ANEMIA SYMPTOMS
PHYSICAL ABNORMALITIES MuLTI-SYSTEMIC EFFECTS PREDISPOSITIONS
* Microcephaly * Anemia * Acute Myeloid
* Hypertelorism * Fatigue Leukemia
* Ptosis * Weakness * Myelodysplastic
* Small or low set ears * Horseshoe kidney syndrome
* Webbed neck e Structural heart defects | ¢ Cataracts
* Broad and flat nose * Hypospadias * glaucoma
bridge * Leukopenia
* Micrognathia * Purered cell aphasia
* Cleft palate * Erythroid hypoplasia
* Small shoulderblades |+ Neurodevelopmental
* Short stature delay
* Finger abnormalities * Renal agenesis

Figure 4. NSL Domain Organization
Schematic representation of the NSL complex proteins: KATS, KANSL1, KANSL2, KANSL3,
WDRS, PHF20 and MCRS1. Image generated with BioRender.com

Table 1. Diamond Blackfan anemia symptoms and predispositions®>3%
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Table 2. Clinical Features of MYST Complex Mutations

Complex NSL NSL NSL NSL SET1/MLL MOZ/MORF MOZ/MORF MOZ/MORF MOZ/MORF MOZ/MORF | MOZ/MORF NuA4 NuA4
Common Mutations Genes KANSL1 (125)KAT8 (9) OGT1 (10) [HCF1(24) |KMT2D (238) |KAT6A (86) |[KAT6B SSBYS (90) [KAT6B GPS (42) |KAT6B Intermediate (15) [KAT6B NOS (3) [BRPF1 (41) |KATS (3) TRRAP (24)
Males 55/125 3/9 8/10 24/24 46/86 42/90 22/42 6/15 1/3 21/41 2/3 9/24
Females 64/125 6/9 2/10 40/86 47/90 20/42 9/15 2/3 19/41 1/3 15/24
Global Developmental Delay

Developmental Delay 114/125 9/9 10/10 21/24 82/238 86/86 73/90 21/42 14/15 3/3 36/41 3/3 24/24
Intellectual Disability 83/125 6/9 10/10 6/24 238/238 65/86 75/90 21/42 9/15 3/3 37/41 3/3 17/20
Delayed Motor Development 90/125 9/9 5/10 2/24 28/86 23/90 14/42 7/15 29/41 6/24
Speech Delay or Disorder 93/125 9/9 4/10 2/24 81/86 33/90 9/42 11/15 30/41 2/3 14/24
Neurophysiological Disorders 3/3

Behavioural Problems 32/125 1/9 2/10 1/24 23/86 6/90 3/15 1/3 8/41 3/3 5/24
Autism 6/125 2/9 12/86 1/90 1/15 3/41 4/24
ADHD 14/125 1/9 4/86 2/90 1/3 6/41 2/3 4/24
Neurological

Hypotonia 98/125 1/9 2/10 6/24 154/238 63/86 63/90 14/42 9/15 1/3 20/41 8/24
Brain Abnormalities 46/125 5/9 3/10 3/24 20/86 17/90 17/42 4/15 1/3 10/41 3/3 10/24
Epilepsy/ Seizures 52/125 7/9 1/10 16/24 10/86 3/90 5/42 4/15 1/3 9/41 3/3 5/24
Microcephaly 8/125 1/9 3/10 8/24 96/238 31/86 5/90 30/42 5/15 10/41 2/3 7/24
Cerebral Hypoplasia/Atrophy 1/125 1/10 1/86 1/42 1/41 2/3 6/18
Corpus Callosum Agenesis/Hypoplasia 23/125 1/10 2/24 4/86 4/90 37/42 9/15 3/41 2/3 1/24
Movement Disorder/ Choreoathetosis 1/10 5/24 2/86

Muscoskeletal/ Limb Defects

Abnormal Cranial Shape 19/125 5/9 1/24 8/86 1/90

Joint Hyperlaxity/Nontraumatic Dislocation 61/125 1/9 44/238 3/86 11/90 3/42 3/15 6/41

Positional Deformity Feet 28/125

Scoliosis/Kyphosis 35/125 1/9 3/86 2/90 3/42 2/15 1/3 3/24
Traceo/Laryngomalacia 15/125 6/86 3/90 7/42 4/15 1/41 3/24
Contractures/ Flexion Deformities 5/125 2/9 2/86 26/90 32/42 10/15 1/41 1/24
Limb Deformitites 4/86 1/90

Lower Limb Hypperreflexia 1/42 5/24
Clinodactyly 2/125 1/9 8/10 8/86 5/90 4/15 11/41 2/3 5/24
Malposition of Toes 2/125 1/9 1/24 2/86 11/90 2/15 1/41 2/24
Spinal Deformities 2/125 1/10 2/86 1/90 1/42 1/15 5/41 1/24
Camptodactyly 1/24 2/86 1/90 4/15

Talipes (Club Foot) 4/125 4/86 3/90 30/42 8/15 1/41

Brachymetacarpia/ Brachydactyly 5/125 127/238 4/86 6/41 1/3 1/24
Craniofacial Dysmorphisms 2/42

Patellar Agenesis or Hypoplasia 33/42 6/15

Patellar Abnormalities 15/90 2/15 1/24
Thoracic Anomalies 13/125 2/9 5/86 1/90 1/15

Osteopenia 1/90

General Skeletal Abnormalities 2/90 1/24
Cardiac Defects 45/125 1/9 2/10 2/24 212/238 41/86 35/90 23/42 12/15 1/3 2/41 1/3 10/15
Genital/ Anal Defects 3/10 14/90 11/42 2/15 1/3 5/24
Cryptorchidism 29/55 1/24 4/86 19/90 16/42 5/15 1/3 2/41 2/3 2/9
Scrotal Hypoplasia 1/55 1/24 3/90 16/42 3/15 1/9
Bilateral Testicular Ectopia 1/24

Hypospadias 3/55 2/10 2/24 2/238 2/86 5/90 2/15 1/3

Micropenis 3/55 1/10 2/24 1/86 1/42 2/15 1/3 2/9
Undescended Testes 4/55 1/10 1/24 6/86 1/42

Ambiguous Genitalia 1/24 1/90 1/42

Clitormegaly 10/42 3/15

Hypolasia of Labia Minora or Majora 1/90 13/42 3/15

Anal Abnormalities 1/125 3/86 2/90 12/42 2/15 1/3
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Table 2. Clinical Features of MYST Complex Mutations

Complex NSL NSL NSL NSL SET1/MLL MOZ/MORF MOZ/MORF MOZ/MORF MOZ/MORF MOZ/MORF | MOZ/MORF NuA4 NuA4
Common Mutations Genes KANSL1 (125)|KATS (9) OGT1 (10) |HCF1(24) |KMT2D (238) |[KAT6A (86) |KAT6B SSBYS (90) |[KAT6B GPS (42) [KAT6B Intermediate (15) [KAT6B NOS (3) |BRPF1 (41) |KATS5 (3) TRRAP (24)
Renal Defects 1/90 11/42 2/3 5/17
Hydroephrosis 15/125 4/86 25/42 2/15 1/41 1/3 3/24
Ureterohydronephrosis 3/42

Multiple Renal Cysts 5/42 2/15 1/3

Recurrent Urinary Tract Infections 3/125 1/3
Vesico-Uretral Reflex 11/125 1/15 1/3 2/24
Cystic Dysplasia of Kidney 1/125 1/24 2/42 2/24
Horseshoe Kideny 1/86 1/3

Renal Agenesis 1/3

Nephromegaly 1/3

Facial Dimorphisms 8/42 19/24
Bulbus/ Broad Nasal Tip 79/125 2/9 2/24 58/86 12/90 4/15 1/3 4/41 1/3 3/24
Tubular/ Bulbous Nose 79/125 2/10 1/86 17/90 22/42 4/15 1/3

Broad Nasal Root or Bridge 8/125 1/9 1/10 6/86 8/90 5/42 5/15 1/3 16/41 3/24
Flat Nasal Bridge/ Root 2/125 2/86 12/90 4/15 2/24
Long Nose 2/24

Flat Nose 2/125 1/24

Long Face 63/125 1/9 2/10 4/86 1/72 1/15

Round Face 1/125 1/90 14/41 2/3 1/24
Coarse Face 7/125 1/9 3/86 14/72 1/15 1/24
Full Cheeks 2/125 1/86 8/90 1/15

Flat Flacial Profile 1/125 2/24 14/41 2/3

Everted Lower Lip 24/125

Epicanthal Folds (Singular or Bilateral) 54/125 2/9 10/86 7/90 4/15 1/3 6/41 1/3 3/24
Inverted Epicanthal Folds 5/90

Upslanting Palpebral Fissures 57/125 1/9 1/24 3/86 1/90 1/72 1/15 3/41 4/24
Downslanting Palpebral Fissures 8/125 2/10 1/86 6/90 3/15 10/41 2/3 1/24
Short Palpebral Fissures 24/125 1/9 3/86 5/90 1/42 5/15 2/3 2/41 4/24
Long Palpebral Fissures

Long Philtrum 13/125 1/9 3/10 2/24 186/238 6/90 1/42 2/15 2/41

Short Philtrum 11/125 2/86 1/90 1/42 1/15 4/41 2/24
Everted Eyelids

Infraorbital Folds 1/24 149/238 1/90 2/42

Prominent Occular Globes 1/24

Hypertelorism 13/125 1/9 2/10 2/24 7/86 11/90 3/42 4/15 9/41 7/24
Cleft Palate/Lip 11/125 2/24 2/86 19/90 5/42 7/15 1/3 2/3 5/24
Arched Eyebrows 1/9 129/238 6/86 1/90 1/15 3/24
Lateral, Sparse or Notched Eyebrows 7/125 1/9 134/238 5/86 7/90 2/42 1/41 2/3 3/24
Short Columella 1/125 65/238 1/90 1/42 1/15 1/41

Depressed Nasal Bridge 2/125 3/9 111/238 4/90 1/42 1/15 2/41 2/3 3/24
Prognathism 6/125 111/238 2/86 1/15 2/3 1/24
Almond Shaped Eyes 1/125 1/9 1/86 1/3 1/24
Macrostomia 1/3 1/24
Thick Lower Lip 2/125 3/86 1/15 1/3

Full Lips 7/125 2/9 3/10 2/24 1/86 1/41

Thin Upper Lip 8/125 1/9 2/10 43/86 4/90 1/42 5/15 1/41 6/24
Thin Lips 1/9 1/24 1/15 1/41

Small Mouth 1/125 1/9 1/10 3/86 13/90 2/15 3/41 1/24
Prominent (Broad) Chin 16/125 1/86 1/3

Small Chin 5/125 1/90 2/42 1/41

Bitemporal Narrowing (Narrow Forehead) 1/125 1/9 1/10 11/86 2/90 2/42 2/24
Frontal Bossing/ Large Forehead 33/125 1/9 2/10 8/86

Mask-Like Face 28/90 1/42 10/15

SBBYSS Typical Face 53/90 1/15

Dolichocephaly 5/125 2/10 1/24 1/90 3/15 1/41 2/24
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Table 2. Clinical Features of MYST Complex Mutations

Complex NSL NSL NSL NSL SET1/MLL MOZ/MORF MOZ/MORF MOZ/MORF MOZ/MORF MOZ/MORF | MOZ/MORF NuA4 NuA4
Common Mutations Genes KANSL1 (125) KAT8 (9) OGT1(10) |HCF1(24) |KMT2D (238) |KAT6A (86) [KAT6B SSBYS (90) |KAT6B GPS (42) [KAT6B Intermediate (15) |KAT6B NOS (3) |BRPF1 (41) [KATS (3) TRRAP (24)
Micrognathia 5/125 2/9 9/86 9/90 13/42 3/15 1/3 4/41 3/24
Microretognathia 2/125 2/86 1/90 1/42 5/15

Retinogranathia 1/125 2/10 2/86 3/90 1/42 3/15 3/41

Craniosynostasis 1/86

Visual Impairments 4/42 1/3 4/24
Strabismus 38/125 2/9 1/24 41/86 4/90 3/42 3/15 4/41 1/3 2/24
Ptosis/ Blepharophimosis 35/125 1/9 13/86 48/90 2/42 13/15 2/3 30/41

Hypermetropia 34/125 3/9 1/10 1/24 6/86 3/90 1/15 1/41 1/3

Myopia 2/125 2/10 13/86 9/90 1/15 1/3 1/3 1/24
Epiblepharon 1/3

Retinal Degradation 1/24

Refraction Problems 4/41

Nystagmus 3/125 1/9 2/10 2/86 8/90 2/41

Amblyopia 0.25 1/10 7/86 6/90 4/41 3/24
Hearing Impairment 18/125 2/10 1/24 7/86 20/90 4/42 7/15 1/3 4/24
Miscellaneous 62/238

Frequent Ear or Other Recurrent Infections 8/125 1/10 30/86 11/90 2/42 1/15 1/3 4/24
Large Dysplastic, Prominent or Cupped Ears 36/125 3/9 5/86 1/15 1/41 1/3 2/24
Low Set Ears 23/125 3/9 2/10 1/23 159/238 26/86 12/90 5/42 7/15 1/3 4/41 1/3 4/24
Simplified Ears 3/125 1/2 2/90 2/41

Small/ Round Ears 7/125 1/2 2/86 6/90 2/42 2/15 1/3 3/41

Edematous Hand 1/24

Fetal Fingertip Pads 1/86 7/23
Short Stature 6/125 1/10 3/24 2/86 1/90 7/41

Dental Abnormalities 19/125 1/10 224/238 22/26 39/90 2/42 4/15 1/3 4/41 8/24
Feeding Difficulties 62/125 3/9 2/10 1/24 108/238 64/86 62/90 16/42 13/14 1/3 15/41 8/24
Dysplastic Nails 94/238 1/86 3/24
Lacrimal-Duct Aplasia or Anomalies 1/125 86/238 1/86 9/90 5/15 4/24
Accessory Nipple 2/10 4/86 3/24
Hypothyroidism 2/125 1/10 3/86 10/90 5/42 7/15 1/3 2/41

Thyroid Anomalies 22/90 3/42 1/15

Long Thumbs or Big Toes 41/90 5/42 9/15 2/41

Long Figers or Toes 27/125 1/9 2/10 1/86 8/90 2/15 1/41 1/24
Frontal Hair Upsweep 2/10 1/15 3/41 2/24
Premature Death 2/125 3/24 2/86 3/90 4/42 2/15 1/41

Elevated Plasma Homocystine 9/24 5/42

Urine Methymalonic Acid 12/24

Failure to Thrive 5/125 1/9 1/10 6/24 8/86 4/90 3/42 1/15 3/41 1/24
Gastroesophageal Reflux 1/125 1/10 35/86 4/90 4/42 3/15 2/41 2/24
Constipation 3/125 1/9 1/10 27/86 5/90 3/41 2/24
Pulmonary Hypoplasia 3/42

Respiratory Distress/ Disorder 11/125 1/10 1/24 13/86 4/90 4/42 4/15 1/3 1/24
Sleep Disturbances 2/9 1/10 20/86 1/90 4/41 3/3 3/24
Intrauterine Growth Resriction 2/24

Defective MeCbl Synthesis

Chronic Otitis Media Associated with Cholesteatoma 11/125 5/86 2/90 2/24
Neuroblastoma 1/42

Neutropenia 1/24 2/86

Food Allergies 5/86

Table 2: Clinical presentation of MYST complex mutations: Subjects with each disorder were found in the following: K ANSL 1243-247-263,270,271,309.310

KAT832, OGTI1 272,273,275,276,

HCF1 277-280 KMT2D296 KAT6A178—190,311

KAT6B SSBY8202,206,2097212,2147229 KAT6B GP81917193,1957208

Intemediatel%,z%,z13,215,230—233,312 KAT6B N08206 BRPF1108,125,234—238 KAT5176 TRRAP177
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CHAPTER 2: MATERIALS AND METHODS

2.1 PARTICIPANTS

Subjects carrying WDRS5 mutations were found by our colleagues, Versput and colleagues at
the Radbound University on the Netherlands, through either the Max Planck Institute for
psycholinguistics, or through gene matching sites including GeneMatcher, Radboudumc in house
exome sequencing database, the VKGL database, ClinVar denovo-db and Pubmed. In total seven
subjects have been identified.! Participants or guardians gave consented to share or publish data
through the Castor database.

The subject carrying KAT14 mutations was found by a clinician, Dr. Pankaj B. Agrawal in
Boston, whose patient had the mutations. The patient or guardian has given consent to share their
information.

2.2 WHOLE EXOME SEQUENCING (WES) AND MUTATION ANALYSIS

Sequencing of DNA coding regions was completed by external sources.

Subjects with WDRS5 mutations had their primary variant analysis and the protocol for analysis
published: patient A*!'3, patient B*'4, patient C/G3', patient D!, patient E3'®, patient F*!7. Verseput
and collogues performed further analysis, studying the location of the mutation and potential
affects with AlamutVisual 2.10 and clustal alignment from Uniprot.! SIFT, PolyPhen-2 and CADD
v1.4 used for prediction of pathogenicity.!® GnomAD was used to ensure healthy controls lacked
these variants.!

WES of subjects with K4 774 mutations were provided by Dr. Pankaj B. Agrawal, whose patient
has Diamond Blackfan anemia. Mutations were analyzed using the PolyPhen-2 software to
understand if the effects had the potential to be damaging.>'® In addition to the PolyPhen-2 , 1-

Mutant was used to assess potential changes in free energy and stability of the mutants.*!'”

2.3 PLASMIDS AND SITE DIRECTED MUTAGENESIS
Previously, WDRS, NSL1, NSL2 and YEATS2 were engineered onto pcDNA 3.1-Ha, and
KATS, histone H3 and KAT2A/B were engineered onto pcDNA3.1-FLAG. Both pcDNA3.1-Ha
and FLAG are derived from expression vector pcDNA3.1 (Invitrogen). WDRS is engineered on
pcDNA3.1-FLAG and mCherry, KAT14 onto pcDNA3.1-FLAG, mCherry and HA, and DRI,
7773, MBIP, SGF29, TADA2A and TADA3 are onto pcDNA3.1-Ha. Template DNA (Genetic
Perturbation Services) underwent PCR amplification with Pfu high-fidelity DNA polymerase
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(Roche) Restriction sites were cleaved in the DNA fragment, then ligated to expression vectors.
(enzymes: NEB) Subsequent transformation into DH5a and growth in liquid culture occurred,
followed by plasmid purification (Qiagen). Plasmids were sequenced for verification. Reagent
amounts and reaction were determined through modification of NEB’s sub cloning protocols.

Mutations in WDRS and KAT14 were generated via PCR with DNA polymerase Pfu and
mutant strands selected with Dpnl (NEB). Mutations being sequenced for verification.

For both the generation of plasmids and mutant variants PCR amplification with gene or
mutant specific primers were used. Primers were designed utilizing IDT Biotechnology and
subsequently ordered from the company. Primers utilized to generate wild type plasmids were: for
KAT14 CSRP2BP-1F (5’- GGG TTT GAA TTC GAT AGT AGC ATC CAC C- 3’), CSRP2BP-
IR (5’-GGAG AAG GAG ATG GGC TTG T-3’), CSRP2BP-2F (5’-GCC GAG GCC GCA GGC
CAG AT-3’) and CSRP2BP-2R (5- GGG TTT GGA TCC GCG CCG GAG CCT CAG AAA G-
3”); SGF29-F (5’-GGG AAA GAA TTC CCC CTG TAG ACA-3’) and SGF29-R (5’- AAATTT
AAG CTT TGC CAG GCG GCA-3’); MBIP-F (5’- GGG AAA GGA TCC GCT GCT GCC ACG-
3”) and MBIP-R (5’-GGG AAA GGT ACC TCA TGG AAG GTG GTG-3); DRI-F (5’- AAA
AGA GGA TCC GCT TCC TCG TCT-3’) and DR1-R (5’- GGG AGC AAG CTT TCA GAT
ATC ATC ATC-3’); TADA3-F (5’- AAA GGG GGT ACC AGT GAG TTG AAA-3’) and
TADA3-R (5’-GGG AAA AAG CTT CTA CCC ATC CAG-3’); ZZZ3-1F (5’-GGA AAG AAT
TCG CTG CTT CCC GA-3’), ZZZ3-1R (5’- TGG TGC CTG CCT AAA CTT TCA AGG-3’),
7773-2F (5°-CTT TGA ATC AGA TCA TGT GGC AC-3’) and ZZZ3-2R (5’-GGG TTT AAG
CTT TCA TCT GTT TGC-3’); KanslI3-F (5’-TTT CCC GAA TTC GCC CAC CGG GGT GGG
GAG AG-3") and KANSL3-R (5’- GCA CTC TCC TTG CAC ACT TG-3’); TADA2A-F (5’-
AAA TAG GGA TCC GAC CGT TTG GGT-3") and TADA2A-R (5’- GGG CGC AAG CTT
TTA GCC TTT AGT-3’).

2.4 CELL CULTURE AND TRANSFECTIONS

HEK?293 cells were cultured and passaged in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) with 10% heat-inactive fetal bovine serum (FBS, Sigma), 100ug/ml streptomycin, and 100
units/ml penicillin (P/S, Gibco).

For transfections, cells were seeded the day before at 2x10° cells per 6¢cm dish. Between 1.5-
2.5ul Lipofectamine 2000 was used per 1ug of plasmid DNA. Generally, 12-18ug of DNA and
15ul of Lipofectamine 2000 were used, in antibiotic free DMEM/FBS media. Mixture was
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incubated at 37°C for 5 to 16 hours, media was changed to DMEM with FBS and P/S and further

incubated until 48 hours post transfection.

2.5 IMMUNOPRECIPITATION, IMMUNOBLOTTING AND ACETYLATION ASSAYS

Tagged plasmids were transfected into HEK293 cells, the different conditions were: 1) FLAG-
tagged H3, HA-tagged WDRS, 2) FLAG-tagged WDRS5, 3) FLAG-tagged KATS, HA-tagged
WDRS5, NSL1, NSL2, NSL3, 4) FLAG-tagged WDRS, HA-tagged NSL1, NSL2, 5) FLAG-tagged
KAT14, 6) FLAG-tagged KAT14, HA-tagged KAT14, 7) FLAG-tagged GCNS, HA-tagged
WDRS, KAT14, MBIP, DR1, YEATS2, ZZZ3, SGF29, TADA3, TADA2A. Wild type WDRS5
and KAT14 were replaced with mutant variants for analysis. 48 hours post transfection cells were
washed twice with PBS and soluble protein extracts were prepped for anti-FLAG M2-agarose
(Sigma) affinity purification, as previously described by Yan.'"® FLAG peptide (Sigma F3290)
was utilized to elute bound proteins from the M2 agarose beads (Millipore Sigma A2220). Both
whole cell extracts and affinity purified proteins were prepared for immunoblotting and detection
with anti-FLAG (Sigma F3165), anti-Ha (Biolegend) or specific histone antibodies to determine
acetyltransferase abilities (anti-H3 Abcam ab1791, anti-H3K4ac EMD Millipore 07-539, anti-
H3K9ac Abcam ab10812, anti-H3K14ac EMD Millipore 07-353, anti-H3K18ac EMD Millipore
07-354, anti-H3K23ac EMD Millipore 07-355, anti-H4 Abcam ab18253, anti-H4K5ac Millipore
Sigma 07-327, anti-H4K8ac Millipore Sigma 07-328, anti-H4K12ac Millipore Sigma 07-595,
anti-H4K16ac Millipore Sigma 07-329, anti-H4K16pr PTM Biolabs PTM210).

Histone acetylation assays were performed based on a modified protocol by Pelletier.*?° Affinity
purified acetyltransferase complexes underwent acetylation reactions, containing 5x buffer A,
purified water, histone or nucleosome substrates , acetyl-CoA and purified protein complex.
Reactions were incubated at 37°C for 1 hour before they were prepared for immunoblotting.
Detection was completed with anti-acetyl lysine antibodies specific for certain histone lysine
residues, as well as anti-FLAG and Ha antibodies.

2.6 RED AND INDIRECT FLUORESCENCE MICROSCOPY

Utilized for the analysis of subcellular locations. Plasmids for mCherry WDRS or KAT14 with
a control of GFP-histone H3 were transfected into HEK293 cells. Cells were taken for analysis
after approximately 16 hours post transfection, using the florescence microscope (Axio Observer
Z1, Zeiss).

A similar process was used to stain cells. With the transfection identical to the above. After 24

hours cells were washed twice with PBS and allowed to dry for 3 minutes. Following this cells
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were covered in ice cold 50:50 acetone: methanol and placed in -20 °C for 20 minutes to allow for
fixation of the cells. Cells were washed twice with PBS before a dilution of DAPI in PBS covered
the cells for ten minutes. This dilution was washed off twice with PBS and analysis using the

florescence microscope (Axio Observer Z1, Zeiss) occurred.

2.7 IMAGE J AND STATISTICAL ANALYSIS

The Image J software was used to analyze optical densities of immunoblot protein bands.
Immunoblot scans were uploaded into Image J and optical densities for each band were measured
using the gel analysis tool. Measurements were exported to excel.

Statistical analysis was performed in excel utilizing an unpaired 2-tailed Student’s t test.

Statistical significance is considered by p values, where p < 0.05. Graphs generate with excel.

CHAPTER 3: ANALYSIS OF KAT14 MUTATIONS

3.1 IDENTIFICATION OF KAT14 MUTATION

Through a collaboration with Dr. Pankaj B. Agrawal, a physician in Boston, a patient
diagnosed with Diamond Blackfan anemia underwent WES, finding the patient harbors two unique
SNPs in the KAT14 gene. The patient has two different SNPs, one on each allele. To determine if
these variants have the potential to cause the Diamond Blackfan anemia phenotype they must be
analyzed. The first variant occurs at p.Arg567Ter, an arginine to a termination codon, and the
second variant is an arginine to a tryptophan at p.Arg596Trp. (Figure 1a)

Both mutations found are suspected to be pathogenic. The p.Arg567Ter KAT14 variant is
expected to cause an early truncating variant. This truncation causes loss of 200 amino acids in the
C-terminus, where the histone acyltransferase domain lies. The truncated KAT14 protein produced
will lack the HAT domain, thus the proteins enzymatic functions are expected to be altered. Since
approximately a quarter of the protein will not be translated other structural or stabilizing
properties may be disrupted. The second mutation, p.Arg596Trp, is a missense mutation. To
predict the possible effects of the mutation the software PolyPhen-2 was used. The PolyPhen-2
program predicted the p.Arg596Trp variant is probably damaging, with a score of 1, on a scale of
0 to 1, with 1 being the most damaging. This arginine residue is evolutionarily conserved across
the kingdom Animalia, indicating the residue is essential to protein function.

In understanding that both K4714 mutations likely impact function, structure or stability of
KAT14, it is possible that they responsible for causing the Diamond Blackfan anemia phenotype

found in the patient, thus we decided to proceed with further analysis of the mutations.
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3.2 GENERATION OF THE ATAC COMPLEX AND KAT14 VARIANTS

KAT14 FLAG-tagged plasmids were generated through PCR amplification of two KAT14
fragments with restriction sites, standard cloning procedures were then followed. The insertion of the
full KAT14 gene into the FLAG vector was confirmed by colony PCR, restriction digestion and
validated by sequencing. This process was repeated to generate HA-tagged plasmids of the ATAC
complex, namely, DR1, MBIP, SGF29, ZZ73, TADA2A and TADA3. FLAG-tagged KAT14 was then
cleaved and ligated into both mCherry and HA tagged vectors.

Mutations in the KAT14 cDNA were generated via site directed mutagenesis, with primers
designed to specifically insert the patient mutation. For KAT14 p.Arg567Ter, this correlates to a DNA
location of 2136 with a change from a cytosine changed to a thymine (CGA to TGA), and for KAT14
p-Arg596Trp the mutation occurs at 2223bp with a change from a cytosine to a thymine (CGG to
TGG). Mutation insertion was confirmed with sequencing.

The ATAC complex plasmids, along with previously generated plasmids (KAT2A-FLAG,
KAT2B-FLAG, WDR5-HA, YEATS2-HA) and the KAT14 mutants were used in the following
experiments to test the differences in KAT14.

3.3 KAT14 AND MUTATED VARIANTS PROTEIN STABILITY AND SIZE

To begin assessing individual differences between the wild type and mutant KAT14 proteins
a transfection of KAT14 was performed. Variant p.Arg567Ter is expected to affect protein size,
generating a truncated protein since ~200 base pairs are lost from the coding sequence. This
alteration may affect structural integrity or stability. A loss of stability would be depicted as a
reduction protein concentration or weaker band intensity in western blots. p.Arg567Ter may also
express reduced protein concentrations due to NMD. In cases of nonsense mutations, like
p-Arg567Ter, the NMD pathway can degrade truncated proteins protecting cells against gain-of-
function expression.

The program [-Mutant was used to study the p.Arg596Trp variant. This software predicts
p.Arg596Trp has decreased stability, with a DDG value predication of -0.63, representing a large
decrease in protein stability. Therefore a reduction in protein production of KAT14 p.Arg596Trp
is expected.

For this analysis KAT14 plasmids were transfected into HEK293 cells and purified through
CO-IP. (Figure 1b)

Interesting differences in the variants were found. As expected, the p.Arg567Ter variant caused
truncated protein production. This protein is ~ 40 KDa smaller than that of the wild type KAT14

protein. The truncation corresponds to the loss of C-terminal translation, however, the protein was
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smaller than anticipated. Despite the small size of the truncated p.Arg567Ter protein, it appears
that the variant is unaffected by NMD. In looking at the truncated protein a higher concentration
was present than wild type KAT14 indicating NMD is not degrading the truncating variant, and
the protein maintains its stability.

As predicted, the mutation p.Arg596Trp produces a less stable protein, as shown by the
reduction in protein produced.

To assess the statistical significance of our results a t-test was performed. Immunoblot images
were inputted into Image J where the optical densities of each protein band were determined.
(Figure 1¢) In all 11 observations were used, a large number was chosen due to a lack of a loading
control, such as tubulin or actin. Both antibodies were used, however did not reliably leave bands,
therefore by increasing the number of observations it should eliminate slight loading errors. The
optical densities of the CO-IP purified KAT14 variants were uploaded into excel where a two-
sided t-test was performed. Both KAT14 mutants p.Arg567Ter and p.Arg596Trp, optical densities
were compared to that of wild type KAT14, and they were found to have significantly different optical
densities. While wild type KAT14’s mean density was 9505, p.Arg567Ter had a significantly higher
density, of 27185, and p.Arg596Trp had significantly lower density, of 5619, having p-values of
0.0004303 and 0.0440616, respectively. Since both p-values are under the threshold of 0.05, we
determine that there are statistically significant changes in the levels of KAT14 protein produced by
the mutant variants.

Both the decreased stability of the p.ArgS96Trp protein and decreased size of p.Arg567Ter are
significant differences compared to the wild type KAT14 protein, indicating these variants may
cause significant changes in vivo. To further explore the variants, both enzymatic and structural

properties need to be assessed.

3.4 SELF-BINDING CAPABILITIES OF KAT14

Many properties of the KAT14 protein have yet to be delineated. One such subject area is the
binding properties of KAT14. Within the ATAC complex it is thought that KAT14 directly binds
to MBIP, however interactions between KAT14 and the remaining subunits are unknown. Many
proteins have the ability to bind to themselves. Through a literature review we found that KAT14
has never been assessed for this self-binding capability, therefore we decided to analyze this
ourselves. For this a transfection of KAT14 FLAG-tagged and KAT14 HA-tagged plasmids
occurred with subsequent purification through Co-IP. If KAT14 is able to bind to itself, during the
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Co-IP FLAG-tagged KAT14 will pull down the HA-tagged KAT14, thus on a western blot you
will see KAT14 on both membranes stained with HA or FLAG tagged antibodies. (Figure 2)

In figure two, we see a band representing KAT14 on both HA and FLAG membranes, for both
the whole cell extract and the IP, indicating KAT14 does bind to itself. In addition to testing wild
type KAT14 proteins, KAT14 mutants self-binding properties were also assessed, with FLAG-
tagged wild type KAT14 and HA-tagged mutant KAT14 plasmids. In the results both the whole
cell extract and the CO-IP contained the HA-tagged KAT14 variants. This shows that the mutant
p-Arg567Ter and p.Arg596Trp proteins are able to bind to themselves. One difference between the
variants is the protein levels of the mutants. Despite having equal amounts of FLAG-tagged wild type
KAT14, there was a reduction in the KAT14 p.Arg567Ter protein compared to its counterparts. This
differs from what was found when KAT14 variants were purified alone, where p.Arg567Ter had
a significantly higher protein concertation and p.Arg596Trp had a reduction in protein concentration.
The reduction in truncated protein concentration indicates the termination mutation affects KAT14
self-binding and by altering KAT14’s protein structure it causes the interaction to be less stable.
The exact protein residues required for KAT14 self-binding are unknown, therefore it is possible
residues within the final 200 amino acids of KAT14 are required for self-binding efficiency.

Given KAT14 self-binding is a newly uncovered protein property the biological relevance is
unknown. Therefore we cannot speculate what negative consequences could arise due to a
reduction in self-binding of the KAT14 p.Arg567Ter variant.

3.5 KAT14 ACETYLATION PROPERTIES

One of KAT14’s most notable roles is as a histone acetyltransferase. KAT14 is known to
acetylate histone H4, with affinity for H4K16. The ATAC complex as a whole, has been shown to
acetylate both histone H3 and H4, with KAT2A or KAT2B responsible for histone H3 acetylation.
To date there has been limited research done in terms of assessing KAT14’s acetylation properties
in isolation, without the presence of the ATAC complex.

Given the location of both mutations in KAT14, one right before the acetylation domain and
the other creating a truncated variant lacking the acetylation domain, we anticipate alterations in
the acetylation capabilities of both KAT14 protein variants.

To delineate KAT14 acetylation in vitro histone acetylation assays were performed with
purified KAT14 proteins, acetyl CoA, and HeLa histones. Subsequently immunoblotting was
performed to visualize the results. (Figure 3a) Results are depicted, with representations of control

levels, KAT14-Flag and H4 and with graphical representations of levels (optical densities) of
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specific acetylated lysine residues (Figure 3b-1) Additionally, the optical densities were utilized to
create a ratio of acetyl-CoA over non-acetyl-CoA containing conditions, showing the differences
in acetylation capabilities of the KAT14 variant proteins. (Figure 3j-q) These ratios have a value
of one if there was no difference between the acetylation and control, indicating acetylation was
not occurring. Values greater than one indicate histone acetylation was catalyzed by KAT14.
Information for both graphs was taken from an n of three, with outliers (an optical density with a
threshold difference of 10000, to a maximum of one outlier) removed. Statistical significance was
assessed through a student’s t-test describes in the methodology.

In the image we see that all three KAT14 variants maintained their ability to acetylate histone
H4KS5, with significant levels of acetylation compared to the non-acetylated control for each
variant found, all having p-values below 0.001. In the graph one sees a much higher level of histone
H4KS5 being acetylated with wild type KAT14. Using the ratios, the biggest difference is seen the
termination variant, with the acetylation capacity being reduce by 20 percent, compared to wild
type.

Both histone H4K8/K16 acetylation showcased dramatic differences. The acetylation of
histone H4K8 by variant p.Arg567Ter was reduced to approximately half of KAT14 wild type
levels, whereas p.Arg596Ter was not able to acetylate this residue. Similarly, acetylation of histone
H4K16 by the termination variant saw minor reductions, whereas acetylation by the p.Arg596Trp
variant was lost.

Acetylation of histone H3 was also assessed, at lysine residues K4, K14, K18 and K23. Similar
to the trends seen in histone H4 acetylation, there were marked decreases in histone H3 acetylation.
The p.Arg567Ter variant caused decreases in H3K4/K14/K23 acetylation, with levels of both
histone H3K14 and H3K23 being the same their non-acetyl-CoA control. Variant p.Arg596Trp
caused reductions in acetylation of H3K4/K14/K18/K23, with levels of acetylated histone H3K23
completely lost.

Compared to wild type KAT14 both p.Arg567Ter and p.Arg596Trp protein variants had a
generalized reduction or loss of acetylation, indicating these mutations negatively impact the
acetylation capabilities of KAT14. These losses in acetylation could contribute to the pathogenesis
of the patient.

In the literature, little was known about mammalian KAT14’s acetylation properties,
particularly which lysine residues the protein acts upon. In assessing the wild type KAT14 proteins

acetylation properties we see that KAT14 was able to increase acetylation of each residue studied,
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H3K4/K14/K18/K23 and H4K5/K8/K16. The greatest increases in acetylation were found on
histone H4KS5 and H4K8, with ratios of 5.3 and 5. Statistically, the differences between the wild
type acetyl-CoA and the non-acetyl-CoA control were significant in both histone HKS and H3K23
acetylation with p-values less than 0.001. This information helps delineate KAT14 acetylation
properties, and contradicts the notion, that within the ATAC complex only KAT2A or KAT2B are
able to acetylate histone H3 targets.

3.6 KAT14 SUBCELLULAR LOCALIZATION

Another property that could be impacted by KAT14 mutations is subcellular localization.
Subcellular localization changes can impact a proteins ability to complete their cellular functions
or could indicate changes in binding. To assess potential changes wild type, p.Arg567Ter and
p-Arg596Trp KAT14 cDNAwas ligated into mCherry-tagged plasmids and transfected into
HEK?293 cells with a control plasmid of GFP-tagged histoneH3. Approximately 24 hours post
transfection the cells were analyzed with a fluorescence microscope (Axio Observer Z1, Zeiss).
The control of histone H3 was chosen due its consistent location, within the nucleus, therefore we
can compare where the KAT14 protein localizes in relation to histone H3. If the mCherry and GFP
signals overlap KAT14 proteins are nuclear, if the signals do not overlap than KAT14 proteins are
cytosolic and if there is a mixture of overlapping and non-overlapping signals it indicates that
KAT14 protein is pancellular.

In assessing the images, one sees a clear overlap between histone H3 and wild type KAT14
signals, indicating KAT14 is a nuclear protein. (Figure 4) This nuclear localization is supported
by the ATAC complex’s roles in gene transcription and nucleosome sliding.%>’> Both KAT14
variants p.Arg567Ter and p.Arg596Trp have a similar pattern of localization, with overlapping
green and red fluorescent signals, indicating they are also nuclear. Since wild type and variant
KAT14 proteins localize to the nucleus it appears that the subcellular localization is not affected.

Although localization was not affected, transfection efficiency was. Mimicking results from
section 3.3 there was a large reduction in the concentration of p.Arg596Trp protein compared to
both wild type and p.Arg567Ter variant proteins. This reduction was seen in each experimental
repeat, despite consistent plasmid concentrations and experimental procedures. This reduction in
the p.Arg596Trp protein is highlighted when assessing protein levels against the histone H3
control. These results further prove the p.Arg596Trp mutant protein has reduced stability, affecting

protein quantities or that there is a reduction in protein translation by the variant.
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3.7 ATAC COMPLEX AND THE COMPLEXES ACETYLATION PROPERTIES

To further understand potential differences between the wild type and mutant KAT 14 proteins,
their interaction within the ATAC complex was assessed. Given KAT14 p.Arg567Ter causes a
truncated protein and KAT14 p.Arg596Trp protein levels are dramatically reduced, there could be
alterations in both the stability and acetylation capacity of the ATAC complex.

To generate the ATAC complex, DNA plasmids of HA-tagged wild type or mutant KAT14
were transfected into HEK293 cells with the remaining ATAC subunit plasmids: FLAG- tagged
GCNS and HA-tagged SGF29, TADA2A, TADA3, WDRS, MBIP, DR1, YEATS2, ZZZ3. After
48 hours cells were coimmunoprecipitated and visualized through immunoblotting.

Unfortunately, given the large size of the complex, the full ATAC complex was never
generated through CO-IP, despite trying numerous plasmid concentrations, buffers, and CO-IP
methods. However partial complexes were generated on numerous occasions. Immunoblots of
these purified partial complexes consistently showed protein bands corresponding to GCNS,
KAT14, WDRS, SGF29, and generally showed levels of DR1 and ZZZ3. Figure 5b and figure 5¢
show to depictions of the results. In both these depictions it appears that in the CO-IP of ATAC
with wild type KAT14 there are higher protein concentrations of subunits, such as WDRS, SGF29
and ZZZ3. Additionally, there was a dramatic reduction in the protein levels of KATI14
p-Arg567Ter compared to the other KATI14 variants. Given the higher concentration of these
subunits with consistent levels of GCNS it may indicate that the stability of the ATAC complex is
affected by the KAT14 mutations. In addition to the CO-IP, figure 5b depicts whole cells extract
levels from the ATAC transfection. In this image higher protein concentration is noted, with an
increased number of subunits, including DR1, YEATS2, TADA2A. In addition, TADA2A,
TADA3 and MBIP all have approximately the same protein size, and therefore may actually be
represented in the image but be hidden by the bands for WDRS. In the future reconstituting the
whole ATAC complex is necessary to determine specific complex changes in the presence of
variant KAT14 proteins, however this data suggests there are changes in the ATAC complex
changes when KAT14 is mutated.

In addition to the CO-IP, whole cell lysates, or whole cell extracts were collected pre-CO-IP
and visualized through immunoblotting. With the whole cell extracts, levels of histone acetylation
were assessed. This was done by probing the whole cell extract immunoblots with specific histone
antibodies to assess levels of acetylation within the cells. (Figure 5a) To analyze acetylation levels

ratios were taken for the amount of an acetylated histone, such as histone H4K5ac over the non-
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acetylated histone control, histone H4. In doing this, with an n of three, differences among the
ATAC complexes with different KAT14 variants were noted. In the histone H3 lysine’s tested,
both mutant KAT14 containing complexes had reduced histone H3K4 and H3K 14 acetylation
levels compared to their wild type counterpart, while an increase in acetylation was seen on histone
H3K23 by the variants. More variation was noted in histone H4, in general the mutant KAT14
containing complexes have higher acetylation than the wild type KAT14 containing complex.
Since the whole cell extract was used, these results are not conclusive. By using the whole cell
extract, acetylation levels cannot be solely contributed to the transfected ATAC complex, other
cellular complexes could be contributing to the levels of acetylation seen. In addition, the
enzymatic capabilities of the ATAC complex were not assessed with the method. To properly
assess acetylation a HAT assay, similar to what was done in section 3.5 needs to be performed.
Although these results are not complete, the differences in acetylation between KAT14 and

KAT14 mutant containing ATAC complexes should be explored further in the future.

CHAPTER 4: ANALYSIS OF WDRS MUTATIONS
We believe patients with de novo mutations in WDRJ5 belong to a new group of global
developmental delay disorders, caused by alterations to the NSL complex. Patients with mutation
in the WDRS5 gene have a similar phenotype to those with mutations in other subunits in the NSL
complex, namely KATS and KANSLI. Global developmental delay syndromes caused by these

mutations are a part of a larger family of MYST complex global developmental delay syndromes.

4.1 IDENTIFICATION OF WDRS MUTATIONS

Recently, seven different patients with de novo mutations in WDRS5 have been identified by
our collaborators in the Netherlands.! Four different missense variants were identified. Each of the
following variants were found in one individual, p.Alal69Pro, p.Argl96Cys and p.Asn213Asp,
and an additional three unrelated individuals have the variant p. Thr208Met. The seventh individual
was found to have the possible splicing variant, c.445-3C>T. WDRS itself is extremely intolerant
to loss of function mutations, indicating mutations that completely disrupts WDRS’s ability to
function are not widely found in society. Therefore during embryonic development a fetus with
WDR5 loss of function mutations is unlikely to make it to term. Therefore, we suspect the patients
in our cohort will not have loss of function WDRS5 variants, however given the clinical presentation

we suspect the WDRJ variants may be pathogenic.
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In order to predict the potential pathogenicity of the missense mutations PolyPhen-2 was
utilized. Three of the WDRS missense variants, p.Alal69Pro, p.Arg196Cys and p. Thr208Met were
predicted to be probably damaging, with scores of 1.000, 1.000, and 0.997 out of 1.000. All three
of these amino acids are evolutionarily conserved in eukaryotic organisms. The final missense
variant p.Asn213Asp was predicted to be benign with a score of 0.013 out of 1. This aspartic acid
at 213, is frequently found in the same position through evolution, however can be replaced with
other amino acids, with the most frequent substitution being glutamic acid. One reason this variant
may be benign is due to the similarity of aspartic acid and asparagine. Both amino acids are a
similar in size but have different charges in their side chains.

These variants were also analyzed through two other means, CADD-scores and SIFT by our
collogues.! SIFT scores are used to predict if protein functions could be affected by substitutions
of amino acids, in the case our missense variants, p.Alal69Pro, p.Arg196Cys and p.Thr208Met
had a score of 0 and predicted to be deleterious, whereas the p.Asn213Asp variant had a score of
0.12 and predicted to be tolerated by the WDRS protein. Finally, CADD scores were used to
predict deleterious effects of SNPs, each of the missense variants gave a score over 22, indicating
they are likely to have negative effects. The splice variant had a predicted score of 13 indicating it
may have deleterious effects. CADD scores above 20 are predicted to be damaging, whereas scores
under 10 are unlikely to have effects.

Changes in stability can also be utilized to predict potential consequences of protein mutations.
When proteins become less stable it can impact protein levels and functions. To predict variant
protein stability a program called [-Mutant was used, giving a predicted DDG value that measures
the free energy change and a prediction of stability. DDG values above 0.5 and below -0.5 indicate
a large increase or decrease in stability, and values between -0.5 and 0.5 indicate a neutral stability.
For our variants both p.Arg196Cys and p.Asp213Asn were predicted to have large decreases in
stability, with DDG values being -0.95 and -1.08. The remaining two variants were predicted to
have neutral stability with DDG values for p.Alal69Pro being 0.14, and -0.22 for p.Thr208Met.
The predicted large decreases in stability of the p.Arg196Cys and p.Asn213Asp variants indicates
they may be damaging, and could result in decreased protein concentration, increased WDRS
degradation or affect WDR5-complex integrity .

Since each of the WDRJ5 missense mutations are likely damaging, we went on further to assess
the location of the mutations, and what functions of WDRS5 they may be impacting. We noticed

that each of the mutations occur on or near the fourth WD40 domain of WDRS, as seen in Figure
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6a. Particular functions of the fourth WD40 domain are unknown, thus impacts of the mutations
in this region cannot be predicted. The mutations are also located near an evolutionarily conserved
threonine (191), that is important in WDRS WIN site binding. Therefore the mutations may alter
WDRS5’s ability to bind to histone H3 or KANSLI.

Through prediction that WDRS5 patient mutations occur near an important binding site, in a
similar region and are probably damaging it leads us to believe that these WDRS variants are
responsible for the clinical phenotype found in patients.

4.2 WDRS MUTANTS PATIENT PHENOTYPE AND NSL COMPLEX

Seven individuals with global developmental delay were reported by our collogues in the
Netherlands. Each of these individuals presented with global developmental and speech delays,
and six of the seven individuals have intellectual disabilities. These patients also displayed other
multi-system phenotypes, including musculoskeletal, cardiac defects, autism or ADHD.
Nurological problems were also found, such as hypotonia, epilepsy and brain MRI abnormalities.

Given the similar phenotypes and the predications that the variant WDRS proteins are likely
damaging we speculate that the phenotype is a result of these mutations.

Intriguingly, two complexes known to contain WDRS have previously been implicated in
global developmental delay disorders, namely the NSL and the MLL1/SET complexes. Mutations
in the NSL complex subunits, KANSLI, KATS, OGTI and HCF 1, result in a phenotype that closely
resembles the phenotype of patients with WDRS5 mutations. Patients with mutations in KANSLI,
KATS8 and WDRS all have the hallmarks of global developmental delay, speech and motor delays,
and intellectual disability. In addition, many patients suffer from behavioural problems, autism or
neurological problems such as hypotonia, seizures or brain abnormalities. Due to the similarities
between our cohort of individuals with WDR5 mutations and those affected with NSL complex
mutations we chose to focus on how the WDRS5 mutations impact the NSL complex.

It is worth mentioning that members of the, WDRS containing, MLL1/SET complex have been
linked to intellectual disability syndromes. Namely mutations in KMTD? are the cause of Kabuki
syndrome, which presents with a distinctive facial profile, and intellectual disability. However, the
disorder lacks the presence of developmental delay and motor or speech delays, which are hallmark
features of the WDRJS5 mutant patients. Furthermore no specific abnormal facial profile was found
in patients with WDRJ5 mutations. This information lead to us studying the WDRS mutations in

relation to the NSL complex instead of the SET1/MLL complex.
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4.3 GENERATION OF NSL COMPLEX AND WDRS MUTANT VARIANTS

The KANSL3 HA-tagged plasmid was generated in the same fashion as the ATAC complex
plasmids, with an initial PCR amplification of KANSL3, followed by standard cloning procedures,
with colony PCR, restriction digestions, and sequencing confirming the successful integration of
KANSL3 into the HA vector.

The four missense mutations in WDRJ5 were generated through site directed mutagenesis,
following the same protocol as KAT14. The first mutation, p.Alal69Pro occurs at DNA base pair
679 and switches a guanine to a cytosine (GCT to CCT); the second mutation p.Arg196Cys occurs
at DNA base pair 760 and is a switch from a cytosine to a thymine (CGC to TGC); the third
mutation p.Thr208Met changes a cytosine to a thymine at DNA location 796 (ACG to ATG);
finally p.Asn213Asp changes an adenine to a guanine at base pair 811 (AAC to GAC). After the
generation of the plasmids results were confirmed via sequencing.

WDRS HA-tagged wild type and mutant plasmids were cleaved, and subsequently ligated into
both FLAG and mCherry vectors. After plasmid preparation results for WDRS’s insertion into the
FLAG vector was confirmed through immunoprecipitation and immunoblotting. WDRS’s
insertion into mCherry was confirmed though restriction digestions.

With the successful generation of KANSL3 and the WDRS mutant and wild type plasmids,
along with the previously generated NSL complex plasmids, we began to use these plasmids to

further study the differences in the WDRS variants.

4.4 WDRS AND MUTANT VARIANTS PROTEIN STABILITY AND SIZE

We began by exploring the individual properties of each WDRS protein variant in relation to
wild type WDRS. Since no patient presented with nonsense mutation large differences in protein
size were not expected. However, software analysis predicted the WDRS missense proteins would
impact stability, thus changes in protein concentration may occur. To assess this FLAG-tagged
WDRS variants were transfected into HEK293 cells, purified through CO-IP, and imaged through
immunoblotting. (Figure 6b)

To assess differences between the WDRS variant proteins, western blot images were uploaded
into Image J, where optical densities were determined for each protein. Optical densities were
inputted into excel, where statistical analysis occurred and graphs were generated. (Figure 6¢)
Eight observations occurred, and like section 3.3, loading control antibodies did not reliably work,
therefore a larger n was chosen to ensure that the phenomenon seen was accurate. In looking at the

mean optical densities, one sees a dramatic reduction in protein levels of three WDRS variants,
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p-Argl96Cys, p.Thr208Met and p.Asn213Asp, with an approximate 50 percent reduction in
protein concentration compared to wild type WDRS. Whereas, p.Alal69Pro showed an
approximately 30 percent increase in protein concentration compared to wild type WDRS. From
the stability production program, [-Mutant, mutant p.Alal69Pro was predicted to have little to no
effect on WDRS’s stability, which is exemplified in our results, with higher protein levels of this
variant. The switch from arginine to proline may positively impact stability due to the nature of
proline. Proline contains a unique pyrrolidine ring adding structural rigidity to proteins, which
helps to strengthen structural integrity.>?! While p.Alal69Pro may have increased structural
stability compared to wild type WDRS, the rigidity of the proline may impede the WDRS protein
folding confirmation or the ability of WDRS5 to facilitate protein-protein interactions. The
remaining variants, p.Argl96Cys, p.Thr208Met and p.Asn213Asp dramatically reduce protein
concentration, which indicates a loss of protein stability or a reduction in production. WDRS is
extremely intolerant to loss of function mutations, therefore this significant reduction in WDRS
protein levels caused by p.Argl96Cys, p.Thr208Met and p.Asn213Asp mutants may be
responsible for the changes seen in vivo.
4.5 WDRS AND MUTANT VARIANTS BINDING TO HISTONE H3

One of WDRS5’s binding partners is histone H3, which binds WDR5’s WIN site. Due to the
location of the WDRS mutations binding to histone H3 may be impacted. To test this a transfection
was completed with FLAG-tagged histone H3 and HA-tagged WDRS variants, followed by Co-
IP. Each of the variants were able to bind to histone H3, indicating no mutant completely lost
histone H3 binding and therefore maintained some reader functions. (Figure 6d) To confirm
protein concentration, Image J was used to quantify the optical densities of each protein band.
Following this, the data was inputted into excel where a protein ratio of WDRS to histone H3 was
calculated, with histone H3 representing the loading control since the concentration of histone H3
directly impact the amount of WDRS purified during the CO-IP. This experiment was repeated
eight times, and for analysis two outliers were removed from each set of ratios (highest and lowest
values), leaving six observations. (Figure 6¢) After a two-sided t-test was performed to assess the
statistical significance, showing that only one of the mutants, WDRS p.Asn213Asp was
statistically different to the wild type WDRS, with a p-value of 0.03. In looking at the trends, it
shows that there are reduced levels of variant WDRS protein compared to wild type WDRS, with
the levels of WDRS p.Asn213Asp being the smallest. As shown in Figure 6d-e.
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In addition to performing CO-IP of histone H3 and the WDRS variants, subcellular localization
of WDRS5 was also assessed. Given the ability of WDRS to act within different complexes, we
wanted to assess levels of localization within the nucleus, where histone H3 is located, to see if
there are changes in histone H3-WDRS5 binding. To do this both GFP tagged histone H3 and
mCherry tagged WDRS5 were transfected into HEK293 cells and visualized with a fluorescence
microscope (Axio Observer Z1, Zeiss) after 24 hours. (Figure 7) In looking at the merged images
one sees an overlap of green and red fluorescence signals, indicating that both histone H3 and the
WDRS variants are found within the nucleus. One difference between the green and red
fluorescence signals is the presence of extremely bright green dots within the green nuclear signals.
These bright signals represent nucleolar localization. The nucleolus is a separate part of the nucleus
that functions in ribosomal synthesis. Neither wild type or variant WDRS have particular
elevations within the nucleolus and do not feature the cytoplasmic localization that occurs in the
absence of histone H3. This confirms the immunoblotting results that WDRS5 and histone H3
readily bind, and binding is not abolished in mutant WDRS proteins.

4.6 EFFECTS OF WDRS MUTANT VARIANTS ON THE NSL COMPLEX

Along with the individual protein properties of WDRS, impacts on the NSL complex were also
assessed. We began by generating a minimal protein complex containing a subset of the NSL
complex, including KANSL1, KANSL2, KANSL3, KAT8 and WDRS5. These proteins are
responsible for the majority of the stabilizing aspects of the complex, with both KANSL1, WDRS5
and KANSL?2 binding, while KATS8 is required for stability and acetylation capabilities. The
missing components, OGT1, HCF1 and PHF20, are not integral for stability or acetylation,
therefore to simplify experiments they were left out. To generate the complex, HEK293 cells were
transfected with plasmids of KANSL1, KANSL2, KANSL3, KATS and either wild type or mutant
WDRS. The protein complexes were subsequently purified, and a western blot completed to assess
protein concentrations. In looking at results we notice a few things.

Firstly, the band for KANSL?2 was often absent. Despite adding varying levels of KANSL2 the
protein did not appear in many of the western blot images. Initially, the plasmid being used was
sent for sequencing, determining the sequence was correct. The KANSL?2 protein appeared in two
separate western blots, twice in the wild type NSL complex and once in both p.Alal69Pro and
p-Argl96Cys, respectively. In these instances, the KANSL2 bands were faint, suggesting
KANSL2 is likely present in the complex, but weakly expressed, therefore not reliably showing in

the western blot. This could indicate the protein is not being transfected at the same rate as its
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counterparts. Given the limitation of unreliable KANSL2 bands, there is a lack of imaging data
and no conclusion can be drawn about the binding between wild type and mutant WDRS to
KANSL2. Since the complex does not seem to be affected when KANSL2 was absent, with the
other proteins stably forming a complex, it leads us believe weak expression is likely causing the
KANSL?2 loss and therefore continue on with the analysis.

The experiment was designed with FLAG-tagged KAT8 , therefore during the CO-IP proteins
that directly or indirectly bind to KAT8 within the complex were pulled down and found within
the IP. The four remaining proteins, KAT8, WDRS, KANSL1 and KANSL3 were found in the IP
for each WDRS5 condition. (Figure 8a) In the image we see relatively similar amounts of each of
the subunit proteins. KANSL1 was found in each complex showing mutations in WDRS did not
completely abolish WDRS5s ability to bind to KANSLI1. Similarly, the NSL complex was able to
form despite the mutations in WDRS, meaning these mutations did not sabotage complex stability,
which would be seen if KATS8 had been found alone within the IP. However, the stability of the
complex and WDRS5’s ability to bind to KANSL1 could still be affected.

To test if differences between the wild type and mutant WDRS’s were significant t-tests were
completed. A two-sided t-test was used, with nine observations (the two highest and lowest outliers
were removed). The t-test was performed utilizing lane ratios, of WDRS levels over KATS, since
KATS was flag tagged and used to purify the complex, levels of WDRS are dependent on how
much KATS8 was purified. (Figure 8b) In performing the t-tests comparing levels of wild type
WDRS to each of the mutants, we saw three of the mutants, p.Alal69Pro, p.Argl96Cys, and
p.-Thr208Met have higher levels of WDRS than the wild type, with p.Argl96Cys having
significantly more with a p value of 0.024. Mutant p.Asn213Asp had approximately equivalent
levels of WDRS to the wild type. This indicates that the variant p.Arg196Cys has a greater protein
concentration than the wild type WDRS and may highlight an increased stability of these mutants
within the NSL complex.

In addition to looking at levels of WDRS, levels of its binding partner KANSL1 were also
assessed. (Figure 8c) Similar to the analysis above, utilizing eight observations, (some smudges
into the KANSL1 bands during imaging, producing less usable images), and a protein ratio of the
optical densities of KANSL1 over WDRS. This ratio was chosen because levels of KANSLI are
directly dependent on levels of WDRS, these proteins are binding partners, therefore automatically
if there are higher levels of WDRS it should correlate to an increase in levels of KANSLI.
Therefore, to see if there are changes in KANSLI stability we need to use WDRS as a control. We
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find there are no significant changes between the protein concentration of KANSL1 when binding
to the WDRS variants in the NSL complex. There are slightly elevated levels of KANSL1 when
both p.Alal69Pro and p.Argl96Cys are present, but both have p- values above 0.05, indicating
insignificance. Therefore, it seems that the variations in WDRS are not impacting the stability of
the NSL and not affecting KANSL1’s binding within the complex.

To further test if WDRS’s binding is impacted by the mutations we decided to test the WDRS
variants ability to bind to their binding partners, KANSL1 and KANSL2 alone. To do this FLAG-
tagged WDRS variants were transfected with HA-tagged KANSL1 and KANSL?2 followed by CO-
IP and immunoblotting. (Figure 9) We noticed that the expression of the WDRS variants was
approximately the same as within the NSL complex, however changes were noted in their binding
partners. When WDRS is not present there is a dramatic reduction of both KANSL1 and KANSL2
in the whole cell lysate. This loss of KANSL1 and KANSL2 counters the high expression of
KANSLI and weak expression of KANSL2 when either wild type or mutant WDRS protein is
present. The alterations in KANSL1 and KANSL2 expression in the absence of WDRS indicates
that WDRS necessary for the stability or the production of KANSL1/KANSL2. Compared to
studying the minimal NSL complex, by studying these binding partners we are able to tell that
KANSL2 is present, however exhibits exceedingly weak expression levels. Given there are
minimal differences between the WDRS variants binding abilities to KANSL1 and KANSL?2 it
could indicate that neither of WDRS’s binding sites, WIN or WBM are affected by the de novo

mutations.

4.7 NSL COMPLEX ACYLATION PROPERTIES

One important property of the NSL complex is its ability to acetylate histones. The lysine
acetyltransferase in the complex, KATS, has a particular affinity for acetylating histone H4. Patient
mutations in histone acetyltransferase complexes are known to a decrease acetylation, as seen in
BRPF1, KAT6B and KATS8.3%108193 Tn order to test if the mutations in WDRS affect NSL’s
acetylation capabilities a histone acetylation assay was performed, with the purified NSL complex,
acetyl-CoA and HeLa histones. For each mutant and wild type NSL complex, two conditions were
assessed, one with the presence of acetyl-CoA, and one without, therefore we expect an increase
in acetylation to only occur in the presence of acetyl-CoA, resulting in increased optical densities.
Results for the experiment are found in figure 10a. Figure 10b-d, show the corresponding graphs
of the optical density from the immunoblot bands, with data accumulated from up to five repeated

experiments, a maximum of one outlier was removed from the experiment (threshold for removal
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was 10000 from either the second highest or lowest value). Statistical significance in acetylation
of a particular variant was given if a student’s t-test for a variant, between acetyl-CoA containing
and non-containing conditions, if the p-value were <0.05 Mean values of optical density were used
to generate a ration of variant with acetyl-CoA present over variant without acetyl-CoA, with a
value in one representing no differences in acetylation and values greater than one indicative of
acetylation. (Figure 10e-g)

We studied three different residues on histone H4K5/8/16. (Figure 10) For histone H4KS, each
wild type and variant WDRS containing NSL complex was able to sufficiently acetylate this
residue compared to their non-acetyl-CoA containing counterpart. This acetylation was considered
to be statistically significant, with p values less than 0.05. In comparing the ratio of mean optical
densities to wild type levels of acetylation both p.Alal69Pro and p.Asn213Asp have comparable
or greater levels of acetylation than wild type, whereas NSL complexes containing WDRS
p-Argl96Cys and p.Thr208Met have a dramatic reduction in acetylation levels, approximately
80% less the wild type NSL complex. This indicates that both mutations WDRS p.Arg196Cys and
p-Thr208Met decrease NSL’s capability to acetylate histone H4KS.

Large changes in acetylation were also found on histone H4KS8. There was two and a half times
more acetylated histone H4KS8 in the wild type WDRS5 acetyl-CoA containing condition compared
to the control. A large change in acetylation was also seen in mutant p.Alal69Pro, where levels of
acetylation were near that of wild type, with only a ten percent reduction. However, reductions
were noticed in the remaining mutations with the loss of acetylation being over 50, 50 and 56
percent for p.Argl196Cys, p.Thr208Met and p.Asn213Asp, respectively.

The largest levels of acetylation of histone H4K 16 are in the presence of wild type WDRS NSL
complex. While all four variants were able to acetylate histone H4K16, there was a reduction in
acetylation capacity of both mutant p.Alal69Pro and p. Thr208Met equaling approximate a 15 and
30 percent decrease compared to the wild type NSL complex.

When compared to wild type WDRS, each WDRS variant as part of the NSL complex
negatively affected acetylation of at least one histone H4 lysine residues. This shows the WDRS
mutant protein are in fact different than wild type WDRS and impact the NSL complex functioning
and dysregulate acetylation. Similar to mutations in BRPF1, or KATS, these mutations in WDRS
causing alterations in acetylation could lead to pathogenicity predicted by the software

analysis 32108
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In addition to acetylation KAT8 has been shown to catalyze other PTMs. KATS8 when in the
MSL complex catalyzes propionylation of histone H4K16.3? Patients with de novo mutations in
KATS causing global developmental delay, have reduced levels of histone H4K 16 acetylation and
propionylation.??> These reductions in acetylation are similar to our patients with WDRS5
muations.*? To assess if the NSL complex, is implicated in propionylation, and if mutations in
WDRS cause a deregulation in histone H4K16pr, a propionylation assay was performed. This
assay utilized the same protocol as the acetylation assay, bar the substitution of acetyl-CoA for
propionyl-CoA. The immunoblot for histone H4K16pr did not contain any bands, where the
control blots of H4 and FLAG-KATS had bands present. (Figure 11) Even with longer exposures
no bands were seen. This shows that KATS8 within the NSL complex is either incapable of
propionylation of histone H4K16, or it occurs at such trace amounts that it was not detected
through imaging. To confirm that the NSL complex is not involved in propionylation further tests
should be undergone, however these results illustrate that KAT8’s propionylation capabilities are

unique to the MSL complex.

4.8 WDRS SUBCELLULAR LOCALIZATION

Another protein property that may be affected by mutations in WDRS is subcellular
localization. To assess subcellular localization mCherry WDRS variants or a control of GFP
histone H3 were transfected into HEK293 cells and allowed to grow for 24 hours. Post transfection
the cells were fixed with an acetone: methonal mixture and stained with DAPI before imaging with
a fluorescence microscope (Axio Observer Z1, Zeiss). DAPI is a known nuclear stain, which is
reflected by the complete overlap of blue fluorescence with the green histone H3 signal. (Figure
12) In looking at wild type WDRS the red fluoresce of WDRS surrounds the nuclear DAPI signal
in the merged image. In the individual red fluorescence signal there are circular red rings with
holes in the center, showing WDRS is not in the nucleus. Since there is no overlap between the
nuclear signal and the WDRS signal it indicates that WDRS is cytoplasmic.

In assessing the variants both p.Alal69Pro and p.Arg196Cys have the same cytosolic pattern
of localization as the wild type WDRS5. However, both WDRS5 p.Thr208Met and p.Asn213Asp are
slightly different. While the majority of these variant proteins are in the cytosol, there are multiple
examples within each photo where the variants are in both the nucleus and cytosol. This indicates
these variants are pancellular, located throughout the cell, instead of solely cytosolic. These

changes in subcellular localization may cause alterations in WDRSs cellular functions, although
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since both WDRS p. Thr208Met and p.Asn213Asp are still found in the cytosol there should be no

inhibition in performance of the WDRS variants on the basis of cellular location.

DISCUSSION

The maintenance of global patterns of epigenetic modifications are integral to life.
Modification patterns and the genes sustaining them are evolutionarily conserved. Alterations in
these genes or the epigenome at large can have detrimental impacts, ranging from cancer to
neurological disorders. Within this thesis two different genes in histone acetylation complexes,
KATI14 and WDRS5, were analyzed. Our aim is to understand the effects de novo mutations have in
protein and epigenomic properties and their impacts on patients.

In the gene encoding KAT'14 two different de novo mutations, one on each genetic locus, were
identified in a patient with Diamond Blackfan anemia. Diamond Blackfan anemia is a rare genetic
blood disorder, leading to congenital red cell aphasia.®? Whole exome sequencing determined the
patient did not have alternations in ribosomal protein genes commonly associated with Diamond
Blackfan anemia, leading to the hypothesis that one or both of the mutations in K474 could be
responsible for the clinical phenotype. Both K4 T14 mutations, p.Arg567Ter and p.Arg596Trp, are
predicted to be pathogenic. p.Arg567Ter leads to the production of a truncated protein missing the
HAT domain, and p.Arg596Trp alters an evolutionarily conserved residue, indicating this residue
is likely essential to protein function.

Through experimental analysis KAT14 variant proteins were shown to be significantly
different to the wild type KAT14. Firstly, the termination mutation produces a protein that is 40
KDa smaller than the wild type protein, however there is an up regulation of protein production
compared to wild type. The second mutation, p.Arg596Trp, produces substantially less protein
than its wild type KAT14 counterpart, meaning either protein stability or production is affected.
The mutations also impacted the proteins self-binding capabilities. Through this thesis it was
discovered that KAT14 was able to bind to itself. While each variant was also able to bind to wild
type KAT14, the termination variant, p.Arg567Ter, was less abundant than both wild-type and
p-Arg596Trp counterparts. Therefore, KAT14 p.Arg567Ter causes a reduction in self-binding,
which may mean that within the 200 amino acid residues lost, there are specific regions critical for
self-binding.

Acetylation properties of KAT14 are also altered by the mutations. Both variants cause a
reduction in acetylation of histone H3 and H4, with the biggest reductions in histone H4K8/16 and

H3K23 acetylation. A generalized reduction in acetylation was seen throughout histone marks.
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The alterations in KAT14 stability and protein size combined with the reduction of histone
acetylation mean it is likely that both p.Arg567Ter and p.Arg596Trp KAT14 mutations cause a
deregulation of epigenetic programs and impact development. Since the patient has one mutation,
p-Arg567Ter or p.Arg596Trp, on each genetic locus, the consequences we have seen in vitro will
have a much greater impact, given no compensation or haploinsufficiency mechanisms can occur.
For these reasons it seems likely that both p.Arg567Ter and p.Arg596Trp KAT14 are pathogenetic
and involved in the causing the disease progression of the patient.

Acetylation modifications are incredibly versatile and involved in a width breadth of functions.
Most notably histone acetylation is seen as a transcriptional activation mark, allowing the
decompaction of the chromatin, or the change from heterochromatin to euchromatin. Acetylated
lysine residues are known to have unique roles including; histone H4K12ac in DNA repair and
mitotic or meiotic progression, histone H3K9ac and H3K14ac’s involvement in nuclear receptor
co-activation and histone H4K5ac is linked to cell cycle progression.3?? Histone H4K 16ac has been
found to prevent the condensation of 11nm nucleosomes into the 30nm chromatin fibers, which
allows the chromatin to maintain its open formation, and therefore enhances transcriptional
activation.’??

Changes in histone acetylation have been shown to have wide effects in mammals, ranging
from neurological disorders to alterations in hematopoietic stem cell (HSC) development.
Hematopoiesis refers to the development of blood cells, a process which occurs throughout the life
span. HSCs are the cell type from which all blood cell lineages are derived. BRPF1, a histone
reader found in the MOZ/MORF complexes is integral to the maintenance of HSC’s. When Brpf1
is deleted in mice HSC it leads to lethality pre-weaning.'?¢ These pups displayed aplastic anemia
and bone marrow failure, indicating BRPF1is critical to HSC functioning.'?® Brpf1 null pups
featured reduced proliferation of erythroid progenitors, thus there were fewer progenitors and less
red blood cells.'?® Acetylation levels were also impacted within the bone marrow, with Brpf1 loss
leading to reductions of histone H3K9/K14 /K23 acetylation, with minor effects on histone
H4K16ac.'?® Thee substantial changes in histone H3 acetylation in the bone marrow of BrpfI
knockout mice lead to the bone marrow failure seen.

Like BRPF1, the patient we are studying with two de novo mutations in the gene encoding
KATI14 displays the importance of acetylation in the bone marrow and proper HSC functioning.
The patient studied with K474 mutations has a rare bone marrow disorder, Diamond Blackfan

anemia, which is characterized by red blood cell aphasia. Diamond Blackfan anemia does not
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affect all blood cell lineages, it only affects the erythroid lineage, indicating HSC are likely not
affected. In cases of Diamond Blackfan anemia caused by ribosomal protein mutations, erythroid
progenitor cell levels are reduced through an increase in apoptosis.®” This is similar to the reduction
in erythroid progenitors seen in the BrpfI mutant pups.®”-!26 In studying the patient KAT 14 mutant
proteins we see a similar reduction in acetylation, with histone H4K16, H3K14 and H3K23
acetylation being affected, as well as additional losses of acetylation on H4K5, H4KS8, H3K4 and
H3K18. Akin to the HSC of Brpfi knockout mice, the patient being studied featured KAT14
mutations on both gene loci, with each locus having a separate mutation. Since both mutations
alter structure, stability and the acetylation properties of KAT14, a compensation model will not
occur, instead there is a greater loss of function leading to a negative impacts on the individual.
Due to the similarities in the reduction of histone acetylation seen in the KAT14 mutants and Brpf1
knockout pups, it seems reasonable to investigate if this loss of acetylation in the KAT14 variants
is occurring in the bone marrow.!2¢

In future studies an animal model similar to the one generated by You et al. should be utilized,
expressing the KAT14 mutations p.Arg567Ter and p.Arg596Trp, ideally creating a double mutant
mouse to better mimic the patients genotype.'?® Two Kat/4 mutant mouse models should be
generated, one specifically selecting for HSC, and another selecting for erythroid progenitor cells.
These models will help to further elucidate the roles of KAT14 within the bone marrow and help
determine more succinctly if the KAT14 mutations are leading to the pathogenesis of Diamond
Blackfan anemia seen within our patient. In this hypothetical mouse model, one would expect the
pups to suffer anemia, with a reduction of red blood cells and erythroid progenitor cells. These
mice would also be expected to have altered levels of histone acetylation, likely mimicking that
seen in our in vitro experiments. If the criteria are met in mice, and bone marrow failure occurs,
one could conclude that KAT14 is critical in bone marrow functioning and the process of
erythropoiesis.

In Diamond Blackfan anemia caused by ribosomal protein mutations, patients display gene
dysregulation. Two genes, p53 and JNK are implicated in potential mechanisms of pathogenesis
for Diamond Blackfan anemia. One theory of pathogenesis is that Diamond Blackfan anemia
causes defects within the bone marrow, and ultimately prevents the p53 inhibitor MDM-2 from
interacting with p53.8¢ This inability to inhibit p53 leads to an accumulation of p53 within
erythroid progenitor cells, causing apoptosis.?® Therefore, there is a reduction in erythroid

progenitor cells and thus a decrease in erythroid proliferation, causing the red blood cell shortage
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seen in patients. While KAT14, and the ATAC complex have yet to be implicated in p53
regulation, it’s evolutionarily related complex, SAGA has. ADA2B, a subunit of SAGA, is
recruited to p53 dependent promoters, and controls p53 regulation, however, its homolog, ADA2A
in the ATAC complex has not been found at these promoters.*® Despite ATAC not currently being
implicated in p53 regulation, in a Kat/4 mutant mouse model, potential alterations in p53 should
be assessed. Changes in p53 with this model could lead to a better understanding of the ATAC
complex and help validate the theory that dysregulation of p53 is causing the mechanism of
pathogenesis of Diamond Blackfan anemia.

The second protein that should be examined is the TGF-f signaling pathway protein JNK. In
the past the TGF-3 cascade has been shown to have a role in erythroid differentiation and in the
negative regulation of stem cells proliferation.’® Pluripotent stem cells of patients with Diamond
Blackfan anemia have dramatically increased levels of JNK, which indicates that these stem cells
may not be able to undergo proliferation, since JNK negatively regulates proliferation.”
Pluripotent stem cells are unique due to their ability to become any cell type, or to remain and
propagate as stem cells. This means the patient stem cells can develop into erythroid progenitors,
or hematopoietic stem cells. An accumulation of JNK in erythroid progenitors would prevent
proliferation and the generation of mature erythrocytes and therefore cause a reduction in red blood
cells, similar to what was seen in the Brpfl HSC knockout mice.”>!?® KAT14 and the ATAC
complex have been shown to regulate JNK.®> ATAC works to activate JNK target gene
transcription in housekeeping functions, however once osmotic stress occurs, ATAC acts to
suppress JNK, preventing pathway activation.’> Given ATAC’s role in JNK regulation, mutations
in KAT14 could prevent the suppression of JNK activation, leading to increased levels of JNK.
This dysregulation of JNK seen in Diamond Blackfan anemia patient pluripotent stem cells leads
to an interesting link between Diamond Blackfan anemia and KAT14, which should be further
assessed.

This dysregulation of the TGF-3 may be in part responsible for the mechanism of pathogenesis
of Diamond Blackfan anemia, particularly in our patient with KAT14 mutations. These two
potential mechanisms of pathogenesis for Diamond Blackfan anemia having links to KAT14
should be further studied. In generating a Kat/4 double mutant mouse model, one could assess the
levels of gene expression for both p53 and JNK, as well as related proteins, such as downstream
members of the p5S3 and TGF- pathways. This could be done through RNA-seq of the mutant
model’s bone marrow and verified using RT-qPCR. Additionally, apoptosis of erythroid
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progenitors, HSC and pluripotent stem cells could be assessed to determine if there is a reduction
in cells and exactly which stage of erythropoiesis is ultimately affected leading to the clinical
phenotype seen in our patient.

In vivo confirmation of deregulation of histone acetylation by mutant KAT14, and assessment
of KAT14’s ability to regulate JNK and p53 will provide a greater understanding behind the
mechanistic progression of Diamond Blackfan anemia. By further understanding the pathogenic
mechanisms behind Diamond Blackfan anemia, more appropriate therapies to manage the clinical
phenotypes associated with Diamond Blackfan anemia could be developed.

KAT14 is often studied in relation to the ATAC complex, therefore many properties of the
protein itself are unknown. While studying the mutations in KAT14, discoveries about the protein
were made. First, one of KAT14’s binding partners is itself. This self-binding capacity has yet to
be mentioned in the literature. Since the binding efficiency of the p.Arg567Ter truncated protein
was reduced, it is likely that either stabilizing interactions supporting self-binding or part of the
KAT14 binding region occurs within this lost 200 codons.

In addition to self-binding, a further understanding of KATI14’s role as a histone
acetyltransferase was developed. From the literature, it is understood that KAT14 acts as a histone
H4 acetyltransferase, with affinity for H4K16 and to a lesser extent H4KS5. Any histone H3
acetyltransferase capabilities of the ATAC complex were attributed to either KAT2A or KAT2B.
However, through acetylation assays of KAT14 alone it was determined that KAT14 itself is able
to stimulate histone H3 acetylation. KAT14’s acetylation of histone H3K23 was significant, with
acetylation of H3K4, H3K14 and H3K18 also being stimulated. Both KAT2A/B are known to
predominantly exert their effects on H3K9, therefore, the acetylation of other histone H3 residues
by the ATAC complex may fully or partially be due to KAT14. To further understand the
differences between KATI14 and KAT2A/KAT2B’s acetylation properties additional histone
acetylation assays should be performed. By performing these assays with KAT14, KAT2A and
KAT?2B alone, and then both KAT14 and KAT2A/B as a part of the full ATAC complex one would
have a better understanding of each KAT’s unique acetylation properties and whether binding in
the complex enhances acetylation. Though needing further study, KAT14 appears to have a more
global role in acetylation than it was initially credited for.

In addition to understanding the individual roles of KAT2A/B and KAT14 in acetylation,
looking at acetylation by the ATAC complex when the KAT 14 mutations are present is necessary.

Through our preliminary work on the complex, it appears that KAT14 mutations result in
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decreased expression of ATAC complex subunits, such as SGF29 and YEATS2. Furthermore,
there is a dramatic reduction of KAT14 p.Arg567Ter within the ATAC complex. Acetylation of
ATAC whole cell lysates also appeared to be dysregulated by KAT14 mutations. In the future
purification of the entire complex and subsequent acetylation assays are needed to understand the
full scope of the effects caused by the KAT14 variants. These initial results indicate the KAT14
mutations impact the composition, structure and acetylation properties of the ATAC complex.

The second gene studied in this thesis was WDRS5. WDRS is a histone reader and functions to
facilitate protein-protein interactions in many complexes. Seven unrelated patients with de novo
mutations in the WDRS5 gene were identified through WES. All patients with WDRJ5 mutations
present with a global developmental delay syndrome with hallmarks of intellectual disability and
motor and speech delay. Patients are also feature a wide range of multi-system effects including
skeletal or limb deformaties, cardiac defects, and neurological problems, such as hypotonia, brain
abnormalities. Patients with similar clinical presentations have been found with mutations in genes
apart of WDRS5’s NSL complex, leading to the hypothesis that the patient mutations in WDR)S are
responsible for a dysregulation of the NSL complex, ultimately leading to the global
developmental delay phenotype. Of the seven patients, six presented with four different missense
mutations, p.Alal69Pro, p.Argl96Cys, p.Thr208Met and p.Asn213Asp which were used for
further study. Utilizing three predictive software’s to determine potential pathogenicity, each of
the four variants were predicted to be pathogenic or destabilizing in one or more of these programs.

All four of the WDRS5 mutations occur in or near the region encoding the fourth WD40 domain,
which makes up the fourth B-propeller of the protein structure. The role of the fourth B-propeller
1s unknown, therefore we cannot determine if the mutations affect the propellers functions,
however overall confirmation of the protein structure may be altered. These mutations may also
affect WDRS’s ability to bind to proteins through the WIN site. One genomic location important
to WIN site binding is an evolutionarily conserved threonine at 191. Given the missense mutations
proximity to the WIN binding site and the mutations clustering in or near the fourth WD40 domain
it is likely there is a either a structural or functional change in the WDRS mutant proteins.

To further assess how the protein variants are different to the wild type WDRS, mutant and
wild type plasmids were generated and underwent transfection to see if stability was affected.
Three WDRS variants, p.Argl96Cys, p.Thr208Met and p.Asn213Asp were found to negatively
impact the protein concentration of WDRS5. Each of these variants produced approximately 50

percent less WDRS protein than wild type WDRS. This indicates that either less protein is being
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produced by these variants or that the protein produced is not stable, and therefore being degraded
upon production. In either case WDRS protein loss could cause major effects, with less WDRS
available to function in one of its many roles throughout the body.

WDRS acts as a histone reader, binding to histone H3. Each WDRS variant impeded WDRS5’s
ability to bind to histone H3. There was a seven percent reduction in binding of p.Alal69Pro, a 20
percent reduction in p.Argl196Cys, a 25 percent reduction for p.Thr208Met, and p.Asn213Asp had
a 50 percent reduction in histone H3 binding. This mirrors the results seen with the WDRS protein
alone, with minimal differences between p.Argl96Cys and the wild type WDRS protein and
dramatic differences in p.Argl196Cys, p.Thr208Met and p.Asn213Asp. The role of a histone reader
is to locate residues on histones which need to be modified, determine which modification is
needed and can also interact with the surrounding sequence to help facilitate the interaction or
modification.’?* The reduction in WDRS5 binding to histone H3 caused by variants p.Arg196Cys,
p-Thr208Met and p.Asn213Asp shows that these mutations affect WDRS5’s ability to act as a
histone reader. This could lead to changes in modifications, alterations in WDRS5’s ability to
facilitate histone-protein interactions or cause decreases in transcription since modifications
signaling transcriptional activation may be missing. Alterations in transcription, and chromosome
condensation may greatly impact protein composition within the cells and throughout an organism.

One WDRS containing complex is the NSL complex, which is a part of the larger family of
enzymatic MYST. The NSL complex has largely been studied in flies and mice, where it is best
known for being enriched at constitutively active housekeeping genes and aiding in the regulation
of RNA Polymerase II transcription.'*” Within the NSL complex WDRS5 plays a role in structural
integrity, binding to both KANSL1 and KANSL2. Since WDRS is important in NSL’s structural
integrity we wondered if the mutations in WDRS cause alterations to the NSL complex. In
performing a transfection and a CO-IP it was found that levels of proteins within the complex
remained stable, with minimal differences between levels of WDRS5 and its binding partner
KANSL1 when the mutants were present. This indicates the WDRS mutations have minimal
impacts on the NSL complex’s stability and the mutations are likely not affecting KANSLI
binding. The other binding partner of WDRS5 in the NSL complex is KANSL2. KANSL2 was not
stably pulled down in any condition therefore no conclusions can be made about the impact of
WDRS mutations on KANSL?2 binding. In a subsequent experiment, WDRS and purified with its
two binding partners, KANSL1 and KANSL2. Through this experiment it was shown that when

WDRS was absent, KANSL2 was not produced, and there was a dramatic reduction in the protein
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levels of KANSLI, within the whole cell extract. This shows WDRS is required for the expression
of both KANSL1 and KANSL2.

The most notable role of the NSL complex is its ability to act as a lysine acetyltransferase The
NSL complex is a KAT complex, and functions as a major regulator of H4K16 acetylation, but
has also been known to acetylate both histone H4K5 and H4K8.!4 It has previously been shown
that mutations within histone reader proteins, such as BRPF1, a protein a part of the MOZ/MORF
complex, can impact the histone acetylation properties of the complexes they are a part of.'%®
Similar to the mutations in BRPF1 proteins, we found WDRS mutations also lead to histone
hypoacetylation. Mutations in WDRS caused dysregulation of histone H4 acetylation, with mutant
p-Alal69Pro decreasing levels of H4KS5ac, mutants p.Alal69Pro, p.Arg196Cys and p.Thr208Met
decreasing levels of H4Kl6ac and mutants p.Alal69Pro, p.Argl96Cys, p.Thr208Met and
p-Asn213Asp decreasing levels of H4K8ac. Additionally mutants p.Arg196Cys and p.Thr208Met
abolished H4K5ac.

Recently, insights were gained on the NSL complex’s histone acetylation capabilities in
mammals.'* KATS, the acetyltransferase of the NSL complex is also a part of the MSL complex.
One difference in KATSs interactions with these complexes is that KATS associates more stably
in the NSL complex compared to the MSL complex.'* These complexes vary on their affinity to
acetylate different lysine residues. The MSL complex predominately catalyze acetylation of
histone H4K16ac, whereas the NSL complex preferentially acetylates H4K5 and H4KS, with a
much weaker affinity for H4K16.'% Similar results were noted in the KAT assays performed in
this thesis, with wild type NSL complexes having the greatest levels of acetylation on histone
H4KS5 and H4K8, with lesser levels of H4K 16 acetylation seen.

A similar experiment was performed to assess the propionylation capabilities of the NSL
complex, remarkably the NSL complex was not able to propionylate H4K16. KATS as a part of
the MSL complex, serves to both acetylate and propionylate histone H4K16.3? This lack of
propionylation activity of the NSL complex helps distinguish the two separate KATS8 complexes,
MSL and NSL. Given KATS8s importance within the NSL complex, further studies to see how
patient mutations in KAT8 affect the NSL complexes acetylation properties levels may help to
further elucidated these complex patterns of acetylation.

Global histone hypoacetylation is commonly found when MYST complex proteins are
mutated. De novo mutations in KAT5 causing global developmental delay impact acetylation, and

alterations in KATS5 leading to Alzheimer’s disease cause a reduction in histone H4K5, H4K12
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and H4K16 acetylation.!”>!7¢ Within the MOZ/MORF complexes de novo mutation in KAT64,
KAT6B and BRPF'I cause global developmental delay and a dysregulation in acetylation of histone
H3 and H4. KAT6A4 mutations increase H3K 18ac, and decrease H3K9ac, while BRPFI mutations
decrease levels of H3K23ac. 08178193

Mouse models mimicking the loss of MYST complex members also experienced changes in
acetylation. When Kat)5 is lost in mice, there’s a decrease in histone H4K12ac at transcription start
sites, Kat7 loss leads to a 90 percent reduction in H3K 14ac and Kat8 mutant mice show reductions
in H4K16ac.>>!194137 This dysregulation in histone acetylation of patients with global
developmental delay and mouse models of global developmental delay show the importance of
maintaining acetylation levels in neuronal development and functioning. These changes in
acetylation found when MYST complex mutations occur are similar to the changes seen in our
four missense WDRS variants.

Our WDRS5 patients had a remarkably similar clinical presentations to those affected with
MYST complex mutations, specifically in genes KATS5, TRRAP, KAT6A/B, BRPF1, KATS,
KANSLI, OGTI and HCFI. All mutant phenotypes shared a hallmark of global development
delay, with intellectual disability, and speech and motor delay. These patients also shared many
similar facial deformities, neurological and brain abnormalities and a wide range of multi-systemic
effects. With the similarities in both phenotype and the presence of hypoacetylation it indicates
that the WDRS5 mutations are likely part of the pathogenesis causing global developmental delay.
In the future mouse models could be used to confirm WDRS5 protein mutations cause changes in
acetylation in vivo. Since WDRS is intolerant to loss of function, the generation of a complete
knockout of Wdr5 in mice is not an option, however a neuronal or cerebrum specific Wdr5
knockout mouse or mice with the specific missense mutations seen in patients could be generated.
These mice should be assessed for changes in neuronal development and the viability of neuronal
stem cells, since Kat§ cerebrum knockout mice have cerebral hypoplasia and alterations in neural
stem and progenitor cells.??

The NSL complex plays an important role in regulating methylation through communication
with the MLL/SET complexes. Specifically, NSL helps to coordinate and regulate transcription of
the MLL/SET complexes. Proper functioning of the NSL complex is required for MLL/SET
methylation.!>* Loss of the NSL complex causes a reduction of histone H4K 16ac and H3K4me2.!33
One similarity among both complexes is the shared subunit, WDRS. Through the study of WDRS5

patient mutations in the NSL complex, we have seen alterations in histone H4 acetylation levels,
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however methylation levels in the presence of the mutations were not assessed. The WDRS
variants could impact the MLL/SET complexes due to the dysregulation of acetylation caused by
the WDRS5 variants in NSL. Dysregulation of acetylation could impede NSL’s ability to promote
MLL/SET’s methylation, and therefore cause a reduction in H3K4me?2. Another possibility is that
mutations in WDRS5 have a greater negative impact on MLL/SET, since the complex loses the
upstream regulation by the NSL complex combined with potential structural or functional losses
in the MLL/SET complex that are caused by the mutations within WDRS. In the future, assessing
how and if the mutations in WDRS impact H3K4me2 and the MLL/SET complex would help
understand the mechanism of pathogenies of the WDRS mutants.

Despite losses in WDRS potentially affecting histone methylation patterns, the effects of
acetylation were focused on. This selective focus was due to the clinical presentation of the patients
found with genomic mutations in WDRS5. The phenotype of the WDRS patients was exceptionally
similar to those with Koolen-de Vries Syndrome, featuring mutations in KANSL I and patients with
KATS8 mutations, in addition to patients suffering from mutations in other MYST complexes.3>246
Patients with mutations in SET1/MLL, particularly within the KMT2D gene have been identified
with Kabuki Syndrome, however a large majority of these patients do not present with global
developmental delay, or speech and motor delay which are hallmarks features of the patients with
WDRS5 mutations.?*® Kabuki syndrome patients have distinct facial dimorphisms, including highly
arched eyebrows, everted lower eyelids, depressed nasal tip and prominent ears.?’® These unique
facial dimorphisms found in Kabuki syndrome patients have not been identified in WDRS5 patients.
In looking at table 2, one sees that there is a greater overlap between features found in MYST
mutation patients, these phenotypic features resemble those found in the WDRJ patients, however
there is similarities in the clinical presentations between WDRS, MY ST and SET1/MLL patients.
Therefore, it is more likely that alterations in the NSL complex occur from the WDRS5 mutations
and thus impact clinical presentation, therefore studied in depth.

Although a large role of the NSL complex is to control histone modifications, it also has roles
in housekeeping functions. Constitutive activation is found in most genes that NSL is bound to.'#’
The promoter regions of these bound genes exhibit increases in histone activating modifications
and the presence of the NSL complex is necessary for the recruitment of RNA Pol II particularly
at DNA replication-related element.'*’ Alterations in NSL complex proteins downregulate 27

different essential genes including genes involved in RNA splicing, vacuole homeostasis,
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translation, telomere elongation and mitochondrial translation.'* Due to NSL’s role in
housekeeping functions the complex is integral for the survival of cells.'*

Many subunits within the NSL complex, including WDRS5 are required for cells survival.'#
With the importance of the NSL complex in cell survival, it is likely that the mutations studied
impacting WDRS5, and the acetylation properties of the NSL complex will have downstream effects
on RNA Pol II transcription and on the regulation of varying housekeeping genes. While cell death
may not occur due to the WDRS protein variants, unlike KANSL2, KANSL3 and KATS, these
mutations did impact H4K5ac and H4K8ac.'* Both H4K5ac and H4K8ac marks occur at
transcriptional start site of human genes allowing for the binding of RNA Pol I1.'* With the
mutations causing a significant loss of acetylation at both of these marks it indicates that the ability
of RNA Pol II to bind at target promoters may be lost or reduced when WDRS mutations occur.
In the future to determine if the WDRS mutations are impacting RNA Pol II and the transcription
of housekeeping genes, WDRS mutations could be stably inserted into human cells through
CRISPR, followed by RNA sequencing to understand the global transcription profile. Genes
previously determined to be down-regulated by KANSL2 and KANSL3 should be studied to see if
expression is altered.'* ChIP-seq should be performed to determine if alterations in WDRS5 lead to
areduction in H4K5ac and H4K8ac at the transcriptional start sites of NSL target genes, indicating
a reduction in expression.

Through this additional research on WDRS5 mutations and the NSL complex a better picture of
the NSL complex’s roles in mammalian development will be understood. Most research on the
NSL complex has been done in drosophila, thus a deeper understanding would fill the void in
mammalian research. While both acetylation properties of de novo mutations in KATS, WDRS,
OGTI have been assessed, it would be intriguing to further assess these properties in de novo
KANSLI and HCFI gene variants.'*>!38 Neither HCFI nor KANSI mutations have had their
acetylation properties fully delineated, however these mutations cause a similar global
developmental delay. By fully understanding how these patient mutations alter the NSL complex
greater insights on the functioning and importance of the NSL complex will be gained.

Frequent identification of patients harboring mutations within MYST complex is occurring,
however these disorders are still rare on a population level. The lack of patients presenting with
mutations in each gene makes it hard to draw definitive conclusions on key phenotypic features of
patients and on the mechanistic pathways of dysregulation. Despite differences seen among

individuals with these mutations, as a collective there are many similarities including the hallmarks
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of global developmental delay, distinctive facial dimorphisms, other multi-system complications,
as well as a dysregulation of histone acetylation and changes to neuronal development. By looking
at MYST mutations as a family of related disorders it provides a greater understanding of the
similarities and differences among the individual MYST complexes. This could lead to better
insights about the roles of each complex within development and the potential to understand if
similar pathways or acetylation markers are being deregulated. An in depth understanding of the
MYST family as a whole could be used to increase the population size of interest allowing for
more definitive and meaningful information to be generated from the patients. By treating these
individual disorders as a greater family of disorders it is likely to have larger impacts on the
individuals affected. One benefit of understanding this complex of related disorders, is the
potential development of a framework for doctors to identify these disorders. Utilizing a larger
population base would make doctors more aware of these disorders and more likely to recognize
the disorders thus ensuring better care and quicker sequencing requests. In addition to better patient
identification, a larger group of disorders attracts more attention and thus increases the odds of
research being done on the complexes and incentivizes the development of therapeutics to
industry. In understanding the minute differences and similarities among dysregulation in these
MY ST mutants’ therapeutic treatments could be optimized to be the most beneficial to patients. In
all there are many pros to studying MY ST mutations, including those in WDRS, as a collective
whole.

The identification of rare genetic disorders, such as those described in our patients with KAT14
and WDRS5 de novo variants, is happening more readily. This is due to advancements made in
sequencing technology, allowing for faster and more cost-effective methods of genomic
sequencing, and the ability to process and analyze the sequencing data. Whole genome or exome
sequencing is an important tool for many reasons and is a driving force in the advancement of
precision or personalized medicine. Precision medicine aim’s to use one’s genetic profile to
prevent or treat diseases. Facets of precision medicine include genetic testing, diagnostic measures
including screening or the development of therapeutics designed to optimize treatment efficacy.

Screening for genetic predispositions is a common preventative measure. This occurs to see if
certain genetic features, such as CNVs or SNPs, that predict an increased risk for a disease are
present. One well known example is genetic testing for cancer predisposition, with markers such
as mutations in BRCA1 and BRCA2 known to increase the risk of cancer, particularly breast

cancer.’?> Another common use of genetic testing is to determine one’s risk for being a carry of a
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genetic disorder. This often coincides with the use of a genetic counsellor to help determine if
potential children will inherit a disorder and can be done with both partners to predict if any pre-
existing risks that may arise in future children.

Despite the usefulness of genetic screening for prevention or preconception screening to
identify predispositions to disorders, the identification of de novo mutations, such as the
individuals studied with K4AT74 and WDR5 mutations would not benefit from this. Since de novo
mutations arise spontaneously neither of these screening methods would account for these
mutations. The most useful method of genetic testing is to assess if de novo mutations occur
prenatal screening in utero or assessing after birth when the onset of symptoms or distinctive
phenotypes are recognized. In the case of prenatal screening, it is generally used to assess
chromosomal changes, such as trisomy or neural tube defects. Although this screening is useful, it
neglects the assessment of more specific genetic alterations that cause disorders. Understanding
possible genetic causes for disease as early as possible is important in mitigating impacts. For
example, phenylketonuria, is caused by a mutation within chromosomal 12 resulting in abnormal
phenylalanine metabolism, with affected infants presenting with growth failure or global
developmental delay.*? However due to screening in newborns, children with phenylketonuria
undergo dietary modifications to prevent symptoms from arising.’?® Early screening could have
massive impacts for individuals affected by genetic developmental problems, such as Diamond
Blackfan anemia or global developmental delay, which both arise during embryonic development.
The multisystemic nature of both the disorders studied may greatly benefit from early detection to
help administer treatments quickly to minimize impacts on growth or neurological and cardiac
problems.

With the increasing reliance on screening and the expanding range of genetic disorders
identified, in the future it may be possible to assess for a larger panel of genetic alterations in
prenatal screening. An advantage of this would be the development of therapies to counteract or
alleviate the severity of the developmental disorders found within the developing fetus. For
example, a mutation in a KAT gene may result in dysregulation of acetylation, and thus a deficit
in transcription of important developmental genes leading to disorder. Therefore the development
of therapeutics to counteract the loss of acetylation or additions of the downregulated proteins may
help compensate for the mutations. A similar concept for individuals recognized with a genetic

disorder to develop therapies to counteract epigenetic dysregulation would also be useful.
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This tailoring of therapeutics to an individual based on their genetic profile is a notable goal
of precision medicine. It involves generating a drug regimen personalized to the patient, taking
into account a person’s genetic and proteomic background, what cell types are affected, the
microbiome, among lifestyle and family factors to develop an optimized treatment plan. For
individuals suffering from both global developmental delay syndromes and from Diamond
Blackfan anemia this may be an ideal form of treatment, given both disorders can be caused due
to multiple different mutations, which may alter different downstream pathways. Additionally,
both feature have wide range of multi-system effects that are unlikely to be aided by only one drug.
By understanding the mechanisms of pathogenesis of both disorders, and why body systems are
affected appropriate treatments could be designed to address individual needs.

With the ever-evolving landscape of technology it is optimistic to think precision medicine
will become the standard of care, especially in the treatment of genetic developmental disorders.
For this to become common place and offer the greatest benefit to affected individual’s further
characterization of genetic mutations is crucial. By understanding the impacts mutant variants,
such as KAT14 and WDR)5, and their mechanisms of pathogenesis we will be better able to treat
affected individuals. However, with an abundance of new genes being implicated in diseases this
pursuit of delineating the genetic underpinnings of disease is far from complete and offers

countless possibilities for further research.

CONCLUSION
The goal of this thesis was to delineate the epigenetic mechanisms underlying genetic
disorders. Through the course of the project both KAT14 and WDRJ5 gene varients were studied as
subunits a part of ATAC and NSL complexes.

Our results showed that K47'74 mutants had detrimental impacts on the size and stability of
the KAT14 protein, leading to changes in self binding and substantial changes in acetylation
capabilities. Through preliminary research it appears that KAT14 mutations impact the formation
of the ATAC complex, particularly the nonsense variant, and affect acetylation. Given the diverse
and likely damaging nature of these KAT 14 mutations it seems they are responsible for the clinical
presentation of Diamond Blackfan anemia found in the patient. These mutations highlight a new
genetic mutation responsible for Diamond Blackfan anemia and may be useful in better
understanding the pathogenic mechanisms involved with the disorder.

The second gene studied in the project was WDRS. Our results showed the four de novo mutations

impacted protein concentration of WDRS and reduced WDRS’s ability to bind to histone H3. This
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suggests that WDRS5’s ability to act as a histone reader is diminished by these mutations. Although
the stability of the NSL complex was not impacted, the acetylation capabilities of the complex
were greatly reduced by the mutations. Additionally, subcellular localization of certain WDRS
mutants shifted from being cytosolic to pancellular, which may alter the function of WDRS. WDRS5
patient global developmental delay phenotypes closely resemble other identified MY ST complex

disorders and further show the importance of MY ST complexes in development.
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Figure 1. Domain organization of KAT14 and variants from individual with Diamond
Blackfan Anemia, CO-IP confirmation of protein abnormalities in KAT14 variants.

(A) Schematic representation of the KAT14 protein, with both de novo variants. Both mutations
occur near the KAT domain of KAT14 near the C-terminus of the protein. The catalytic properties
of KATI4 are found in the C-terminus, from residues 678-782. Image generated in
BioRender.com.

(B) FLAG-tagged KAT14 wild type and mutant variants underwent transfection in HEK293 cells,
followed by IP. As mutational analysis predicted, KAT14 p.Arg567Ter produced a truncated
variant, and KAT14 p.Arg596Trp produced decreased levels of protein.

(C) Analysis of KAT14 immunoblots were repeated 11 times. Mean values of optical densities are
presented with standard deviations. Variant protein levels were compared to those of wild type

levels. p<0.05 is considered statistically significant.*** equals p< 0.001.
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Figure 2
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Figure 2. KAT14 and variant self-binding capabilities
(A) FLAG-tagged wild type KAT14 and HA-tagged KAT14 variants were transfected into
HEK293 and underwent CO-IP. Both variants and wild type KAT14 had the ability to bind to

FLAG-tagged wild type KAT14.
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Figure 3. KAT14 variants histone acetylation

(A) Histones acetylation assays were performed with the HeLa histones utilized as substrates, for
affinity purified proteins (from Figure 1 B.). Histone acetylation was assessed through the use of
specific histone H3 and H4 antibodies.

(B) (C) (D) (E) (F) (G) (H) (I) Optical densities of each wild type and variant KAT14 acetylation
levels were compared to non-acetylated controls. Figures represent the changes in acetylation over
three experiments represented in the immunoblots.

(J) (K) (L) (M) (N) (O) (P) (Q) Ratios of acetylated over non-acetylated variants were calculated.

The ratios show vast changes in acetylation between the wild type and KAT14 variants.

Figure 4

Merge
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KAT14 p.Arg596Trp KAT14 p.Arg567Ter

Figure 4. KAT14 and variants subcellular localization

mCherry-tagged KAT14 variants and GFP-tagged histone H3 were transfected into HEK293 cells
and visualized through fluorescence microscopy. The merged images between the GFP and
mCherry signals show the overlap between histone H3 and the KATI14 variants. KAT14
p-Arg596Trp levels were reduced by approximately half compared to its wild type counterpart.
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Figure 5: ATAC Complex and whole cell extract acetylation
(A) FLAG-tagged GCNS5 and HA-tagged ATAC subunits underwent transfection in HEK293.
Whole cell extracts were assessed for protein levels, and histone acetylation levels.

(B) (C) Two separate trials of ATAC complex transfection, showing ATAC subunits.
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Figure 6. WDRS domain organization with de novo variants causing global developmental
delay syndromes, IP representation of WDRS mutants and WDRS histone H3 binding

(A) Schematic representation of the WDRS protein, with the four de novo variants. Image
generated using BioRender.com.

(B) FLAG-tagged WDRS variants underwent transfection in HEK293 cells, followed by IP.
Differences were seen in protein levels between the variants. (C) Analysis of immunoblots (n=8)
Mean values of optical densities are presented with standard deviations as error bars.

(D) FLAG-tagged histone H3 and HA-tagged WDRS5 wild type and mutant variants underwent
transfection in HEK293 cells, followed by IP. (E) Analysis of immunoblots (n=6). Mean WDRS5-

histone H3 ratios, presented with standard deviation as error bars. * equals p < 0.05
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Figure 7. WDRS- histone H3 sub cellular localization
(A) mCherry tagged WDRS5 variants and GFP tagged H3 were transfected into HEK293 cells and
visualized through fluorescence microscopy. The merged images between the GFP and mCherry

signals show the overlap between histone H3 and the WDRS variants.
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Figure 8
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Figure 8. NSL Complex CO-IP
(A) FLAG-tagged KAT8 and HA-tagged KANSL1, KANSL2 and wild type & mutant WDRS5

variants underwent transfection in HEK293 cells, followed by IP.
(B) Analysis of NSL immunoblots (n=5). Mean WDRS5-KATS ratios are presented with standard

deviation used as error bars. p<0.05 is considered statistically significant. * equals p <0.05

(C) Analysis of NSL immunoblots (n=5). Mean KANSL1-WDRS5 ratios are presented with

standard deviation used as error bars. p<0.05 is considered statistically significant.
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Figure 9
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Figure 9. WDRS binding to KANSL1 and KANSL2
HA-tagged KANSL1 & KANSL2 and FLAG-tagged wild type & mutant WDRS variants
underwent transfection in HEK293 cells, followed by IP.
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Figure 10. NSL acetylation assays

(A) Histones acetylation assays were performed with the HeLa histones utilized as substrates, for
affinity purified proteins (from Figure 7a.). Histone acetylation was assessed through the use of
specific histone H4 antibodies.

(B) (C) (D) Optical densities of each wild type and variant WDRS acetylation levels were
compared to non-acetylated controls. Figures represent the changes in acetylation in five
experiments, represented in the immunoblots. p<0.05 is considered statistically significant. *
equals p<0.05, *** equals < 0.001.

(E) (F) (G) Ratios of acetylated over non-acetylated variants were calculated. The ratios show vast

changes in acetylation between the wild type and WDRS variants.
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Figure 11. NSL propionylation assays
Histones propionylation assays were performed with the HeLa histones utilized as substrates, for
affinity purified proteins (from Figure 7). Histone propionylation was assessed through the use of

specific histone H4 antibodies.
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Figure 12

WDRS5 p.Asn213Asp WDRS p.Thr208Met WDRS p.Argl96Cys WDRS p.Alal169Pro WDRS5 Wild Type

GFP-Histone H3

Figure 12. WDRS
and variants
subcellular

localization:

mCherry tagged
WDRS variants were
transfected into
HEK?293 cells prior to
fixation and DAPI
staining. Cells were

visualized  through

fluorescence
microscopy. The
merged images

between the DAPI
and mCherry signals
show the differences
in signals between the
nuclear DAPI
staining and the
mCherry WDRS

variants.
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