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Abstract

Trafficking Protein Particle Complex 9 (Trappc9) belongs to the TRAPPII multiprotein
complex involved in vesicular trafficking and tethering.

Loss-of-function mutations in the sequence of TRAPPC9 have been shown to cause
autosomal recessive non-syndromic intellectual disability. Characteristic symptoms among
the affected individuals are dysmorphic facial features, speech delay and inability to feed
themselves. Postnatal microcephaly is accompanied by agenesis of the corpus callosum,
white matter abnormalities and reduced cerebellar volume.

It has been shown that Trappc9 promotes the activation of the NF-kB pathway and the
NGF-induced neurite outgrowth in PC12 cells. Furthermore, it has been shown to interact
with p150gleed (subunit of dynactin) and its depletion causes the accumulation of
aberrantly large lipid droplets.

Furthermore, this gene is located in the imprinted Peg13/Kcnk9 gene cluster. Genomic
imprinting regulates gene expression in a parent-of-origin specific manner through
epigenetic mechanisms, thus resulting in preferential transcription from either the
maternal or paternal allele. Conflicting reports have been published on the imprinting
status of Trappc9.

This thesis investigates a number of aspects on the genetic regulation and cellular
functions of Trappc9. It also provides a first characterisation of a novel knockout (KO)
mouse model for TrappcO.

Chapter 3 describes the genetic structure and regulation of murine Trappc9. 1

demonstrated that only one transcript variant, with an alternatively spliced exon, is



produced from this gene in contrast to the information available on genomic databases. I
also confirmed the imprinted expression of Trappc9 in the mouse brain, where it shows a
70% preferential expression from the maternal allele, while a biallelic expression was
found in peripheral tissues. Using a range of techniques, I also demonstrated a gradient of
methylation within a CpG island located in the promoter region of murine Trappc9, which
appears to be unrelated to the regulation of imprinting.

Chapter 4 is focussed on the molecular and cellular functions of Trappc9. As this protein
has previously been linked with the NF-kB pathway and NGF-induced neurite outgrowth in
PC12 cells, I tried to replicate some of the results found in the literature. Using siRNA gene
silencing I created a transient knockdown for Trappc9 in PC12 cells. Unfortunately, as the
differentiation of these cells reaches optimal results in 9 days, the design of the assay was
not optimal to study the effect of neurite outgrowth in this cell line.

As an alternative to studying the role of Trappc9 in neurite elongation, I created a stable
N2A knockdown cell line via shRNA lentivirus transduction, with 50-60% reduction of
Trappc9 expression. N2A cells do not respond to NGF but differentiate in the presence of
retinoic acid. Under such conditions I found that Trappc9-depleted cells tend to
differentiate into cells with a reduced number of neurites, suggesting defects in neuronal
differentiation might be the basis of TRAPPC9-induced microcephaly.

Chapter 5 describes the analysis of a novel Trappc9 KO mouse model. These mice carry a
knock-in gene trap, containing a LacZ reporter gene, within an intron of Trappc9 that
causes a frameshift and premature interruption of transcription. Although the LacZ is not
translated into a functional B-Galactosidase due to unexpected splicing events, I have
confirmed that these mice have lost Trappc9 protein expression and found that they
develop a mild microcephaly phenotype at 12 weeks of age. I also found an increase in

body weight in female mice, similarly to what has been found in two human patients with



mutations in TRAPPC9. Immunohistochemical analysis of brain sections revealed KO mice
possess a reduced number of cells positive for the progenitor cell marker Sox-2 in the
dentate gyrus of the hippocampus. Preliminary results also highlighted a reduction in cells
positive for the astrocyte marker GFAP in the corpus callosum and hypothalamus.

Finally, chapter 6 focuses on human TRAPPC9. 1 identified Variable Number Tandem
Repeat (VNTR) polymorphisms within the promoter region of TRAPPC9, which appears to
be an important regulatory region as it is a predicted G-quadruplex and is rich in CTCF
binding sites. The three observed variants possess the ability to induce gene expression in
a luciferase reporter gene assay in SH-SY5Y neuroblastoma cells but not in kidney-derived
HEK293 cells, suggesting a cell specific function of these VNTRs.

In conclusion, Trappc9 is required for normal brain function in mice and the KO mouse
model can be used to investigate the underlying molecular and cellular mechanisms
relevant for the associated human neurodevelopmental disorder. Further investigations of
this gene and its role in development will be beneficial in order to understand the

mechanisms of microcephaly and intellectual disability.
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CHAPTER 1

Introduction

1.1 Epigenetics

1.1.1 Definition and mechanisms

The term ‘epigenetics’ (from the Greek prefix epi- over, on top of) was coined in 1942 by C.
H. Waddington to refer to a conceptual model of how genes interact with the environment
to produce a phenotype (Waddington, 2014). Over the years, the definition has changed
and it has been adapted to numerous concepts and fields, among which are biological
development, embryology and developmental psychology. It was not until 2009, however,
that the consensus definition of “stably heritable phenotype resulting from changes in a
chromosome without alterations in the DNA sequence" was coined (Berger et al., 2009).
Epigenetics refers thus to the activation or repression of gene transcription due to changes
in the microstructure of DNA or the associated chromatin proteins.

This regulation of transcription is vital for correct functioning of differentiated cells in
order to express only genes necessary for their activity. Furthermore, DNA methylation
takes part in disease susceptibility, responses to environmental stimuli and the
biodiversity of natural populations (Elhamamsy, 2016).

Specific epigenetic processes include X-chromosome inactivation, genomic imprinting,
gene silencing and maternal effects.

The main two mechanisms are covalent modifications of DNA and of histones. The

methylation or hydroxylmethylation of cytosines occurs mostly at cytosine-guanine (CG)
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sites located in structures called CpG islands, fragments longer than 500 bp so-called
because they are rich in CG sites (above 55%) (Takai and Jones, 2002). CpG islands are
scattered across the entire genome and are considered to be (or located in proximity of)
important regulatory regions, such as promoters. DNA methyltransferases (DNMTs) are
responsible for the methylation of DNA by recognising the hemimethylated sequence of
DNA and methylating the other half (DNMT1) or by establishing de novo methylation in
sites that have no marks (DNMT3a,b) (Elhamamsy, 2016).

Histone modifications, instead, occur throughout the entire genome, usually in the
unstructured N-terminus called ‘histone tail’, in the form of post-translational
modifications. Lysine acetylation, lysine and arginine methylation, serine and threonine
phosphorylation, lysine ubiquitination and sumoylation are among the main histone
modifications responsible for the rearrangement of chromatin structure around histones
and thus for regulation of gene expression. The negative or positive charge of the amino
acids bound to the histones can in fact loosen or tighten the folding of DNA around these
structures, thus promoting or restricting the access to RNA polymerase II (RNApol II) and
transcription factors to certain sequences (Choudhary et al., 2009).

DNA methylation is usually associated with repression of transcription, while histone
acetylation usually leads to activation of transcription. This view, however, is quite
simplified as the activation of a particular gene, as we will see in detail in the following

sections, can often lead to the inactivation of another and vice versa.

1.1.2 Chromatin structure and epigenetic indicators of chromatin state

Within the nucleus the DNA is tightly packed with protein complexes to form the
chromatin, whose primary functions are not only to package DNA to a more compact shape
for storage or to facilitate mitosis, but also to prevent DNA damage and to regulate gene

expression. The term ‘heterochromatin’ refers to a more compact DNA conformation which
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is usually transcriptionally inactive, while ‘euchromatin’ refers to a more loose
conformation that allows the interaction between DNA and transcription and replication
machinery.

Nucleosomes are the main repeat element of chromatin and consist of ~150 bp of DNA
wrapped around a histone octamer, consisting of two copies of the core histones H2A, H2B,
H3 and H4 (Luger et al., 2012). Nucleosomes are usually connected to one another by
fragments of linker DNA of 50-100 bp in length which bind the linker histone H1,
responsible for the exit/entry of the DNA strand on the nucleosome (Woodcock et al,
2006). The nucleosome core particle, together with histone H1, is known as a
chromatosome (Fig 1.1).

Nucleosome positioning and the associated epigenetic modifications are thought to play a
role in development, transcriptional regulation, evolution, human diseases and disorders
(Yazdi et al. 2015).

It has been shown that histone modifications may serve as docking sites for effectors that
regulate chromatin structure and transcription (Zhai et al., 2009).

Among the numerous histone modifications that occur to regulate DNA accessibility,
acetylation and methylation on specific lysine residues are particularly important for
epigenetic gene regulation. Lysine methylation occurs by replacing hydrogen on the
primary amine at three different levels: monomethylation (me1), dimethylation (me2) and
trimethylation (me3).

While different levels of methylation on the same residue can affect transcription
differently, acetylation is always correlated with transcriptional activation being localised
to transcription start sites and/or enhancers of actively transcribed genes (Kimura, 2013).
The marker H3K4me3 is associated with actively transcribed genes, usually enriched

around transcriptional start sites and for this reason it is considered a marker for
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promoters. It is usually followed by HeK4me2 and by H3K4me1l located downstream of
H3K4me?2 (Barski et al,, 2007; Guenther et al.,, 2007; ENCODE Project Consortium et al,,
2012). It has been shown that methylated H3K4 can directly recruit the transcription
complex and that acetylation can be added preferentially to H3K4me3 (Vermeulen et al.,
2007; Bian et al,, 2011).

The transcriptionally inactive or active chromatin state can therefore be robustly
maintained through different histone modifications and DNA methylation.

H3K4mel and H3K27ac are generally markers for active enhancers (Heintzman et al.,
2007; Creyghton et al, 2010; Rada-Iglesias et al, 2011). However, they can also be
associated with regions downstream or around actively transcribed genes (Spicuglia and
Vanhille, 2012).

Heterochromatin is usually associated with H3K9me3 (Grewal and Jia, 2007; Bannister and
Kouzarides, 2011; Probst and Almouzni, 2011), which is particularly enriched in
pericentromeric heterochromatin and major satellite repeats (Almouzni and Probst, 2011).
Another marker for silent chromatin is H3K27me3, which is generally localised to gene-
rich regions with low DNA methylation. The distribution of H3K9me3 and H3K27me3 is

mutually exclusive, as they do not exist in the same gene loci (Nestorov et al., 2013).

1.1.3 Variable Tandem Number Repeats (VNTRs) and associated disorders

Variable Number Tandem Repeats (VNTRs) consist of several repetitions of DNA sequence
motifs inherited in a Mendelian fashion. These sequences are usually CG-rich and the
number of repetitions for a particular VNTR varies between individuals. The term VNTR
covers both micro- and minisatellites, which correspond to motifs of 1-6 bp and 6-500 bp,

respectively.
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Nucleosome

Figure1.1

Structure of nucleosomes. A) A DNA segment of around 150 bp is wrapped around a histone octamer,
consisting of two copies of the core histones H2A, H2B, H3 and H4. B) Nucleosomes are usually connected
by a fragment of linker DNA bound to histone H1. Adapted from Kim, 2014.

It has been hypothesised that VNTRs originated from slippages during DNA replication or
as a consequence of unequal crossing-over, and the number of repetitions would have
increased/decreased due to the repetitive nature of these sequences (Schlotterer, 2004).
These sequences, estimated to be 3% of the genome are frequently found in promoters and
coding regions (Lander et al., 2001; Fondon et al., 2008), have been shown to affect gene

expression, transcript splicing and gene recombination (Contente et al. 2002; Lian &

Garner 2005; Harding et al. 1992). For their role in multiple processes, they have also been
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associated with a number of diseases and disorders, where they contribute to the
aetiology, severity and progression of such conditions.

The VNTRs that lie within coding regions directly affect the protein product and therefore
its functionality. Huntington’s disease, for example, is caused by an increased number of
repetitions of a VNTR located within an exon that leads to the misfolding and/or abnormal
cleavage of huntingtin (Gusella and MacDonald, 2006).

Another example of a VNTR in coding regions is the dopamine receptor 4, whose third exon
contains 2-11 repeats of a 48 bp unit (Ding et al., 2002). The polymorphism affects the
third cytoplasmic loop of the receptor, with every repeat contributing 16 additional amino
acids. In the presence of the receptor antagonist clozapine, the binding affinity is not
affected by the polymorphism, but it is affected in certain conditions. In fact, in the
presence of clozapine and sodium chloride, the 2- and 4-repeat alleles induced a higher
binding affinity than the 7-repeats allele (Brookes, 2013).

The VNTRs located in regulatory regions such as promoters, instead, are often associated
with different degrees of expression of the associated genes due to their potential to affect
the binding of the transcriptional machinery. It has been shown that these repetitions
present an array of recognition sequences to several proteins interacting with the DNA,
among which transcription factors. Multiple binding sites have a stronger likelihood of
binding a transcription factor (or multiple factors) than a single binding site (Kolesov et al.,
2007). Moreover, it has also been shown that after a transcription factor dissociates from
its binding site, it first slides an average of 660 bp, scanning for further binding sites before
leaving the DNA strand (Kolesov et al., 2007). In this case, multiple repetitions of a binding
site would prolong the permanence of the factor within the region.

A classic example of a VNTR in the promoter region can be found in the monoamine oxidase

A (MAOA) gene. This gene encodes for an enzyme responsible for the turnover of serotonin,
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dopamine and noradrenaline and contains two distinct VNTRs in its promoter, named
‘proximal’ and ‘distal’. The proximal VNTR is the most studied and consists of a 30 bp motif
that can be repeated 2, 3, 3.5, 4 and 5 times. The 2-, 3- and 5-repetitions have been shown
to induce a low expression of the gene, while the 3.5 and 4-repetition variants have been
shown to induce a high expression (Sabol et al.,, 1998). This VNTR has been associated with
bipolar disorder, impulsivity, antisocial behaviour and panic disorder (Lim et al.,, 1995;
Deckert et al., 1999; Samochowiec et al., 1999; Huang et al., 2004).

Interestingly, protein extractions of post-mortem brains of Alzheimer’s patients with 3.5-
and 4-repetition alleles showed higher levels of gene expression, while this was not the
case in a control population (Wu et al, 2007). Thus, it is possible that VNTR

polymorphisms may act differently in diseased and healthy tissues.

1.1.4 DNA secondary structures

DNA can adopt several conformations, in addition to the well-known double helical
structure of the B-form, based on particular sequence motifs and interactions with various
proteins. These alternative secondary structures, originally observed in vitro, have been
hypothesised (and in some cases confirmed) to have functional roles in vivo. Non-B forms
include Z-DNA, cruciform structures and G-quadruplex (G4).

Z-DNA is a left-handed helix caused by tracts of alternating purines and pyrimidines that
occur once every 3000 bp in metazoans (Khuu et al,, 2007) (Fig 1.2). It is stabilised by
negative supercoiling and it has been hypothesised to relieve transcriptional torsional
stress (Ha et al., 2005).

Cruciform structures are also stabilised by negative supercoiling and are due to a six-
nucleotide inverted repeat motif that forms a four-armed shape near replication origins,

breakpoint junctions and promoters (Fig 1.2). Their functional role is still unclear, but they
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might be involved in chromosomal rearrangements and in stabilisation of the Y
chromosome (van Holde and Zlatanova, 1994; Pearson et al., 1996; Bochman et al., 2012).
G4 structures can form within specific G-rich DNA or RNA sequences and they can adopt a
variety of topologies depending on the orientation of the DNA strand, forming within one
(intramolecular) or multiple (intermolecular) strands (Fig 1.3) (Bochman et al. 2012).
Intramolecular G4 structures form in specific regions that contain at least four runs of a
consensus motif (G=3N1.7G23N1.7G23N1.,G=3) arranged within two or more planar
quartets, further stabilised by monovalent cations (Davis, 2004). They tend to cluster in
promoters, micro- and minisatellites, near transcription factor binding sites and telomeres
(Bochman et al. 2012). In humans, G4 motifs are less often found in the non-template
strand, while when in the template strand they tend to cluster at the 5’ end of the 5'-UTR
(Huppert et al., 2008). The function of these structures is still largely unknown but it is
dependent on the location of the G4. In telomeres, it has been shown that intramolecular
antiparallel G4 structures block the activity of telomerase, while intramolecular parallel
G4s are instead permissive for extension by telomerase (Zahler et al.,, 1991; Oganesian et
al,, 2007).

Regarding the presence of G4 near promoter regions, instead, these structures are thought
to form as a result of supercoiling-induced stress during transcription (Sun and Hurley,
2009). Furthermore, it has been hypothesised that, depending on which DNA strand
encodes the G4 motif, these structures could either inhibit transcription (e.g. by blocking
the transcription machinery) or enhance it (e.g. by maintaining the transcribed strand in a
single-strand conformation) (Fig 1.3).

A number of G4 targeting ligands have been found to alter the expression of genes

containing G4 motifs in their promoters, such as MYC and KRAS (Siddiqui-Jain et al., 2002;
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Cogoi and Xodo, 2006). In addition, transcriptional enhancers or repressors bound to G4s
can also affect transcription (Bochman et al. 2012).

Interestingly, bioinformatics analyses showed a higher concentration of G4 motifs in the
promoter of human oncogenes than in promoters of housekeeping and tumour suppressor
genes (Eddy and Maizels, 2006; Huppert and Balasubramanian, 2006).

G4s have also been implicated in cancer formation (through their function at telomeres)
and in neurological disorders (Simone et al., 2015).

Expansions in the G4 sequence of the C90rf72 gene have been linked with frontotemporal
dementia and amyotrophic lateral sclerosis, while expansions in the G4 located in the 5'-
UTR of Fragile X Mental Retardation 1 (FMR1) have been associated with Fragile X

syndrome (Simone et al. 2015).
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Figure 1.2

DNA secondary structures. A) Structure of B-DNA and Z-DNA. B) Cruciform structure of DNA. Adapted
from Lu and Olson 2003 and Bochman et al. 2012.
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Figure 1.3

Structures of G-Quadruplex (G4). These structures can form in different conformations depending on the
DNA sequence and whether they form between one, two or more strands. Depending on their position on
the sense or antisense strand they inhibit gene transcription by blocking the advancement of the RNApol Il
(a) and by recruiting repressors (d), or they can promote transcription by stabilising the sense strand during

transcription (b) and by recruiting stimulating factors (c). Inspired by Simone et al. 2015 and Bochman et al.
2012.
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1.2 Genomic imprinting

1.2.1 History and definition

Certain genes are expressed in a parent-of-origin-specific manner in an epigenetic
phenomenon called ‘genomic imprinting’.

The term ‘imprinting’ was coined in 1960 by the cytogeneticist Helen Crouse in relation to
the programmed elimination of one or two paternally derived X chromosomes in sciarid
flies. She concluded that <<the “imprint” a chromosome bears is unrelated to the genic
constitution of the chromosome and is determined only by the sex of the germ line through
which the chromosome has been inherited>> (Crouse, 1960).

In 1970 an imprinted gene was for the first time recognised in plants, when ]. Kermicle
recognised that dominant alleles related to maize kernel coloration carried by the female
gametophyte may be functionally different from those carried by sperm (Kermicle, 1970).
It is during the 1970s that genetic studies in the mouse suggested the existence of
imprinting in autosomes. D. R. Johnson described that a deletion in the T-associated
maternal effect (Tme, later named as insulin-like growth factor 2 receptor (lgf2r) gene)
locus caused in utero lethality when maternally but not paternally inherited (Johnson,
1974).

However, the key experiments in defining the imprinting in mammals came from studies in
which newly fertilised mouse eggs that were manipulated in order to generate a diploid
genetically bimaternal (parthenogenetic) or a bipaternal (androgenetic) conceptus,
developed into embryos that died in utero and lacked embryonic and extraembryonic

tissues, respectively (McGrath and Solter, 1984; Surani et al., 1984).
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From these observation came the suggestion that both parental genomes are necessary
during embryonic development and that certain genes carry some kind of ‘mark’ that
distinguishes one parental allele from the other.

The first imprinted genes in the mouse were identified in the 1990s. Barlow and colleagues
demonstrated that IgfZr was expressed only from the maternal allele and subsequent
studies revealed that this gene was part of a cluster of imprinted genes in the proximal
region of mouse chromosome 17 (Barlow etal., 1991; Zwart et al.,, 2001).

Igf2 itself was later found to be imprinted and expressed from the paternal allele (DeChiara
et al,, 1991), as mice with deletions in the paternal Igf2 showed a growth deficiency
phenotype. Interestingly, the adjacent H19 gene, a non-coding RNA (ncRNA) of unknown
function located 90kb downstream of the mouse Igf2, presents a reciprocal pattern of
imprinted expression (as it is expressed from the maternal allele) and it is co-expressed
with Igf2 (Bartolomei et al., 1991; Smits et al., 2008).

In humans, the suspicion that genetic disorders could arise from parental-specific gene
expression came from early observations in patients with Prader-Willi syndrome, which is
characterised by hypotonia and hyperphagia in infancy and is associated with paternally
derived chromosomal deletions (Knoll et al., 1989; Nicholls and Knepper, 2001).

Later studies identified several other paternally expressed genes that are likely to
contribute to the diverse phenotypes of Prader-Willi syndrome, such as SNPRN, NECDIN
and HBII-85 small nucleolar RNAs (snoRNAs) (Horsthemke and Wagstaff, 2008).

According to the Medical Research Council Harwell Genomic Imprinting homepage
(www.mousebook.org), to date 151 imprinted genes have been described and
characterised in the mouse. Circa 100 imprinted genes have been described in humans but
the imprinting is present also in other species, such as cow, dog, pig, platypus and fish

(www.geneimprint.com). Furthermore, not all genes are imprinted in all mammals, with
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some being imprinted in the human but not in mouse and vice versa. The mouse imprinted
Igf2r gene in particular, has been shown to exhibit polymorphic imprinting in human,
where it is imprinted in some individuals but not in others (Xu et al.,, 1993).

The majority (but not all) of the known imprinted genes are typically located in clusters of
3-12 genes spread over 20 kb - 3.7 Mb of DNA (Edwards and Ferguson-Smith, 2007).

These genes are usually regulated by the presence of DNA methylation in a Differentially
Methylated Region (DMR), named Imprinting Control Region (ICR), but how these
sequences are chosen for allele-specific methylation is poorly understood. Post-
translational histone modifications also play an important role in the regulation of
imprinting (Ferguson-Smith, 2011).

The processes these genes are involved in are numerous and range from foetal growth and
pluripotency to differentiation and behaviour. Some imprinted genes show a tissue/cell
specific imprinting but also a developmental stage specificity (Martinez et al., 2014; Perez
etal, 2015).

Furthermore, imprinted genes can show specific absence of imprinting: Delta-like
homologue 1 (DIk1) is a paternally expressed gene that is biallelically expressed in the
postnatal neurogenic niche (Ferrén et al,, 2011). Similarly, Igf2 is biallelically expressed in
the choroid plexus and leptomeninges of the brain (DeChiara et al.,, 1991).

In recent years, with the development of new genome wide techniques (e.g. RNA-seq),
evidence has accumulated regarding the complexity of imprinting, suggesting that this
epigenetic regulation might be more complicated than the 100% maternal or paternal
expression described in the past.

Some genes, in fact, show a clear imprinting status, being expressed exclusively from one

parental allele, while others show a preferential parental bias (Perez et al., 2015), although
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whether this bias is due to cell specific imprinting and a mixture of cell types in the

analysis is currently unknown.

1.2.2 Establishment and regulation of imprinting

After fertilisation, an extensive genome reprogramming and DNA demethylation process
occurs, but the imprints at the maternal and paternal ICRs are maintained. De novo DNA
methylation of the genomes occurs at the end of the preimplantation stage of development
and are then maintained throughout the life of the organism in somatic cells (Fig 1.4). In
the germline, instead, DNA methylation is erased during migration of primordial germ
cells, which are recruited in the early embryo, into the genital ridge and re-established
during gametogenesis according to the sex of the organism (Bartolomei & Ferguson-Smith
2011).

Interestingly, male and female germ cells show DNA re-methylation at different times of
development, with the paternal-specific methylation of ICRs being acquired prenatally in
the male germline in spermatogonia prior to the onset of meiosis and the DNA methylation
in the maternal ICRs occurring postnatally in growing oocytes (Davis et al., 2000; Lucifero
etal, 2004).

The DNA methylation is established in the germline by DNMT3A and the accessory protein
DNMT3L (Plasschaert & Bartolomei 2014), but how the ICRs are recognised within the
genome is still unknown.

Several factors contribute to the maintenance of DNA methylation in the early mouse
embryo such as Developmental Pluripotency-Associated Protein 3 (DPPA3, also known as
PGC7) that acts via interactions with dimethylated histone 3 (Nakamura et al., 2012). In
addition, Zinc finger protein homolog 57 (Zfp57) mutations are associated with defective
DNA methylation at several imprinted loci (Mackay et al., 2008) and Zfp57 null mice show

loss of imprinting at many, but not all, loci (Li et al., 2008).
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Establishment of imprinting during development. The genomic imprints are established in the germline in
a sex-specific manner and transmitted to the zygote, where they resist the reprogramming and global
changes in DNA methylation that take place after fertilisation. De novo methylation begins at the end of
the pre-implantation stage of blastocyst. While imprints are maintained in somatic cells for the whole life
of the organism, imprints in the germ line are erased in primordial germ cells and re-established according
to the sex of the organism, to be transmitted to the next generation. Adapted from Bartolomei and
Ferguson-Smith 2011.
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Interestingly, maternally methylated DMRs and ICRs are usually located at promoters
while paternally methylated DMRs and ICRs are located in intergenic regions (Bartolomei
and Ferguson-Smith, 2011).

The regulation of imprinted genes follows two major well defined mechanisms: the
insulator model and the non-coding RNA (ncRNA) model (Fig 1.5).

An example of the insulator model is the Igf2/H19 locus. Igf2 and H19 share a common
enhancer located downstream of H19. On the paternal allele, where the ICR of the locus
(located 2-4 kb upstream from the transcriptional start site of H19) is hypermethylated,
this enhancer interacts with the promoter of Ifg2. On the maternal allele instead, the ICR is
unmethylated allowing the binding of the CCCTC binding factor (CTCF), which prevents the
enhancer from interacting with the Igf2 promoter and favouring the interaction with the
H19 promoter. The methylation of the paternal ICR prevents the binding of CTCF thus
promoting the expression of Igf2 and the silencing of H19 (Bartolomei & Ferguson-Smith
2011).

Examples for the ncRNA model, instead, are the Igf2r/Airn and Kcnql/Kcnqlotl loci. In
these cases, the ICR coincides with the promoter of a ncRNA that is unmethylated on the
paternal allele, thus allowing the expression of the ncRNA while silencing the other genes
in the locus (Plasschaert & Bartolomei 2014). The methylation of the maternal ICR, instead,
results in the silencing of the ncRNA and in the expression of the proximal genes (Fig 1.5).
It has been hypothesized that at the basis of this phenomenon lies either the inhibition of
the recruitment of RNApol II at the promoter or the establishment of repressive chromatin

marks (Nagano and Fraser, 2009; Latos et al., 2012).
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Mechanisms of imprinting regulation. INSULATOR MODEL: the methylated (black circles) ICR on the
paternal allele allows the interaction between the enhancer located downstream of H19 with the Igf2
promoter, thus allowing the expression of Igf2 but not H19. In the maternal allele, the unmethylated ICR is
a binding site for CTCF, which prevents the enhancer from interacting with Igf2 and promotes the
interaction with H19 promoter inducing its expression. ncRNA MODEL: the methylated (black circle) ICR
located in the second intron of Igf2r on the maternal allele causes the silencing of the gene and the
expression of the ncRNA Airn transcribed in an antisense orientation, while S/c22a2 and Sic22a3 are
silenced. When the ICR is methylated on the maternal chromosome Igf2r is transcribed along with Slc22a2
and Sic22a3. Slc22a1 is biallelically expressed despite its location in the locus. Inspired by Plasschaert et al.
2014.
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1.2.3 Imprinted genes and human disorders

Imprinted genes are generally highly expressed during prenatal stages but downregulated
after birth. The placenta and the brain are two main sites of expression for several
imprinted genes, which correlates with the growth and neurodevelopmental defects often
seen in human imprinting disorders (Coan et al., 2005; Wilkinson et al., 2007).

As more imprinted genes are being identified, recurrent themes have emerged indicating
that their function relates to prenatal growth control, development of particular lineages
and postnatal homeostasis. In particular, within the brain they appear to modulate
metabolic axes, behaviour, learning and maternal care (Bartolomei & Ferguson-Smith
2011).

Interestingly, a number of imprinted genes have expression patterns and functions in the
brain that are distinct from those seen in other tissues, such as Ubiquitin-protein ligase E3A
(Ube3a) that is biallelically expressed in most tissues but maternally expressed within
certain neuronal subtypes (Albrecht et al., 1997).

The best known imprinted disorders are Prader-Willi and Angelman syndromes which
derive from mutations of the same domain on human chromosome 15, but that differ in the
parental origin (Buiting, 2010).

Prader-Willi syndrome results from the absence of expression of a cluster of paternally
expressed genes located at 15q11.2-q13 (Murrell, 2014). This syndrome is characterised
by two distinct phases of clinical features. In infancy, the main symptoms are failure to
thrive with muscular hypotonia, respiratory problems and feeding difficulties (Holm et al.,
1993). At around two years of age an overeating behaviour, learning disability and mild
developmental delay occur, followed by growth hormone deficiency and severe
behavioural problems at a later stage (Holm et al., 1993; Holland et al., 1995; Murrel],

2014).
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Around 70% of Prader-Willi syndrome cases derive from de novo deletions of the 15g-q13
region, while most of the remaining cases present as uniparental disomy of chromosome
15. The 15q.11.2-q13 region contains few protein-coding genes and multiple paternally
expressed ncRNAs, several of which have been suggested to regulate alternative splicing
(Kishore and Stamm, 2006; Yin et al., 2012). Among the protein-coding genes, SNURF-
SNRPN, NDN, MKRN3, MAGELZ and several clusters of snoRNAs are imprinted and
expressed exclusively from the paternal allele (Anderlid et al., 2014). The region also
contains the paternally expressed antisense transcript to UBE3A located at the 3’ end of the
imprinted cluster (Schaaf et al., 2013; Anderlid et al,, 2014).

The sense transcript to UBE3A is expressed in neurons from the maternal allele and, when
lost (e.g. mutations or paternal disomy), causes Angelman syndrome (Kaplan et al., 1987;
Donlon, 1988; Knoll et al,, 1989). Harry Angelman described this syndrome in 1965 after
observing children with similar features, among which were severe learning disability,
microcephaly, seizures, absent speech and a happy and sociable disposition (Buiting et al.
2016).

It is now known that the methylation and gene expression in the imprinted domain is
regulated by an ICR located in the small nuclear ribonucleoprotein-associated protein N
(SNRPN) upstream region (Sutcliffe et al., 1994; Buiting et al., 1995).

Imprinting disorders and syndromes can be associated with mutations or aberrations in
multiple loci. A well-known example is the Beckwith-Wiedemann syndrome, a growth
disorder caused by alterations in two separate imprinted domains on chromosome 11,
with sporadic hypomethylation of the KCNQ10T1 DMR being found in the majority of cases
and a gain in methylation at the H19 intergenic DMR being observed in 5% of cases.
Uniparental disomy of the 11p15 region or mutations in CDKN1C have also been observed

(Sanchez-Delgado et al. 2016). Affected individuals exhibit macrosomia (high weight at
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birth), macroglossia (unusually large tongue), visceromegaly and abdominal wall defects

with an increased risk of paediatric tumours (Brioude et al., 2013).

1.2.4 Peg13/KCNK9 gene cluster

Trafficking protein particle complex 9 (Trappc9) is located in the Peg13/Kcnk9 (Paternally
expressed gene 13 and Potassium channel subfamily K member 9, respectively) cluster on
chr 15gD3 in mice and on chr 8q24.3 in humans. The murine Peg13 is transcribed into an
intronless ncRNA (two variants of 4397 bp and 4723 bp), first described by Smith and
colleagues (Smith et al, 2003). It is located in an intron of Trappc9 in the same
transcriptional orientation and, as it transpires from its name, is expressed from the
paternal allele in both mouse and human brain tissue (Smith et al., 2003).

The mouse Peg13 does not share any homology with the human PEG13 (Smith et al., 2003),
which however is located in the same intron of TRAPPC9 and encodes for a ncRNA. Its
origin might lay in the retrotransposition of another gene, although the lack of homology
with other genes in the mouse genome and the lack of homology with the human gene
suggest the transposition must have occurred recently in evolution (Smith et al., 2003;
Suzuki et al,, 2011).

All the genes in the locus (Kcnk9, Trappc9, Chromatin accessibility complex 1 (Chracl) and
Argonaute 2 (Ago2)) have been reported to be imprinted in the mouse, while in humans
only PEG13 and KCNK9 have a clear imprinting status (see Fig 3.1).

The most interesting feature about this locus is that while Peg13 is paternally expressed,
Chracl, Ago2 and Kcnk9 are maternally expressed to different degrees (Perez et al., 2015).
Chracl and AgoZ in particular, have been shown to exhibit a similar pattern of maternal
bias across the brain, stronger in the cortex and weaker in the olfactory bulb,

hippocampus, and cerebellum (Perez et al., 2015).
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Contrasting reports on the imprinting status of Trappc9 (that I will discuss in detail in
chapter 3) have been published, however, when reported as imprinted, it has been
associated with expression from the maternal allele, in contrast to Peg13.

Methylation studies have highlighted a DMR in the promoter region of Peg13, which is
methylated on the maternal allele, but no other hypermethylated sites were found in the
locus despite the presence of several other CpG islands (Smith et al., 2003; Court et al,,
2014).

AGOZ2 encodes for an endonuclease which acts as a major component of the RNA-induced
silencing complex (RISC) in a process called RNA-interference (RNAi). This protein is
known to bind microRNAs, siRNAs and Piwi-interacting RNAs and to mediate the loading
onto RISC, where the single strand acts as a template to recognise mRNA transcripts,
allowing AGO2 to cleave the mRNA and lead to inhibition of translation or transcript
degradation (Meister et al., 2004; Hutvagner and Simard, 2008). This protein has proven to
be crucial for mouse embryonic development as Ago2 knockout (KO) is lethal (Morita et al,,
2007; Shekar etal,, 2011).

CHRAC1 encodes for a nucleosome-remodelling complex that, in conjunction with the
factor NURF, open chromatin for transcription and replication by using the nucleosomal
ATPase ISWI catalytic subunit, to increase the mobility of nucleosomes relative to DNA
sequence (Guschin and Wolffe, 1999).

While no specific clinical disorders have been associated with both AGOZ or CHRACI,
KCNK9 is known to cause Birk-Barel syndrome when a missense mutation 770G>A in exon
2 occurs in the maternal copy of the gene (Barel et al., 2008).

KCNK9 encodes a member of the two pore-domain potassium channel named TWIK-
related acid-sensitive K1 channel 3 (TASK3). The mutation causes an 80% reduction in

outward current (Veale et al, 2014) and induces a distinct phenotype with delayed
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development, severe feeding problems, variable clefting and intellectual disability of

various degrees (Barel et al., 2008; Graham et al,, 2016).

1.3 Microcephaly and TRAPPC9-related disorder

1.3.1 Definition and causes of microcephaly

Microcephaly is a significant reduction in the occipital-frontal head circumference of <-2
SD or <-3 SD, and it is usually correlated with IQ deficiency when outside the normal range
of head circumference (<+3 SD to >-3 SD) (Woods & Parker 2013).

It can be distinguished into primary microcephaly, also known as congenital or
developmental, and secondary or postnatal microcephaly.

Primary microcephaly is typically detected prior to 36 weeks of gestation and it is usually
discernible from prenatal ultrasounds and measurements at birth. It is often caused by a
failure or a reduction in neurogenesis, first trimester cytomegalovirus infections and
chromosomal disorders. Rarely, it can be a very early onset of a degenerative process.

The detection of microcephaly prior to 20 weeks of gestation usually leads to severe
outcomes, with extreme cases showing an occipital-frontal head circumference of <-8 SD.
Postnatal microcephaly, instead, develops after birth and its primary aetiology is usually
not a failure in neurogenesis but neural migration disorders, a block to normal
development or a degenerative process.

Clinically, it can be associated to a static or a progressive disorder. Static disorders usually
produce a phenotype that includes dysmorphic facial features, congenital anomalies and
developmental delay. In this case the two major causes are chromosome perturbations or
Mendelian single gene disorders. Progressive disorders can instead be associated with

metabolic diseases, although these cases are quite rare. This type of microcephaly is
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associated with a high frequency of complex neurobehavioral disabilities in affected
children, with a severely restricted expressive language, social impairment, repetitive
thought and behavioural patterns. Epilepsy, movement disorders, abnormalities in GI
motility, feeding inability or overfeeding, pain tolerance and sleep patterns can also be
present (Seltzer & Paciorkowski 2014).

Due to the range of symptoms often associated with postnatal microcephalies, these have
often been termed as Angelman-like and Rett-like syndromes, but through a detailed
analysis it is possible to discriminate among them.

Microcephaly usually develops as part of complex disorders and the molecular and cellular
basis are difficult to appoint as many genes and processed are involved.

It is known that all neurons in the cerebral cortex have completed proliferation by mid-
gestation. Generally no (or very few) neurons are generated after birth but the brain
volume continues to grow until adulthood thanks to development of axons, dendrites and
glial cells/processes (Spalding et al., 2005). During the first year of life, in fact, a dramatic
increase in brain size reflects predominantly an increase in neuronal processes and glial
cells. As the head circumference continues to increase with time (until 17-18 years),
children with developmental microcephaly appear to worsen with age as their head grows
more slowly with often a lower number of neurons present (Herculano-Houzel et al,
2007).

A number of genes have been found responsible for the onset of microcephaly, among
which the majority encode proteins associated with the centrosome or centrosomal-
related activities (Gilmore & Walsh 2013).

Centrosomes are organelles that serve as the main microtubule organizing centre (MTOC)
of the animal cell and are primarily responsible for the formation of the mitotic spindle via

their interaction with microtubules. They are also involved in coordinating microtubules in
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other processes such as cell migration and primary cilia formation (Kerjan and Gleeson,
2007; Manzini and Walsh, 2011).

Interestingly, mutations or aberrations in genes involved in lissencephaly (smooth brain)
produce neuronal migration abnormalities via centrosomes and microtubules, highlighting
the importance of these structures in brain development (Gilmore & Walsh 2013).

Many genes associated with microcephaly are also implicated in DNA damage responses
and repair activity, with defects in the maintenance ranging from alterations of a single
nucleotide to errors in chromosome segregation during mitosis (Gilmore & Walsh 2013).
For instance, mutations in Microcephalin 1 (MCPH1) are associated with premature
condensation of chromosomes in G2 (Neitzel et al, 2002; Trimborn et al, 2004).
Furthermore, fibroblasts of patients with mutations in Centrosomal protein of 152 kDa
(CEP152) develop aneuploidy in culture as a result of abnormalities in the control of
chromosome segregation (Kalay et al.,, 2011).

A number of genes are, however, involved in the early steps of DNA repair signalling
pathways (e.g. NBS1, RAD50, MRE11A and ATR) (Gilmore & Walsh 2013).

The reason why the brain is particularly sensitive to mutations in centrosomal proteins
and in DNA-repair defects, or why we do not observe a strong phenotype in other tissues,
is still unclear.

A hypothesis could be that neurons are more sensitive to these mutations responding with
a higher apoptosis rate. KO mouse models for CDK5RAP2 and MCPH1, two genes involved
in the onset of primary microcephaly, show excessive cell death in the brain but whether
this is the primary cause of microcephaly needs still to be confirmed (Feng and Walsh,

2004; Castiel et al., 2011).
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1.3.2 Postnatal microcephaly-associated disorders

MECP2-related disorder (formerly Rett syndrome). Andreas Rett described this
disorder in 1966 but it wasn’t until 1999 that loss-of-function mutations in methyl CpG
binding protein 2 (MECPZ2) were associated with the phenotype (Rett, 1966; Zoghbi et al.,
1999). MECP2 is a transcription factor highly expressed in the brain that recognises
specifically methylated sequences. Its loss from forebrain excitatory neurons results in
decreased GABAergic tone and increase excitation (Zhang et al, 2014a). The loss-of-
function of MECP2 can be caused by single base mutations, insertion or deletions. It is a
dominant X-linked disorder that typically affects females with a frequency of 1 every
10000 individuals. Symptoms include severe intellectual impairment, stereotypic hand
movements, growth failure and deceleration of head growth (Seltzer & Paciorkowski
2014). These symptoms occur between 6 months and 2.5 years of age but not all the
affected girls experience a course of regression. Other symptoms such as breathing
abnormalities, absence of speech, bruxism, abnormal sleep patterns and abnormal muscle
tone are considered ‘minor criteria’ (Young et al., 2007). Epilepsy occurs in 60% of the
affected individuals and girls with this condition have a 300-fold increased risk of sudden
cardiac death. Brain abnormalities include reduced volume of white matter, corpus
callosum abnormalities, ventricular dilatation and vermis hypoplasia (EI Chehadeh et al,,
2016). MECP2 mutations in males are rare and they might not manifest all of the diagnostic
criteria typical of female individuals, such as regression in development. They share
absence of language and often exhibit a more severe phenotype that is fatal early in life
(Percy, 2002).

CDKL5-related disorder (formerly Rett variant). Mutations in Cyclin-Dependent Kinase-
Like 5 (CDKLS5) were associated with the disorder in 2004 (Weaving et al., 2004). This

disorder differs from the MECP2-related disorder for the early onset epilepsy and common
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myoclonic seizures. Affected children possess clinical features similar to MECP2 patients
but lack the regression of development and exhibit poor fine motor skills, being mostly
non-ambulatory (Bahi-Buisson et al., 2008; Guerrini and Parrini, 2012).

CDKLY5 is located on the X chromosome and 3% of affected individuals are males. The gene
encodes for a serine-threonine kinase that regulates neuronal morphology during
dendritic spine development (Ricciardi et al., 2012; Zhu et al., 2013).

More than 70 different point mutations have been described for this gene, including
missense mutations within the catalytic domain, nonsense mutations, splice variants, and
frameshift mutations (Bahi-Buisson and Bienvenu, 2012).

Brain MRI analyses showed non-specific abnormalities such as cortical atrophy and white
matter hyperintensities (Bahi-Buisson et al., 2008).

FOXG1-related disorder (formerly Rett variant). Forkhead box protein G1 (FOXGI)
deletions and mutations cause severe cognitive disability, sleep dysfunctions and severe
gastroesophageal reflux. Head circumference at two years of age has been noted to be low
normal to borderline small and epilepsy is a common comorbidity that develops after one
year of age (Seltzer and Paciorkowski, 2014). Brain abnormalities include agenesis of the
corpus callosum and reduced white matter volume (Bahi-Buisson et al., 2010).

At the molecular level, FOXG1 is a transcription factor that regulates dorsal-ventral brain
patterning and is important in the development of Cajal-Retzius cells in the cerebral cortex
and hippocampus. It has also been shown to inhibit gliogenesis, promote neurogenesis and
regulate neuronal differentiation (Hébert and Fishell, 2008; Brancaccio et al., 2010;

Kumamoto et al,, 2013).

1.3.3 TRAPPC9 mutations in humans

In 2009, the American Journal of Human Genetics published reports from three separate

groups regarding mutations in the sequence of TRAPPCY in association with recessive
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autosomal non-syndromic intellectual disability (Mir et al., 2009; Mochida, 2009; Philippe
et al., 2009). During the last eight years more studies were conducted and to date a total of
21 affected individuals have undergone clinical investigation. The affected individuals
came from different ethnic groups, many of Arab descent, and mostly consanguineous
marriages. They all presented moderate to severe intellectual disability with different
degrees of microcephaly, with the head circumference ranging from -1 SD to -3 SD. Brain
abnormalities included reduction of white matter volume with sulcal enlargement,
subcortical T2 hyperintensity, hypoplasia/partial agenesis of the corpus callosum and
cerebellar hypoplasia. The severity of the symptoms varies amongst the individuals with
the most common symptoms being inability or delay of speech, late start to walk and
inability to feed themselves. The majority exhibit dysmorphic facial features with short and
smooth philtrum, short forehead, synophrys (unibrow) and broad nasal bridge. Epileptic
seizures were reported in some cases and obesity in one female and one male (Mir et al.,
2009). A happy and friendly disposition was reported in many cases, as well as stereotypic
movements and hand flipping behaviour.

Pregnancies were unremarkable and head measurements at birth were available only for
few patients, ranging from -0.3 SD to -2 SD and suggesting that TRAPPC9-associated
microcephaly belongs to the postnatal category (see section 1.3.1). However, foetal head-
measurements were not performed in any of the cases.

One particular case exhibited progressive cortical degeneration (Koifman et al., 2010) for
the duration of the observations (up to 3.5 years of age). Unfortunately, very little is known
about these patients at an adult age. Abou Jamra and colleagues reported tooth and weight
loss in two female patients from the age of 20 (Abou Jamra et al., 2011), but a further

progression of the disorder has not been documented.
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DNA analysis revealed a range of recessive autosomally-transmitted mutations and

deletions in the sequence of TRAPPC9 that lead to the premature truncation of the protein

and result in a significant degree of nonsense-mediated mRNA decay (Mir et al., 2009).

1.4 Trappc9-associated pathways and systems in the cell

1.4.1 TRAPP complexes and vesicle tethering

The Trafficking Protein Particle (TRAPP) complexes are
involved in the vesicular transport of proteins and lipids
between different membrane-bound compartments.

The majority of what we know about TRAPP complexes
derives from studies in yeast, where these complexes are
very well conserved. Three TRAPP complexes (I, II and
[II) have been isolated in Saccharomyces cerevisiae while
two have been isolated in humans (Il and III) (Fig 1.6).
These complexes share a core structure of six
polypeptides arranged into a seven subunit complex
(TRAPPI), to which other subunits bind forming TRAPPII

and TRAPPIII (Table 1.1). TRAPPII contains the yeast

Yeast Mammalian
proteins proteins
Bet5 Trappcl
Trs20 Trappc2
Tcal7 Trappc2l
Bet3 Trappc3
Trs23 Trappcéd
Trs31 Trappc5
Trs33 Trappcé
Trs85 Trappc8
Trs120 Trappc9
Trs130 TrappclO
N/A Trappcll
N/A Trappcl2
Trs65 Trappcl3
Table 1.1

TRAPP subunit homology in yeast

and mammals.

subunits tr120p and trs130p (Trappc9 and Trappc10 in mammals),
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while TRAPPIII contains the yeast trs85p (Trappc8) and other subunits not found in yeast
(Trappcl1 and Trappc12) (Barrowman et al. 2010).

Yeast TRAPPI is involved in ER-Golgi trafficking, TRAPPII in intra-Golgi and endosome-
Golgi trafficking and TRAPPIII in autophagy. As a mammalian TRAPPI has not been
successfully isolated, it has been hypothesised that its levels are too low to be detected or
that its functions are performed by TRAPPII or by another (unknown) complex
(Barrowman et al., 2010).

These complexes, along with other multisubunit complexes and long coiled-coil proteins,
are involved in vesicle tethering, which refers to the initial contact between a transport
vesicle and its acceptor compartment (Barrowman et al., 2010). This process precedes the
fusion mediated by SNARE proteins that tightly interact to form a hairpin structure and
initiate membrane mixing and fusion (Jahn and Scheller, 2006). This process is probably
aided by Rab GTPases, and all three TRAPP complexes possess guanine exchange factor
(GEF) activity for several Rabs (Barrowman et al. 2010).

It has been shown that Trappcl, Trappc4, Trappc5 and two Trappc3 are essential for the
GEF activity of these complexes, and TRAPPII has been found to specifically possess GEF
activity for Rab1 and Rab18 (Wang and Ferro-Novick, 2002; Li et al., 2017).

Trappc9 itself binds Rab1, Rab18 and Rabin 8, a GEF for Rab8 and Rab11 (Westlake et al,,
2011; Homma and Fukuda, 2016; Li et al., 2017). The activation of Rab proteins by the
TRAPP complexes induces the recruitment of effectors involved in the fusion of vesicle and
target membrane.

Trappc9 mediates the interaction between the TRAPPII complex and COPI coated vesicles,
specific to endoplasmic reticulum (ER)-Golgi and intra-Golgi trafficking (Gwynn et al,,

2006; Yamasaki et al., 2009; Zong et al., 2011; Li et al., 2017).
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The importance of the mammalian TRAPP complexes in development is highlighted by the
fact that mutations in several of their subunits cause different disorders.

We have previously discussed mutations in TRAPPC9 and the associated microcephaly and
intellectual disability. Mutations in TRAPPC11 have been associated with myopathy,
infantile hyperkinetic movements, ataxia, and intellectual disability (Bogershausen et al.,
2013; Koehler et al., 2016).

Mutations in TRAPPCZ cause spondyloepiphyseal dysplasia tarda, a recessive disorder in
bone formation which manifests in childhood with disproportionate short stature, short
neck and trunk, barrel chest and absence of systemic complications (Gécz et al., 1999).
Trappc6 has been proposed to play a role in coat pigmentation in mice (Gwynn et al., 2006)
and TRAPPC4 has been implicated in the tumorigenesis of colorectal cancer through the
interaction with the MAP kinase ERK2 (Zhao et al,, 2011; Kong et al., 2013).

Considering the trafficking function of the TRAPPII complex, a multitude of processes could
be affected by its disruption and mutations in the different components of the complex
could affect the interaction with specific factors, inducing the diverse conditions observed

in affected individuals.

1.4.2 NF-kB pathway

Trappc9 was first identified as NIK and IKKB binding protein (NIBP) for its ability to
regulate the NF-kB pathway (Hu et al.,, 2005).

The NF-kB family of proteins owes its name to the interaction with an 11 bp sequence in
the immunoglobulin k-light-chain enhancer, discovered in extracts of B-cell tumours (Sen
and Baltimore, 1986).

This family of transcription factors is ubiquitously expressed in mammalian cells and has
been shown to regulate a number of processes, such as inflammation, immune responses,

cell growth and development. The inappropriate activation of this pathway leads to
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chronic inflammation, autoimmunity and various cancers (Toubi and Shoenfeld, 2004;
Basseéres and Baldwin, 2006; Courtois and Gilmore, 2006).

The activation of the pathway is stimulated by external stimuli, canonically cytokines,
pathogens and injuries.

The family of proteins is composed of a number of factors (p65/RelA, RelB, c-Rel, p50, p52
and Relish) that, when unstimulated, are localised to the cytoplasm in the form of inactive
dimers bound to the inhibitor kB (IkB). The IxB family consists of several members, among
which IkBa regulates the activation and inactivation of the NF-kB pathway while its
transcription is in turn regulated by NF-xB.

In the canonical pathway, the activation by external stimuli of receptors on the plasma
membranes initiates a cascade of events that leads to the activation of IkB kinase (IKK)
heterodimers (composed of IKKa, IKKB and IKKy), responsible for the phosphorylation of
the inhibitory subunit of IxB. This phosphorylation leads to ubiquitination and degradation
of IkB by the proteasome and releases from the inhibitory complex NF-«B proteins, which
are then transported to the nucleus where they activate gene transcription (Napetschnig &
Wu 2013) (Fig 1.7).

In the non-canonical pathway instead, extracellular signals induce the activation of NF-kB
Inducing Kinase (NIK) that phosphorylates IKKa homodimers, which in turn
phosphorylate the NF-kB precursor p100 leading to its processing to p52/RelB dimers (Fig
1.7).

All members of the family share a highly conserved DNA-binding and dimerization domain,
named Rel Homology Region (RHR), that enables them to homo- or heterodimerise
(Napetschnig & Wu 2013). p65, RelB and c-Rel contain a C-terminal transactivation domain

(TAD) that allows them to directly activate gene expression, while
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NF-kB pathway. In the canonical activation of the pathway the extracellular signal (e.g.TNFa) activates a
series of events that lead to the phosphorylation of IKKa-IKKB heterodimers bound to a regulatory IKKy. The
phosphorylation induces the activation of IKKB that in turn phosphorylates IkB. This phosphorylation marks
IkB for ubiquitination and degradation, leaving NF-kB dimers free to translocate into the nucleus and
activate gene expression. In the non-canonical activation of the pathway the extracellular signal (e.g.
lymphotoxin B) induces the activation of NIK that phosphorylated and activates IKKa homodimers. The
activated IKKa phosphorylates the p52-precursor p100 which is then cleaved into active p52. RelB-p52
heterodimers then translocate into the nucleus to activate gene expression. Trappc9 has been shown to
interact with NIK and IKKB. Inspired by Bonizzi and Karin 2004.
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p50, p52 and Relish contain an ankyrin repeat-containing domain (repetitions of two alpha
helices separated by loop) at the C-terminus instead of the TAD, which prevents them from
activating gene expression as a homodimer. The active RHR domain forms when the N-
terminal and C-terminal domains of two NF-kB proteins are connected by a linker to
encircle the target DNA.

In addition to the originally discovered expression of NF-kB factors in lymphocytes, the
presence of these proteins has also been confirmed throughout the nervous system where
the most common NF-kB members are p50-p65 heterodimers and p50-p50 homodimers
(Meffert & Baltimore 2005). Their presence has in fact been detected in both central and
peripheral nervous system in both neurons and non-neuronal cells, such as glia and
Schwann cells. Nerve Growth Factor (NGF), f-amyloid and neurotransmitters (glutamate,
dopamine) can activate NF-kB pathway in addition to the classic stimuli and it has been
shown that known NF-xB activators have unique roles in the central nervous system. For
instance, TNFa acts as a mediator of neuronal plasticity in non-inflammatory settings in
the hippocampus (Albensi and Mattson, 2000; Beattie et al, 2002) and nitric oxide
regulates synaptic efficacy (Schuman and Madison, 1994).

Contribution of NF-xB in the nervous system is crucial for many processes as a number of
genes is regulated by this pathway. For instance, NF-kB regulates the expression of neural
cell adhesion molecule, inducible nitric oxide synthase, amyloid precursor protein, p-
opioid receptors, brain derived neurotrophic factor and Ca2?*/calmodulin dependent
protein kinase II (Grilli et al., 1995; Simpson and Morris, 2000; Lipsky et al., 2001; Madrigal
et al.,, 2001; Kraus et al,, 2003). Furthermore, NF-«kB factors have been shown to regulate
cell differentiation in diverse contexts. They are known to drive the differentiation of
Schwann cells and are crucial for proper myelination of peripheral axons (Nickols et al.,

2003). In addition, p50-deficient mice, show 50% reduction in the number of newly born
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neurons in the adult mutant hippocampus, while the net number of precursor cells is not
affected (Denis-Donini et al.,, 2008).

Immunohistochemical studies have confirmed the localisation of NF-kB factors at synapses
but only of p65-p50 heterodimers (Kaltschmidt et al., 1993; Guerrini et al., 1995; Meffert et
al, 2003). Neurons from p65-deficient mice still express other NF-kB subunits but their
synapses are devoid of NF-kB (Meffert et al., 2003).

It has been shown that NF-kB factors can translocate from distal sites to the nucleus in
response to excitatory stimuli (Wellmann et al,, 2001; Meffert et al., 2003). Trafficking
within dendrites appears to be primarily in the retrograde direction (towards the nucleus)
with little anterograde movement (Meffert et al., 2003). Interestingly, the ubiquitin-
proteasomal system crucial for the degradation of IkB is present at dendrites and synapses
and is regulated by synaptic activity (Ehlers, 2003; Patrick et al., 2003).

Evidence suggests that the NF-kB family of transcription factors has also a role in
mammalian behaviour. KO mice for p65 die in utero from hepatocyte apoptosis, but the
deletion of p65 in combination with the TNF receptor 1 (TNFR) gene rescues lethality
(Kaltschmidt et al., 1993; Ehlers, 2003). These mice show learning deficits in a radial eight-
armed maze and p50-deficient mice show similar deficits, although to a lower degree

(Meffert et al., 2003; Denis-Donini et al., 2008).

1.4.3 Cellular functions of Trappc9

In this paragraph, [ provide the reader with an overview of what is currently known about
Trappc9’s role in the cell. Although it might appear as a series of unrelated topics, [ will
discuss in detail how they might be connected in chapter 4.

The first reference to Trappc9’s function outside the TRAPPII complex in the cell came
from Hu and colleagues, who found Trappc9 directly binding to NIK and IKK( in HEK293

cells and in brain lysates (Hu et al., 2005). They also found that overexpression of Trappc9,
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which they named NIBP (NIK and IKK( binding protein), potentiates the TNFa-induced
NF-xB DNA binding activity and induces the phosphorylation of IkBa and p65.
Interestingly, the stable knockdown of Trappc9 in PC12 cells inhibited the NGF-induced
neurite outgrowth and reduced the expression of the anti-apoptotic factor Bcl-XL (Hu et al,,
2005).

Trappc9 has been confirmed to regulate the TNFa-induced NF-kB response in different cell
lines such as enteric neuronal cell line (Zhang et al., 2014b), where it influences neuronal
differentiation, and cancer cell lines (MCF7, HeLa, AGS, HCT116 and Caco-2), where it
mediates tumorigenesis through NF-kB signalling (Zhang et al., 2015a).

Trappc9 also has GEF activity for Rab1, Rab18 and Rabin 8, a GEF for Rab8 and Rab11
(Westlake et al., 2011; Homma and Fukuda, 2016; Li et al, 2017). Rab18 is known to
regulate lipid homeostasis and it has been found mutated in cases of Warburg micro-
syndrome and Martsolf syndrome, characterised by intellectual disability, postnatal
microcephaly and aberrantly large lipid droplets (LDs) (Liegel et al., 2013).

Trappc9 siRNA knockdown in HEK293 cells caused an increase in LDs accumulation and
human fibroblasts isolated from individuals with mutations in TRAPPC9 contained
aberrantly large LDs. Furthermore, TRAPPII depleted cells showed a decrease in release of
fatty acids (Li et al., 2017).

Trappc9 also has GEF activity toward Rabin 8, which regulates neurite outgrowth in PC12
cells and has GEF activity for Rab 11, Rab8 and Rab10 (also required for neurite outgrowth
in PC12 cells) (Westlake et al,, 2011; Homma and Fukuda, 2016).

Trappc9 also binds p150slued, a subunit of dynactin, mediating the interaction between this
and COPII vesicles, probably in order to act as tether, facilitating docking and fusion (Zong
et al, 2012). Interestingly, the overexpression of all TRAPPII subunits disrupts the

architecture of microtubules (Westlake et al., 2011; Zong et al., 2012) and fibroblast from a
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patient with mutations in TRAPPC9 possessed an increased number of centrosomes (Gan et
al,, 2014).

Lastly, Trappc9 has been associated with cell division, though the specifics of such a role
are not known yet. The drosophila Trappc9 orthologue Brunelleschi is required for
cleavage furrow ingression during cytokinesis, where mutant alleles cause the failure of
male meiotic cytokinesis due to the improper localisation of Rab11 (Robinett et al., 2009).
Similarly, the plant orthologue Trs120 is required for cell plate biogenesis during cell
division (Rybak et al., 2014).

In summary, Trappc9 appears to have many roles in the cell, all of which could be more or

less directly linked with the microcephaly phenotype observed in affected individuals.

1.5 Aims

The human microcephaly and intellectual disability disorder that develops with
homozygous loss-of-function mutations of TRAPPC9 has a severe impact on the quality of
life of the affected individuals and their families. Several disorders share common traits
with the TRAPP(C9-associated condition and many of them are equally poorly understood.
Microcephaly in particular is a complex condition that can derive from disruptions in a
number of genes, affecting multiple pathways and systems.

A very useful tool to study the underlying mechanisms of human disorders is to generate
animal models that, despite their limitations, can help understand the aetiology and
progression of certain conditions. Animal models for microcephaly have been generated by
creating targeted mutations in microcephaly-associated genes but, despite the emergence

of certain common themes (e.g. involvement of centrosome-related genes), our knowledge
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of brain development and functioning is still limited and many childhood conditions and
disorders cannot be prevented.

In order to model the human disorder, I aim to analyse a newly generated KO mouse line
for Trappc9 with the intention of investigating the brain abnormalities characteristic of
this disorder and, using in vitro models, to explore the cellular basis of TRAPPC9-induced
microcephaly.

[ also aim to investigate the epigenetic regulation of Trappc9 within the Peg13/Kcnk9
imprinting locus in comparison to recently published data for both mouse and human loci.
In chapter 3 [ will investigate the structure of murine Trappc9 in the context of the Peg13
locus, analysing the mRNA structure observed empirically against the information
available on genome databases. I will also describe my investigation of Trappc9 imprinting
status via methylation analysis and allele quantification.

In chapter 4 1 will discuss in depth the cellular functions of Trappc9 using cellular models
of Trappc9 knockdown in immortalised cells, with particular emphasis on the role of this
gene in neuronal differentiation and neurite elongation.

In chapter 5 I will describe the KO mouse model for Trappc9 and the associated
microcephaly phenotype. I will also show how these mice exhibit a reduction in the
number of cells positive for the progenitor cell marker Sox-2 in the hippocampus and a
reduction in the number of cells positive for the glial marker Glial Fibrillary Acidic Protein
(GFAP) in the corpus callosum and hypothalamus.

In chapter 6 I will move to the human TRAPPC9, describing a polymorphism of repetitive
elements in the promoter region that might be involved in the regulation of expression of

this gene with potential repercussions on brain functioning.
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CHAPTER 2

Materials and methods

2.1 Animal husbandry and tissue dissection

Animal handling and experimentation were conducted in accordance with the UK Home
Office under the Animal (Scientific Procedures) Act, 1986. C57BL/6N mice carrying a
knock-in mutation to silence Trappc9 (Tmla, see chapter 5) were imported from the
Sanger Institute (Cambridge, UK) and housed in ventilated environment chambers, with a
12 hr light-dark schedule and free access to food and water. Genotype-unrelated
malformations (hydrocephalus, incomplete eye formation) were observed in a small
number of mice in the first 2 generations and indicated background mutations in the
original colony imported from the Sanger Institute. After 3 generations of breeding with
C5BL/6] mice no further malformations were observed.

DNA, RNA and tissue samples were collected also from CD1 mice housed in the same
conditions. RNA samples from C57BL/6] and JF1 intercrosses were kindly provided by Dr
Philippe Arnaud (Université Clermont Auvergne, France).

Animals were culled by cervical dislocation or terminally anaesthetised via i.p. injection of
Pentoject (Pentobarbitone Sodium 20% w/v) for intracardiac perfusion and tissue
collection. The tissues were collected and processed for nucleic acid/protein extraction or
fixed in Phosphate Buffered Saline (PBS - 10 mM Na;HPO4, 1.8 mM KH;P0. 137 mM Na(C],
27 mM KCl, pH 74) with 4% paraformaldehyde (PFA) for 24 hr for

immunohistochemistry.
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2.2 Antibodies and primers

DNA primers were designed according to target gene and application and ordered from
Sigma Aldrich. Unless required by the application, the primers were designed with a CG
content of 40-60%, 18-25 nucleotides in length and low potential for secondary structures.
See Table 2.1 for primer sequences and target genes.

Primary and secondary antibodies were purchased from several sources. See Table 2.2 for
details.

Anti-Trappc9 polyclonal custom made antibody was produced in rabbit by Dundee Cell
Products Ltd (Scotland, UK) against peptides CESKRLDRATDKSG and RVESRPTNPSEGS to
target amino acids 160-173 and 831-844 of murine Trappc9, respectively. The antibody
was isolated from antisera by immunoaffinity chromatography using antigens coupled to
agarose beads. Several purification fractions were produced and the clone R61_RVE_1.1

was selected for its proven specificity in western blot applications.

2.3 Molecular biology techniques

2.3.1 DNA and RNA extraction

DNA extraction was performed from fresh tissues by incubating the tissue of interest in
Tail lysis buffer (100 mM TrisHCl pH 8.0, 5 mM EDTA, 0.2% SDS, 200 mM NaCl)
supplemented with 100 pg/mL proteinase K (Sigma-Aldrich #P6556) overnight at 55°C
and by centrifuging the sample at 16000g for 2 minutes. The supernatant was diluted 1:20
in nuclease-free water and incubated at 95°C for 10 min to inactivate the proteinase K and
then used as template. DNA solutions and DNA fragments in agarose gel were purified with

Wizard® SV Gel and PCR Clean-Up System (Promega #A9282).
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RNA extraction was performed from frozen unfixed tissues using the RNeasy MiniElute

Cleanup Kit (Qiagen #74204).

2.3.2 Polymerase chain reaction (PCR)

PCR amplification was carried out using GoTag® G2 Hot Start Polymerase (Promega
#M74408, 1.2 U per reaction) in a green master mix (Promega #M7422) or in a colourless
master mix (Promega #M7432) with the addition of MgCl2 at a final concentration of 1.5
mM, primers at a final concentration of 1.25 mM and DNA/cDNA template (amount used
varied between samples according to the source and application).

A thermal cycler (G-Storm GS1) performed 30-40 cycles of a 2 min 95°C denaturation step,
an annealing step at 50-60°C (see methods in result chapters) for 30 sec and a 30-60 sec
72°C extension step.

PCR fragments were analysed by gel electrophoresis on 0.8-2.5% molecular grade agarose
(Bioline #BI0-41025) supplemented with ethidium bromide or Midori Green Direct
(Geneflow #S6-0018) in Tris-acetate-EDTA (TAE) buffer (40 mM Tris pH 7.6, 20 mM acetic

acid, 1mM EDTA).

2.3.3 Cloning and bacterial transformation

PCR fragments were cloned into TOPO TA Cloning® Kit (Invitrogen #45-0641) according
to manufacturer’s instructions and transformed into NEB® 5-alpha Competent E. coli (New
England Biolabs #C2987). E.coli were grown on LB-agar plates and in LB-broth for
amplification and plasmid extraction via Plasmid mini, midi and maxi kits (Qiagen #12123,

#12143 and #12162).
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Primer name Sequence Orientation Gene Position Designed for
Trappc9-R1 GAACACCE_SATGCCTG Reverse Trappc9 Exon 23 Mouse
Trappc9-F3 GAGAACT(A;_IC_QCTGCCAA Forward Trappc9 Exon 10 Mouse
Trappc9-R3 TGGTGGTS:SAAGCTTT Reverse Trappc9 Exon 15 Mouse

Pr_02 Fw TCACAGCGZ_? CACTCTTC Forward Trappc9 Exon 2 Rat
Pr_02 Rv CATCACCC;ECAGCCCA Reverse Trappc9 Exon 2 Rat
GTTGTTGGGTCTGAAAA Exon 2a
Pr_04 Fw GAC Forward Trappc9 (mouse) Rat
Pr_04 Rv GGGTCAATGAGAACTTC Reverse Trappc9 Exon 5 Rat
- TTGC
TGGTGTCAGGATTTA
Pr_05 Rv GCTGG GTéCGG Reverse Trappc9 Exon 6 Rat
Pr_06 Fw CAGACCC/_E:(_:I_AAACCCTT Forward Trappc9 Exon 17 Mouse
Pr_15Rv CTCT]-GGTCGTG ACATGCT Reverse Trappc9 Exon 11 Mouse
GAPDH-F1 CCTTCATTiéCCTCAACT Forward GAPDH - Mouse
GAPDH-R1 GCCATGCCQGTGAGCTT Reverse GAPDH - Mouse
TCATACACATACGATTTA
Primer 1 GGTGACACTATAGAGCG Forward 5'-race 5'- end -
GCCGCCTGCAGGAAA
203 - last
Tr203-R2 CTTTATTCACACTGTCCC Reverse Trappc9 exon and 3’ Mouse
TGA
UTR
204 - last
Tr204-R2 CTGCTAAGGAAAGACGC Reverse Trappc9 exon and 3’ Mouse
ACA
UTR
LacZF4 TACGCCAA;STCGTTATC Reverse Lacz - -
LacZ R4 GCGAATACCTGTTCCGT Forward LacZ ) )
CAT
Pr_25RV GACGACAGTATCGGCCT Reverse Lacz ) )
CAG
Tr_VNTRexonl FW | 1GcGaTCCTGGAGGE Forward Trappc9 Va”S?;OOl Human
GTGAAGCTCAGGGGTG Variant 001
Tr_VNTRexonl_Rv GAG Reverse Trappc9 UTR Human
Tr_VNTRintr_Fw GAACTGGGCCTCCTTCC .
- - AG Forward Trappc9 intron 1 Human
Tr_VNTRintr_Rv ATCCGTCCCGGGTTTTG .
C Reverse Trappc9 intron 1 Human
GGTGGTTTGGAGGTTTT
CpG1_02Fw AGGTTGTTTAG Forward Trappc9 call Mouse
CCAAACAACTAACAACA
CpG1_02Rv AAATAACAAACTATCC Reverse Trappc9 call Mouse
TTTTTTGTTAATTTATGTT
CpG1_03Fw TTTTTITGTTITGTITGG Forward Trappc9 call Mouse
AAATCTCATTCCAAATTA
CpG1_03Rv ACTACACATTAAAC Reverse Trappc9 call Mouse
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AGAGTGTGGTATGTTTT

CpG2_01Fw TGTTTATTAGTGTTAATG Forward Trappc9 CGI2 Mouse
AACTTCTCAAAAATCTAT
CpG2_01RV AACCAATCTTTAAAC Reverse Trappc9 CGI2 Mouse
TTTG GTGAGTTAGT
CpG2_02Fw TTAGTGTG Forward Trappc9 CGI2 Mouse
TCCAAACACTTAAACTCC
CpG2_02Rv AACACAATAAAAAAAAA Reverse Trappc9 CGI2 Mouse
C
gDNA1_02_Fw GAGGTTC22$GCTGCTC Forward Trappc9 call Mouse
gDNA1_02_Rv AACGACTGGCAACAGG Reverse Trappc9 call Mouse
GTAG
gDNA2_02_Fw TCCGTGAGCCAGCTCAG Forward Trappco G2 Mouse
TGTG
gDNA2_02_Rv TCCAGGCGCTTGGACTC Reverse Trappco G2 Mouse
CAAC
Intron
Tr_upex2nl_Fw TGAGTTCTGCAAGGCAG Forward Trappc9 upstream of Mouse
AGA R
5'-UTR
ATTTTGAAGAAGTTTTTT
Trappc9methl-Fb TTAGAG Forward Trappc9 CGI2 Mouse
Trappc9methl-R CTCTTTTC::::—TTAAACA Reverse Trappc9 CGI2 Mouse
Trappc9meth1-S TTCCCTTT/'_\QACAAACCC Sequencing Trappc9 CGI2 Mouse
Trappc9meth2-F TGATGGTi?IGAGGTTT Forward Trappc9 CGI2 Mouse
Trappc9meth2-Rb AAACTTCTTCAAAATCTA Reverse Trappc9 CGI2 Mouse
CAAAC
Trappc9meth2-S GGTGATGAGGTTTATTA Sequencing Trappc9 CGI2 Mouse
Trappc9meth3-F GTAGGGTi’ZTGTGGTTG Forward Trappc9 CGI2 Mouse
ACCCTTAAACTCCAACA
Trappc9meth3-Rb cec AA?T CCAACAC Reverse Trappc9 CGI2 Mouse
Trappc9meth3-S GGTGATGTGGTTGAGTA Sequencing Trappc9 CGI2 Mouse
AGCAAGTACAAGAA
Trappc9_SNP1-Fb CcAGC GCCé GAACG Forward Trappc9 Exon 7 Mouse
Trappc9_SNP1-R CTCCATGCCACGCTTCTG Reverse Trappc9 Exon 7 Mouse
Trappc9_SNP1-S CGCTTCTGgATCGCTAG Sequencing Trappc9 Exon 7 Mouse

Table 2.1
Table of PCR primers.

2.3.4 Reverse transcription

RNA conversion to cDNA was accomplished by incubating the RNA with random hexamers
(Fermentas #S0142) and dNTPs at 65°C for 5 min and then on ice for 1 min, followed by
the addition of reverse transcriptase buffer, DTT 0.1M, RiboLock RNAse inhibitor (Thermo

Fisher Scietific #£00381) and SuperScript® III Reverse Transcriptase (Invitrogen #18080-
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044). The mixture was subjected to 5 min at 25°C, 60 min at 50°C, 15 min at 70°C and 1 min
at 4°C. After the addition of 2.5 U of RNAse H (New England Biolabs #M0297) at 37°C for 20
min, the samples were diluted 1:10-1:20 in nuclease-free water and used as template for

PCR amplification.

2.3.5 5'-race

This method allows the tagging of 5 ends of 5-cap RNAs (mRNAs) by incorporating
oligonucleotide sequences complementary to a primer (Primer 1, see Table 2.1) that in
combination with a gene-specific primer allows the amplification of target transcripts.
Using the ExactSTART™ Eukaryotic mRNA 5'&3’ RACE Kit (Epicentre #ES80910) in
accordance with manufacturer’s instructions, the samples were first treated with alkaline
phosphatase (15 min at 37°C) to remove the 5'-phosphate groups from 5’-mono-, di-, and
triphosphorylated RNAs in the total RNA sample, leaving unaltered RNAs containing 5'-cap
structures. After a step of purification (phenol:chlorophorm extraction) the samples were
then treated with Tobacco Acid Pyrophosphatase (TAP) (30 min at 37°C) to remove the 5'
cap structures, leaving an end product of mRNA with a 5" monophosphate. A T4 RNA ligase
(30 min at 37°C) was then responsible for the ligation of 5'-RACE Acceptor Oligo. The first
strand cDNA synthesis proceeded with the addition of the cDNA Synthesis Primer (1 hr at
37°C, 10 min at 85°C and 55°C until next step), which consists of an oligo(dT) sequence
with a PCR priming sequence (different from the PCR priming sequence of the 5'-RACE
Acceptor 0ligo) at its 5’ end. The last step used a PCR amplification (18-21 cycles of 95°C
for 2 sec, 60°C for 20 sec and 72°C for 3 min) to generate the second strand of cDNA and
amplify the product, which was then used for gene-specific amplification with Trappc9

primers.
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2.3.6 Bisulphite DNA conversion

This technique allows the conversion of unmethylated cytosines into uracils, leaving the
methylated cytosine intact. Using the EZ DNA Methylation-Gold™ Kit (Zymo Research
#D5005) in accordance with manufacturer’s instructions the gDNA samples were treated
with the CT conversion reagent and incubated for 10 min at 98°C, for 2.5 hr at 64°C and
stored at 4°C. Purification and desulphonation preceded the PCR amplification and

subsequent cloning into TOPO vectors.

2.3.7 Combined Bisulphite Restriction Analysis (COBRA)

Following bisulphite conversion of DNA and PCR amplification of specific fragments (CGI1
and CGI2 in this thesis, see chapter 3), the samples were digested with restriction enzymes
Taql (Promega #R615A) and BstUI (New England Biolabs #R0518) at 65°C and 60°C,
respectively. These enzymes recognise the restriction sites TCGA and CGCG, which in
bisulphite converted gDNA remain intact only if that particular site is methylated.
Therefore a digested product means the DNA fragment is methylated, while an undigested

product indicates the fragment is unmethylated.

2.3.8 Pyrosequencing

The samples were PCR amplified using a set of primers (of which one was biotinylated at
the 5' end) designed to obtain a product of ~100 bp. PCR samples were purified in a
vacuum station in which biotinylated fragments are bound to Streptavidin-coated
Sepharose beads, washed and denatured in order to generate single-strand DNA. Another
set of primers (sequencing primers), designed to anneal to the opposite strand to the

biotinylated primer, were then used for the pyrosequencing analysis with PyroMark Gold
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Q96 SQA Reagents (Qiagen #972812 ) on the PyroMark Q96 ID sequencing and

quantification platform.

2.3.9 Genotyping of human samples

Samples from healthy individuals and from a cohort of individuals with schizophrenia, as
well as human cell line gDNA samples used in chapter 6, were kindly donated by Prof John
Quinn (University of Liverpool). Subjects were all of German or central European descent
and provided written informed consent. Patients with schizophrenia were selected based
on diagnosis under the Diagnostic and Statistical Manual of Mental Disorders (DSM-1V) and

International Classification of Disease-10 (ICD-10).

2.3.10 Sequencing

DNA samples were sequenced via Sanger sequencing externally by DBS Genomics (Durham

University, UK). The samples and primers were supplied as required by the company.

2.4 Protein analysis

2.4.1 Protein extraction

Proteins were extracted from frozen tissues or fresh cell pellets washed with PBS using
RIPA lysis buffer (25 mM NaPO4 buffer pH 7.5, 25 mM NaF, 25 mM B-Glycerolphosphate,
100 mM NaCl, 5 mM EGTA, 0.5% deoxycholate, 0.5% NP40, 0.1% SDS, 0.01% sodium
azide) supplemented with protease/phosphatase inhibitor cocktail (Cell Signaling #5872).
Lysates were centrifuged at 16000g at 4°C to remove insoluble pellets and the supernatant

passed through a 25G needle to break gDNA strings.
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Protein quantification was carried out with the addition of Bradford reagent (Sigma-
Aldrich #B6915). After 5 min incubation the absorbance was measured at 595 nm in a
spectrophotometer. Samples were compared with a standard BSA curve made with bovine

serum albumin (1-5 pg).

2.4.2 Western blot

Protein lysates were incubated for 10 min at 70°C in NuPAGE® LDS sample buffer (Life
Technologies #NP0007) with NuPAGE® reducing agent (Life Technologies #NP0009). The
samples were loaded onto NuPAGE® Bis-Tris polyacrylamide 4-12% gradient gels (Life
Technologies #NP0335) and run in NuPAGE® MOPS running buffer (Life Technologies
#NP0001) supplemented with NuPAGE® antioxidant (Life Technologies #NP0005).
Proteins were then transferred onto Immobilion® IF PDVF 0.45 pm pore membranes
(Millipore #IPFL00010), previously activated in methanol, in NuPAGE® transfer buffer
(Life Technologies #NP0006) supplemented with 10% methanol and antioxidant.

Blocking of the membrane was performed with Odyssey® blocking buffer (LI-COR #927-
40000) followed by an overnight incubation with primary antibodies in blocking buffer.
The next day the membranes were washed in PBS-T 0.1% and incubated with fluorescent
antibodies (see Table 2.2) in blocking solution supplemented with 0.1% Tween® 20
(Sigma-Aldrich #1379) for 50 min, washed in PBS-T 0.1% and PBS, air dried and scanned

with an Odyssey Imaging System (LI-COR).
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Antibod Distributor and Application and .
. v Source PP . Type of antibody
against catalogue number dilution
Proteintech #16014- . IHC 1:1000 .
Trappc9 1-AP Rabbit WB 1:1000 Primary, polyclonal
Dundee Cell
Trappc9 Diagnostics, custom Rabbit WB 1:1000 Primary, polyclonal
made R61_RVE_1.1 aobl
. Abcam . . .
B-Actin #ab13822 Chicken WB 1:8000 Primary, polyclonal
GFAP Dako Rabbit IHC 1:2000 Primary, polyclonal
#20334 ' v, POl
Cell Signaling . . .
IkBa #4812 Rabbit WB 1:1000 Pimary, monoclonal
Cell Signaling . WB 1:1000 .
p65 48242 Rabbit IF 1:1000 Primary, monoclonal
Cell Signaling . ) .
p-p65 #3033 Rabbit WB 1:1000 Primary, monoclonal
R&D Systems . .
Sox-2 HAF2018 Goat IHC 1:500 Primary, polyclonal
Alexa 488 anti- Molecular Probes
Rabbit IgG #A21206 Donkey IF 1:800 Secondary
IRDye 680LT LI-COR
Donk WB 1:
anti-rabbit IgG #92668023 onkey 2000 Secondary
IRDye 800CW LI-COR .
anti-chicken 1gG #92632218 Donkey WB 1:10000 Secondary

Table 2.2

Table of antibodies.

2.5 Cell culture procedures

2.5.1 Cell maintenance

All cell culture procedures were carried out in a sterile environment with cell-culture

grade reagents. The cells were grown at 37°C in 5% CO2 and cultured 1-3 times a week

depending on the population doubling time.

PC12 cells were grown in suspension in Dulbecco’s Modified Eagle’s Medium (DMEM -

Sigma-Aldrich #D6171) supplemented with 2 mM L-glutamine (Sigma-Aldrich #G7513), 1

mM sodium pyruvate (Sigma-Aldrich #58636), 100 U penicillin / 0.1 mg/L streptomycin

(Sigma-Aldrich #P0781), 10% horse serum (Sigma-Aldrich #H1138) and 5% foetal bovine

serum (Sigma-Aldrich #F9665). They were subcultured twice a week by gentle

centrifugation and replacement of culture medium.
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Neuro-2A (N2A) cells, HEK293 cells, SH-SY5Y and mouse skin embryonic fibroblasts
(EMFIs) were grown at 37°C in Dulbecco’s Modified Eagle’s Medium (DMEM - Sigma
Aldrich #D6171) supplemented with 2 mM L-glutamine (Sigma-Aldrich #G7513), 1 mM
sodium pyruvate (Sigma-Aldrich #58636), 100 U penicillin / 0.1 mg/L streptomycin
(Sigma-Aldrich #P0781), 15% foetal bovine serum (Sigma-Aldrich #F9665) and 0.1 mM
non-essential amino acids (Life Technologies #11140035). N2A cells were subcultured
three times a week (80-90% confluency) by a wash with PBS (Sigma-Aldrich #D8537)
followed by the addition of new medium, pipetting the solution up and down on the cells.

HEK293, SH-SY5Y and EMFIs were subcultured when 80-90% confluent by being washed
with PBS (Sigma-Aldrich #D8537) prior to the addition of trypsin-EDTA solution (Sigma-

Aldrich #T3924), followed by the addition of fresh culture medium.

2.5.2 Cell differentiation

To induce cell differentiation PC12 cells were counted with a haemocytometer and
subcultured on rat collagen (Sigma-Aldrich #C7661) coated plates at a density of 8x10*
cells/cm? and cultured in serum-free culture medium supplemented with 10 ng/mL NGF
(Sigma-Aldrich #N0513) for up to 9 days.

N2A cells were counted with a haemocytometer and subcultured on cell culture plates at a
density of 5x104 cells/cm2 and grown in culture medium with 2% serum supplemented

with 20 pM retinoic acid (RA) (Sigma-Aldrich #R2625) for 24 hr.

2.5.3 Isolation of skin embryonic fibroblasts (EMFIs)

Mouse embryos E12.5 were dissected from the uterus into a Petri dish containing sterile
PBS, the skin isolated and rinsed in PBS. The samples of skin were incubated at 37°C in
trypsin-EDTA and fragmented. DNAsel (Fermentas #EN(0521) was added to a final

concentration of 100 U/mL. When the tissue was fully dissolved, the cells were
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resuspended in culture medium and plated onto cell culture dishes. The cells stopped

dividing around the third passage.

2.5.4 Gene silencing

siRNA gene silencing was performed by transfecting PC12 cells plated on collagen coated
plates with a pool of siRNA oligonucleotides (ON-TARGETplus siRNA, Dharmacon #L-
080907-02-0005) (Table 2.3) combined with Lipofectamine® RNAiMAX (Thermo Fisher
Scientific #1377830) in serum-free culture medium. The cells were incubated with the
transfection mixture for 4 hr and then an equal volume of 2X-serum medium was added to
the wells. After 72 hr the cells were harvested and processed for protein extraction and
analysis. Knockdown cells were compared to cells transfected with non-targeting oligos
(Dharmacon #D-001810-10-05).

shRNA gene silencing was performed by generating a lentivirus containing Mission®
shRNA vectors (containing a puromycin resistance gene) specific for Trappc9 (Table 2.3)
and by transducing N2A cells with this virus.

Mission® shRNA vectors were transfected into HEK293 cells in combination with
packaging plasmid psPAX2 and envelope plasmid pDMD2.G in a calcium phosphate method
(CaCl; + HEPES). The culture medium was changed after 24 hr and the virus-containing
supernatant collected after 72 hr. The virus solution was then concentrated 10X with
Lenti-X™ Concentrator (Millipore #PT4421-2).

N2A cells were plated at a density of 5x10% cells/cm? and incubated with different
concentrations of virus in culture medium supplemented with 8 pg/mL polybrene. After 24
hours the medium was replaced with fresh medium. After 72 hr the cells were subjected to
selection with 3 pg/mL puromycin (Sigma-Aldrich #P8833). After 7 days in puromycin the
cells were harvested and processed for protein extraction and analysis. Knockdown cells

were compared to cells transfected with non-targeting vector.
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2.5.5 Viability assay

Cell viability was assessed using the Prestoblue® reagent (Thermo Fisher Scientific
#A13261). The cells were seeded on five 96-well cell culture plates on DAY 0 at a density of
700 cells/well. Prestoblue® was added to one plate after one hour from seeding and
incubated for four hours at 37°C in the dark. At the end of the incubation the absorbance
was measured at 570 nm and the values used as DAY 0 measurements. One plate was

analysed each day to a total of four days. The values were normalised to DAY 0.

2.5.6 Luciferase reporter gene assay

The cells were seeded on cell culture plastic and transfected with PGL3B, PGL3C, PGL3P or
PGL3P + insert in combination with Renilla plasmid after 24 hours with TurboFect®
transfection reagent (Thermo Fisher Scientific #R0531). At 48 hours after transfection, the
cells were lysed and analysed with Dual-Luciferase® Reporter Assay System (Promega

#E1910) in a Glomax 96 Microplate Luminometer (Promega).

RNA type Clone Sequence Target
J-080907-10 GCCAAGGACGCAUGCGGAA
J-080907-18 AGGAGAAGUUGUACGGCGA
J-080907-19 CCAGUGAGUGCCAGCGAAU
SIRNA J-080907-20 AAGCGGAUCUGCUCGGUGA Trappcd (Rat)
Non-targeting UGGUUUACAUGUCGACUAA
pool UGGUUUACAUGUUGUGUGA
(control) UGGUUUACAUGUUUUCUGA
UGGUUUACAUGUUUUCCUA
TRCNO0000246674 CCGGGCTCGGCTTCAGTCATTTATCCTCG
(74kd) AGGATAAATGACTGAAGCCGAGCTTTTTG
TRCN0000246676 CCGGTTCGCCAATCATCGCACATAACTCG
ShRNA (76kd) AGTTATGTGCGATGATTGGCGAATTTTTG Trappcd (mouse)
TRCN0000246678 CCGGCCGAGGACATCATTGACAAATCTCG
(78kd) AGATTTGTCAATGATGTCCTCGGTTTTTG
Non-targeting No shRNA insert
(control)
Table 2.3

Table of siRNA oligonucleotides and shRNA vector hairpin inserts used for gene silencing on PC12 and N2A
cells.
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2.6 Cytology and histology

2.6.1 Immunofluorescence on N2A cells

The cells were grown on glass cover slips coated with poly-L-lysine (Sigma-Aldrich
#P4707) and fixed in 100% methanol at -20°C for 20 min. After being washed in PBS, the
cells were blocked in a solution containing 0.25% triton-X and 10% donkey normal serum.
They were then incubated overnight at 4°C with the blocking solution supplemented with
the primary antibody. The next day they were washed in PBS and incubated with the
secondary antibody (Alexa 488 anti-Rabbit IgG, see Table 2.2) plus DAPI 1:1000 (Sigma-
Aldrich #D9542) for 60 min. After being washed in PBS, the coverslips were mounted on
glass slides with Fluoro-Gel anti-fade mounting medium (Electron Microscopy Sciences

#1798510).

2.6.2 Immunohistochemistry on brain tissue

Tissues were extracted after intracardiac perfusion of 4% PFA/PBS and fixed for at least 24
hr at 4°C in 4% PFA/PBS. They were then dehydrated in 30% sucrose/PBS until they sank
to the bottom of the container and sectioned with a cryostat onto glass slides. Antigen
retrieval was achieved by incubating the slides in 10 mM sodium citrate at 65°C for 45 sec.
After 3x5 min washes in PBS, the endogenous peroxidase activity was blocked by
incubating the slides in 100% methanol supplemented with 0.3% hydrogen peroxide for 5
min. The sections were blocked in a blocking solution containing 10% rabbit (goat Kkit, see
below) or goat (rabbit kit, see below) normal serum and 0.25% triton-X for 1 hr. They were
then incubated overnight in blocking solution supplemented with primary antibody. The
following day the slides were washed in PBS and incubated with reagents supplied in the

Vectastain Elite ABC HRP kits (Vector Laboratories, rabbit kit #PL-6101, goat kit #PK-
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6105). The 1hr incubation with blocking solution containing the peroxidase-conjugated
secondary antibody was followed by the formation of avidin-biotin complex (30 min) and
by a 30 min incubation with 3,3'-diaminobenzidine (Sigma-Aldrich # D8001) dissolved in
distilled water. The sections were then dehydrated in an ethanol series (70%, 90%, 100%
and 100%) and cleared in Histo-Clear II (National Diagnostic #HS-202). The slides were
mounted with Eukitt® quick-hardening mounting medium (Sigma-Aldrich #0389) or with

Ecomount (Biocare #EM897L).

2.6.3 In situ hybridisation on brain tissue

The staining of Trappc9 mRNA on brain tissue was carried out with the RNAscope® 2.5 HD
Assay-RED (Advanced Cell Diagnostics #322350) method. Following the manufacturer’s
instructions, the tissues were fixed in 4% PFA/PBS for a maximum of 24 hours, dehydrated
in 30% sucrose/PBS and sectioned with a cryostat. Prior to the staining procedure, the
activity of endogenous peroxidases was blocked by the addition of RNAscope® Hydrogen
Peroxide solution for 10 min at room temperature. Antigen retrieval was carried out by
submerging the slides in a boiling RNAscope® Target Retrieval solution for 5 min. After
being washed with distilled water and 100% ethanol they were air-dried. They were then
treated with RNAscope® Protease Plus solution and incubated for 30 min at 40°C.

The slides were incubated with RNAscope® Probe Mm-Trappc9-E1E2 (Advanced Cell
Diagnostics #465291) and RNAscope® Negative Control Probe (Advanced Cell Diagnostics
#310043) for 2 hr at 40°C. After being washed with RNAscope® Wash Buffer they were
then incubated with Hybridize AMP 1 (30 min at 40°C), Hybridize AMP 2 (15 min at 40°C),
Hybridize AMP 3 (30 min at 40°C), Hybridize AMP 4 (15 min at 40°C), Hybridize AMP 5 (30
min at room temperature) and Hybridize AMP 6 (15 min at room temperature) with

washes in between steps. The slides were counterstained with haematoxylin or directly
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mounted with Ecomount (Biocare #EM897L) after being air-dried and quickly dipped in

Histo-Clear II.

2.7 Statistical analysis

All data are generally represented as mean # standard error of the mean (SEM), unless
stated otherwise. The use of Student’s T-test was based on the result of an F-test, used to
determine the variance between samples. All statistical analysis was performed using
Microsoft Excel or the SigmaPlot software. The statistical significance is expressed with the
p-value (p), considered significant when p<0.05 (*), p>0.01 (**), p<0.001 (***) and

p<0.0001 (****).
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CHAPTER 3

Trappc9 gene structure and regulation

3.1 Introduction

Trappc9 is located on mouse chromosome 15gD3 in a gene cluster that comprises of the
ncRNA Peg13 (located within an intron of Trappc9), Chracl and AgoZ2 located upstream,
and Kcnk9 located downstream of Trappc9 (Fig 3.1). Trappc9’s genomic sequence contains
23 exons and, according to the genomic database Ensembl, can produce four different
transcript variants (Fig 3.2).

CpG islands are located within the sequences of all the genes in the cluster and only the one
located within the promoter region of Pegl3 is differentially methylated (Smith et al,
2003). As no evidence has been found of other methylated sites, this differentially
methylated region (DMR) has been hypothesised to be the putative imprinting control
region (ICR) of the cluster. In fact, all the genes in this cluster have been reported to be
imprinted, with Peg13 being the only gene in this cluster to be expressed exclusively from
the paternal allele (Smith et al., 2003), and the other genes being preferentially expressed
(to different degrees) from the maternal allele (Perez et al., 2015). It is hypothesised that
the methylation in Peg13 is responsible for the imprinting of the neighbouring genes, but
the mechanism is still unclear.

The imprinting status of Trappc9 has been investigated in the past years by several
research groups using a variety of techniques. The conclusions of the different reports are,

however, contrasting as some reported Trappc9 imprinted and others did not. The earliest
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report on the imprinting of Trappc9 and its neighbouring genes dates back to 2003, when
for the first time a methylation in the maternal allele of Peg13 and the gene expression
from the paternal allele was described (Smith et al., 2003). The cloning and sequencing of a
single nucleotide polymorphism (SNP) in Trappc9’'s sequence from reciprocal crosses of
Mus musculus and Mus M. castaneus revealed a biallelic expression of this gene (Smith et al,,
2003). While cloning and sequencing are among the canonical methods for the analysis of
imprinting, due to their technical limitations (e.g. false results from cloning bias; large
number of sequenced clones required for statistical analysis), subsequent reports applied
RNA sequencing for high throughput screenings and found Trappc9 maternally expressed
in the mouse brain and biallelically expressed in peripheral tissues (Wang et al., 2008;
Gregg et al,, 2010; Babak et al., 2015; Perez et al,, 2015; Bouschet et al., 2016). Similarly to
cloning, RNA sequencing analyses can produce false results, as the fragmentation of the
RNA required by the method and the subsequent annealing of random hexamer primers
can result in depletion of reads at both 5’ and 3’ ends (Hansen et al., 2010).

The work described in this chapter investigates the genetic structure and expression of
Trappc9. As several transcript variants have been described for this gene, and given that
these variants can give rise to structurally different protein isoforms, I hypothesised that
different isoforms could have different functions in a tissue, region and cell specific
manner. For this reason, my first aim was to successfully target and distinguish the
different transcript variants, in order to apply localisation studies in different tissues and
investigate the expression patterns.

In addition, in light of the contradictory literature available on the subject, I decided to
investigate the imprinting status of Trappc9 via pyrosequencing analysis of brain RNA
from Mus musculus and Mus M. molossinus reciprocal crosses. Pyrosequencing is a

“sequencing by synthesis” method that eliminates the biases inherent to the cloning

73



procedure and provides a lower cost per analysed base compared to Sanger sequencing.
Using this method in combination with the bisulphite conversion of gDNA, I also aimed to
shed some light into the molecular basis of this imprinting by analysing the methylation

status of two CpG islands located within Trappc9’s sequence.

3.2 Methods

PCR. For Fig 3.2C 30 cycles were performed at an annealing temperature of 56°C for
primer combinations Pr_04Fw + Pr_04Rv, Pr_04Fw + Pr_05Rv, Pr_02Fw + Pr_04Ry,
Pr_02Fw + Pr_05Rv, Pr_06Fw + Tr203Rv, Pr_06Fw + Tr204Rv. For Fig 3.5 30 cycles were
performed at an annealing temperature of 58°C for primers Primer_1 + Pr_05Rv. For Fig
3.7 40 cycles at an annealing temperature of 50°C were performed for primers
Trappc9_SNP1-Fb + Trappc9_SNP1-R. For Fig 3.11 56°C and 30 cycles were used for
primers CpG1_02Fw + CpG1_02Rv, CpG1_03Fw + CpG1_03Rv, CpG2_01Fw + CpG2_01Ry,
CpG2_02Fw + CpG2_02Rv; 60°C annealing temperature was used for primers gDNA1_02Fw
+ gDNA1_02Rv, gDNA2_02Fw + gDNA2_02Fw + gDNA2_02Rv. For Fig 3.12-14 an annealing
temperature of 52°C and 40 cycles were used for Trappc9meth1-Fb +Trappc9meth1-R,
50°C annealing temperature and 40 cycles were used for Trappc9meth2-F +
Trappc9meth2-Rb, Trappc9meth3-F + Trappc9meth3-Rb. For Fig 3.15 30 cycles and an
annealing temperature of 56°C were used for primers Tr_upex2nl_Fw + Pr_02Ry,
GAPDH_F1 + GAPDH_R1.

Western blot. For Fig 3.6 and 3.8 anti-Trappc9 primary antibody (#16014-1-AP) was used
at a 1:1000 dilution, anti-B-actin primary antibody (#ab13822) was used at a 1:8000

dilution.
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3.3 Results

3.3.1 Observed transcript variants

According to the Ensembl gene database, mouse Trappc9 has four distinct transcript
variants, numbered 201-204. The variants 201 and 202 are long variants that differ in the
start site and an alternatively spliced exon (exon 5), therefore comprising of 22 exons (21
and 22 coding exons, respectively). Variants 203 and 204 are instead truncated forms,
differing from one another of the 5’-UTR, the last exon, and in the above mentioned
alternatively spliced exon, therefore comprising of 17 and 18 exons (16 and 17 coding
exons), respectively (Fig 3.24).

As different transcript variants could have different roles in the cell or within cell
types/tissues, I first aimed to identify specific regions unique for each variant.

In contrast to the information available on Ensembl, however, no evidence of an alternative
start site for 201 was found. Primers were designed to target the first coding exon in
variant 202, named exon 2, and the first coding exon in variant 201, named a2 (Fig 3.2).
PCR amplification was performed on brain and peripheral tissue cDNA with primers
targeting exon a2 and exon 2 in combination with primers for exon 5 and exon 6 (see Table
1.1 for primer sequences). The separation and visualisation on agarose gel did not reveal
any products targeting exon 2a, in either newborn brain and peripheral tissues and in
adult brain (Fig 3.3). The primers targeting exon 2 produced bands in both brain and
periphery.

In order to investigate the existence of exon a2 and the different start sites for Trappc9
mRNA, a 5’ race cDNA synthesis was also performed. The method consists of tagging the 5’

and 3’ ends of RNA molecules with specific sequences complementary, after the cDNA
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Figure 3.2

A) Scheme of Trappc9 transcript variants according to the Ensembl database. Exon 5 is supposed to be
alternatively spliced and the variant 201 shows an alternative start site. B) Localisation of primers used in C)
RT-PCR of exon a2 - exon 5/6 (expected 318 bp and 358 bp, respectively), exon 2 - exon 5/6 (expected 740 bp
and 780 bp, respectively) and exon 17-UTR of variants 203 and 204 (expected 228 bp and 427 bp) in several
tissues of newborn mouse. Exon a2 does not appear to be an alternative start site, exon 5 is expressed in all
the tested tissues and no evidence of truncated transcript variants was found, both in the brain and in the
periphery. See Table 2.1 for primer sequences and localisation. WAT: white adipose tissue; BAT: brown
adipose tissue.
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Figure 3.3

RT-PCR of exon 17-UTR of variants 203 and 204 (expected 228 bp and 427 bp) in adult mouse brain using
three different annealing temperatures. No evidence of truncated transcript variants was found.

synthesis, to a specific set of primers. These primers therefore target the 5’- and 3'-UTR
and can then be used for sequencing.

The sequence of 5'-UTR - exon 6 was amplified by PCR in an adult mouse brain sample and
produced three products, named Upper, Medium and Lower band (Fig 3.5). The amplified
products were then re-amplified via nested PCR and sent for sequencing. The Lower band
clones proved to be unspecific. Upper and Medium clones were instead specific for Trappc9
and revealed several start sites. Medium clones started within exon 2 (first coding exon)
downstream of the start codon. The lack of a close downstream methionine codon suggests
these clones do not represent an alternative variant/start site, but are probably the
consequence of RNA degradation or secondary structures that impair the movement of the
reverse transcriptase. Upper clones started instead within the non-coding exon 1 (5'-UTR
according to Ensembl), with one clone starting in the upstream intron. The sequencing
results of the different clones did not show any evidence of an exon aZ2.

A primer was also designed to target the alternatively spliced exon 5 that, according to the

information available on Ensembl, is expressed only in variants 201 and 204. No
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association was found between exon 5 and exon 2a, as no evidence was ever found of an
exon 2a.

As exon 5 is a small exon (27 bp), I could not distinguish between variant 202 and 204, as
they differ only in the presence/absence of this exon, but sequencing of brain and
peripheral tissues (Fig 3.4) revealed that exon 5 is not alternatively spliced in the brain,
suggesting that variant 202 (with exon 5 spliced out) might be specific to the periphery.
However, no evidence was found of any truncated variants, either in the brain or in the
periphery. Specific primers were designed for variants 203 and 204 targeting the last exon
and UTR sequence in association with a primer targeting exon 17, present in all variants.
Despite confirming that the primers are functional (Supplementary Fig 1), no PCR product

was produced for the truncated forms in the different tissues (Fig 3.2C).

3.3.2 Imprinting analysis

The expression of Trappc9 across different tissues in humans has been documented by Hu
et al. who showed via mRNA blot Trappc9 expressed in brain, heart, muscle, kidney and
placenta. Thymus, liver, intestine and lung showed a low expression while colon, spleen

and leukocytes showed no expression (Hu et al., 2005).

EXON 4 EXON 5 EXON 6

BRAIN AGCAGCCAACAGACACCGGCCAGGGGCGCAAGAAGTTCTCATTGACCCAGGTGCTCTCACCACCA

KIDNEY AGCAGCCAACAGACACCGGCCAG GTGCTCTCACCACCA
SPLEEN AGCAGCCAACAGACACCGGCCAG GTGCTCTCACCACCA
Figure 3.4

Sequencing results for Trappc9 exon 4-6 in adult mouse brain from RT-PCR and 5'-race, kidney and
spleen. In contrast to Fig 3.2C, exon 5 appears to be alternatively spliced in kidney and spleen but not in
the brain.
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tCTACTCCAGAGTCTGCCAGTACCACCCCTTCTTCCTCCTCCTCCTCTCTCTT
ATCCCTCCTCCCTCTTCGCCGCCTCCCTCGCAGGCTCCAGGTCTTCGGGAAAACC Non-coding
CGGGGCAGATCWAGGCCGAAGCACGAC1TGCgCACGCGCAGGAGCTGCGSC Exon 1 ( 5'-UTR)
GGCTCGGCCGGTGGTTCGGAGGTTCCAGGCTGCTCAGTCCCGCTGCCCTCCAG
GCCTCGGCTCCTGCTTGGGGCCGCTGCGCTGTgtaagtgcccggttagggccgegegttge

gettectggecggagggectggctggggecctageccggtctgeacctgeccgggteccttgtcaacceat
gtccecocctgettgectggtectetgtetgteaggteeccttgtetgeccaggtecectgeccagecgggea

cagcctgctaccctgttgccagtcgtttggcgcc[...]agcttctc'atagaaggggtaggtagccttgtgggg
t'actgtgtga'atcacttgtggccacccagagtgatagccagggttgccagtgaggatgaagagtgtggcat
gtctctgtccaccagtgctaatgtgttattgtgagttctgcaaggcagagatg‘tctg‘tcatagactcttttccc
tttggacagGCCCTCAGGATGAGCGTCCCCGACTACATGCAGTGCGCAGAGGATC Start codon
ACCAGACCCTTCTGGTGGTCGTCCAGGCCGTGGGCATCGTCTCTGAGGAGAAC
TTCTTCAGGATCTACAAGCGGATCTGCTCCGTGAGCCAGCTCAGTGTGCGCGA
CACGCAGCGTGCCCTCTTCATCCGCTATCGGCACCACTACCCGCCCGAGAACAA
CGAGTGGGGCGACTTCCAGACGCACCGCAAGGTGGTAGGCCTCATCACCATCA
CCGATTGCTTCTCGCCCAAAGACTGGCCACAGACCTTCGAGAAGTTCCACGTGC
AGAAGGAGATCTACGGTTCCACGCTCTACGATTCCCGCCTCTTCGTGTTCGGGC
TGCAGGGTGATGTGGCTGAGCAGCCGCGCCCGGATGTGGCCTTCTATCCCAAC EXON 2
TACGATGACTGCGATTCAGTGGAGAAGCGCATCGAAGACTTCATCGAGTCCCT
TTITCATTGTGTTGGAGTCCAAGCGCCTGGACAGAGCCACCGACAAATCCGGGG
ACAAGATCCCTCTTCTCTGTGTCCCCTTCGAGAAGAAGGACTTCGTGGGACTAG

Medium clones
start site

ACACGGATAGCAthaagtttatgtaggaatggttgacctagaagccctg_:;'

Figure 3.5

5'-race of adult total brain mRNA. A) Left: PCR for Trappc9 using 5'-race as template with Primer_1 (race
specific primer) and Pr_0O5RV (exon 6); Right: nested PCR from A on the left (Primer_1 and Pr_Q5RV).
Three different sized bands were produced, suggesting multiple start sites are present. B) Representation
of Trappc9 cDNA and sequencing results from B. Capital letters represent the exons, while lowercase
letters represent the introns. The PCR products from A were cloned into Topo vector and sequenced. The
clones from the lower band were found to be unspecific. The clones from the middle and the upper band
were specific for Trappc9 (start sites of these clones shown in figure).
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Figure 3.6

A) RT-PCRs of adult mouse hippocampus, cerebral cortex, kidney and spleen. Trappc9 exons 2-6 (primers
Pr_02FW and Pr_05RYV, expected 780 bp) and 2-11 (primers Pr_02FW and Pr_15RV, expected 1562 bp) show
that Trappc9 is expressed in the brain and the periphery, although to a lower degree. B) Representative
western blot for Trappc9 (primary antibody #16014-1-AP) in adult hippocampus, cerebral cortex, kidney and
spleen. Trappc9 signal normalised to B-actin.
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The expression patterns in the mouse brain have been investigated by Davies et al., who
used in situ hybridisation to describe a general expression of Trappc9 in the brain, with
hippocampus, cortex and hypothalamus being among the areas with highest expression.
They also observed Trappc9 expression in the embryo, adrenal glands, heart, kidney,
thymus, lung and muscle, and to a lower extent in placenta and liver (Davies et al., 2004).
In order to confirm these observations, we performed RT-PCR and western blotting in
brain (hippocampus and cortex), kidney and spleen and observed a higher expression of
Trappc9 in the brain than in peripheral tissues (Fig 3.6).

In the context of the imprinting status of Trappc9 in the mouse, pyrosequencing allele
quantification (SNP analysis) was performed from total brain and kidney RNA from
reciprocal crosses of Mus musculus (C57BL/6, B6) and Mus M. molossinus (Japanese Fancy
mouse 1, JF1). A specific silent SNP located in Trappc9 exon 7 as shown in Fig 3.7 was
analysed. In the reverse cDNA orientation B6 mice carried a guanine in this position, while
JF1 mice carried an adenine. Pyrosequencing results showed a 70% average expression in
the adult brain from the maternal allele and a 30% from the paternal allele. In the newborn
brain, a 77% average expression from the maternal allele and a 23% from the paternal
were observed. Biallelic expression (49-51%) was observed in the adult kidney.

To investigate whether the parent-of-origin expression is specific to any brain areas,
western blot analysis for Trappc9 was performed from 12 week-old heterozygous
knockout (KO) brains (see chapter 5 for details on the animal model), using a crude
dissection method and dividing the brain (including cerebellum and medulla/spinal cord)
into 4 fragments (Fig 3.8). The analysis was performed on one heterozygote with the gene
disruption in the maternal allele (m-/p+) and on one with the disruption in the paternal
allele (m+/p-). Three technical repeats of the analysis, which showed a higher Trappc9

expression in the frontal cortex of the m-/p+ mouse than in the m+/p-, were performed.
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Exon 7

GCCTCCATGCCACGCTTCTGAATCGCTAGGACG CGCACGGCCTTGACACAGGCTTCCAGC BB

GCCTCCATGCCACGCTTCTGAATCGCTAGGACA cGeacaaecTTeACACAGGCTTCCAGE JFL

BRAIN

B6/JF1 JF1/B6

Adult Newborn Adult Newborn

KIDNEY

B6/JF1
Adult

Expressionrate (%)
cbB888883
B O
o =

Figure 3.7

SNP Pyrosequencing analysis for Trappc9 allele quantification of adult and newborn total brain RNA from
Mus Musculus (C57BL/6, B6) and Mus M. Molossinus (Japanese Fancy mouse 1, JF1) reciprocal crosses,
where the first allele in the nomenclature represents the maternal allele. A) Partial sequence of exon 7 in
the two strains showing the analysed SNP, which in the reverse strand corresponds to ‘A’ in JF1 mice and
a ‘G’ in B6 mice. B) Pyrosequencing analysis of SNP in exon 7. The allele quantification revealed a
preferential maternal expression of Trappc9 in the brain (in both adult and newborn) and a biallelic
expression in the kidney. For brain samples analysis n=2, for kidney n=1 (technical replicas).
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Figure 3.8

A) Schematic representation of crude sectioning of the brain used in B) Western blot of adult heterozygous
Tm1la (see chapter 5) mice for Trappc9. C) Quantification of western blot in B. Heterozygous mice show
various degrees of Trappc9 expression in different parts of the brain, with mice carrying the maternal
deletion (m-/p+) showing a lower expression in the frontal part of the brain compared to mice with the
paternal deletion (m+/p-). D) Average degree of Trappc9 expression from the maternal (m+/p-) or paternal
(m-/p+) allele (technical replicas n=3). The paternal allele contributes with an average 40% of expression
while the maternal contributes with a 60% expression. Anti-Trappc9 antibody used: Proteintech #16014-1-
AP. Image in A from “The Mouse Brain” atlas by G. Paxinos and K.B.J. Franklin (2001).
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Other parts of the brain showed no major differences between the two genotypes. The sum
of the four analysed parts reveal that overall m-/p+ mice possess a 40% expression of
Trappc9, while the m+/p- show a 60%. These percentages are surprisingly similar,
considering the difference in methods, to what would be expected following the
pyrosequencing analysis, which showed a 30% expression in the m-/p+ mouse and a 70%
in the m+/p-.

The difference in Trappc9 expression between frontal cortex and other sections in the m-
/p+ brain could be an indication of regional imprinting that could not be highlighted with
the pyrosequencing analysis. In fact, both pyrosequencing and western blot analyses have
their limitations and might therefore produce a degree of bias. While the pyrosequencing
analysis was performed on total brain RNA and could therefore not detect region-specific
imprinting, the western blot analysis investigated crude sections of brain containing
different areas and sub-areas that in turn could present different levels of imprinting.
Furthermore, both analyses could be biased by the presence of blood in the tissues at the
moment of lysis for RNA or protein extraction.

Nonetheless, the western blot results confirmed the degree of imprinting for Trappc9 from
the maternal allele observed via pyrosequencing. In addition, the reduced expression of
Trappc9 in the frontal cortex compared to other regions indicates that different levels of

imprinting for this gene are present across the mouse brain.

3.3.3 Methylation analysis

The putative imprinting control region of the gene cluster to which Trappc9 belongs might
reside in Peg13 where, it has been hypothesised, the methylation in the maternal allele
drives the imprinting of the neighbouring genes. Previous reports have failed to attribute
the imprinting of Trappc9, or any other gene in the cluster, to the methylation of specific

regions outside Peg13.
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Figure 3. 10

Bisulfite sequencing of gDNA for A) CGI1 and B) CGI2 in adult mouse hippocampus, cerebral cortex, kidney
and spleen. White circles represent unmethylated CG, while black circles represent methylated sites. CpG1
is predominantly unmethylated in both brain and periphery, while sequencing results for CpG2 revealed
mainly methylated clones in both brain and periphery. Only one clone in the hippocampus and one in the
cerebral cortex showed predominantly unmethylated sequences, suggesting there might be a cloning bias
in the results. Red and blue arrows represent the location of the primers used for the PCR amplification.
Numbers in front of rows indicate the number of sequenced clones characterised by that specific
methylation pattern. Primers used: CpG1_02FW and CpG1_02RV (red arrows in A), CpG1l_03FW and
CpG1_03RV (blue arrows in A); CpG2_01FW and CpG2_01RV (green arrows in B), CpG2_02FW and
CoG2 02RV (purple arrows in B).
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[ identified two main CpG islands located in Trappc9 exon 1 (non-coding) and exon 2 (first
coding exon), which I will from now on refer to as CGI1 and CGI2, respectively (Fig 3.9).
Bisulphite sequencing of gDNA extracted from brain (hippocampus and cortex), kidney and
spleen was performed using two sets of primers designed to cover the main core of each
CpGisland (Table 2.1).

The analysis of several clones per primer pair (Fig 3.10), revealed CGI1 to be
predominantly unmethylated in both brain and peripheral tissues. CGI2 revealed mainly
methylated clones in both brain and peripheral tissues, with the exception of two fully
unmethylated clones found in the hippocampus and cortex.

In order to determine the reliability of this method and to confirm the methylation status
of the two CpG islands, a Combined Bisulphite Restriction Analysis (COBRA) was
performed. PCR-amplified fragments of CGI1 and CGI2, as analysed by bisulphite
sequencing, were used for restriction digests with the enzymes BstUI (CGI1 and CGI2) and
Taql (CGI2) (Fig 3.11). These enzymes recognise specific restriction recognition sites
containing CG sites, which are maintained after the bisulphite conversion only if the
specific cytosines in the sequence are methylated. The restriction digest was performed
with the presence of a gDNA positive control (non-bisulphite converted) that retains the
intact restriction sites, and should therefore be completely digested. The analysis revealed
that while CGI1 is confirmed to be unmethylated in all tissues, CGI2 shows the presence of
both methylated and unmethylated alleles. This result suggests that the bisulphite
sequencing was biased, probably due to the cloned sequence and its compatibility with the
E.coli strain used for amplification. The analysis also revealed that hippocampus and cortex
express the unmethylated allele (undigested product) to a higher extent, while kidney and

spleen express more of the methylated allele (digested products).
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Figure 3. 11

Combined bisulphite restriction analysis (COBRA) on untreated and bisulphite treated adult mouse gDNA
from hippocampus, cerebral cortex, kidney and spleen. BstUl and Taqgl restriction enzymes recognise the
restriction sites CGCG and TCGA, respectively. When a cytosine is unmethylated in the gDNA, it is converted
to uracil during bisulphite treatment, disrupting the integrity of the restriction sites. Methylated sequences
instead maintain the cytosine and the restriction enzymes are able to recognise the sites. CGI1 is confirmed
to be unmethylated (100 bp band in spleen lane confirmed as primer dimer, not shown), while CGI2 shows
the presence of both methylated and unmethylated alleles. For CGl1 BstUl digest the expected products
are: 279 bp for the uncut, 182 bp and 97 bp for the digested sequence; for CGI2 BstUI digest: 382 bp for
the uncut, 244 bp, 110 bp and 28 bp for the digested sequence; for CGI2 Tagl digest: 382 bp for the uncut,
175 bp, 156 bp, 39 bp and 12 bp for the digested sequence.
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Figure 3. 12

Bisulphite pyrosequencing of gDNA at CGI2 with Methl primer pair in adult mouse hippocampus,
cerebral cortex, kidney and spleen. A) Example of pyrograms obtained using the PyroMarkQ96 software
(primers Trappc9methl Fb and Trappc9methl R). Percentages indicate the degree of methylation for
the highlighted CG sites (light blue). B) Average degree of methylation for 6 CG sites (n=1).
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Figure 3.13

Bisulphite pyrosequencing of gDNA at CGI2 with Meth2 primer pair in adult mouse hippocampus, cerebral
cortex, kidney and spleen. A) Example of pyrograms obtained using the PyroMarkQ96 software (primers
Trappc9meth2_F and Trappc9meth2 Rb). Percentages indicate the degree of methylation for the
highlighted CG sites (light blue). B) Average degree of methylation for 10 CG sites (technical replicas n=2).
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Figure 3. 14

Bisulphite pyrosequencing of gDNA at CGI2 with Meth3 primer pair in adult mouse hippocampus, cerebral
cortex, kidney and spleen. A) Example of pyrograms obtained using the PyroMarkQ96 software (primers
Trappc9meth3 _F and Trappc9meth3 _Rb). Percentages indicate the degree of methylation for the

highlighted CG sites (light blue). B) Average degree of methylation for 8 CG sites (technical replicas n=2
each). C) Scheme of methylation across the entire CGI2.
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As an alternative method of methylation analysis, pyrosequencing analysis was conducted
on bisulphite treated gDNA for CGI2. Three primer pairs (meth1, meth2 and meth3) were
designed to target once again the main core of CGI2 and obtain PCR products of circa 100
bp in length. Meth1 (n=1) analysed a total of 6 CG sites and showed an average methylation
rate of 72.67% for hippocampus, 71% for cortex, 71.33% for kidney and 68.18% for spleen
(Fig 3.12). Meth2 (n=2) comprised of 10 CG sites with an average degree of methylation of
8.35% for hippocampus, 7.85% for cortex, 34.95% for kidney and 63.85% for spleen (Fig
3.13). Meth3 (n=2) analysed a total of 8 CG sites and showed an average degree of
methylation of 5.62% for hippocampus, 4.65% for cortex, 24.56% for kidney and 53.87%
for spleen (Fig 3.14). Overall, these results showed a gradient of methylation across CGI2,
uniform in brain and peripheral tissues for the first part of the CpG island and not uniform
for the remaining part. In fact, the analysis of meth2 and meth3 combined (18 CG analysed
in total) revealed an average 6.98% and 6.25% degree of methylation in hippocampus and
cortex, a 29.75% in the kidney and a 58.86% in the spleen. These results are in accordance
with the outcome of the COBRA analysis described above.

Considering the biallelic expression of Trappc9 observed in peripheral tissues, and the high
degree of methylation observed in the pyrosequencing analysis, it appears clear that this
degree of methylation is not correlated with the imprinting status of Trappc9.

To investigate whether CGI2 is a regulatory sequence of an alternative (not yet observed)
transcript variant of Trappc9, a primer to target the intron upstream to exon 2 was
designed (Fig. 3.15). The wvalidity of this primer has been confirmed on gDNA
(Supplementary Fig 1). I did not, however, obtain any PCR product from cDNA in
conjunction with a primer located in exon 2 (Fig 3.15), suggesting there is no alternative

transcript variant starting in this region.
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RT-PCR of adult mouse hippocampus, cerebral cortex, kidney and spleen. In light of the tissue-specific
methylation observed in exon 2, we hypothesised this might cause the transcription of an alternative
isoform. Intron 1 - exon 2 (primers Tr_upex2n1_Fw and Pr_02RV, expected 431 bp) confirms that there is
no alternative start site located immediatelv before exon 2.

3.4 Discussion

3.4.1 Transcript variants and their functional significance

The mouse genome database Ensembl is one of the most useful tools in scientific research.
With the data shown in this chapter, however, I have demonstrated that the information
provided by this database is not always accurate. As previously described in the
introduction of this chapter, Ensembl reports four transcript variants for the murine

Trappc9 gene (see Fig 3.2). The two long variants (called 201 and 202) differ in the
presence of the alternatively spliced exon 5 and an alternative start site. In Fig 3.2 [ have
shown that the alternative start site named exon a2 could not be detected in either mouse
brain or peripheral tissues. In order to investigate the existence of an alternative start site
for Trappc9 1 performed a 5'-race of adult total brain RNA (Fig 3.5). The analysis confirmed

that the alternative start site called exon a2 could not be detected, and it also revealed that
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the 5’-UTR sequence extends back to the upstream intron of Trapp9, confirming once again
that the information available on Ensembl is not accurate. In addition, the alternatively
spliced exon 5 was always found in correlation with exon 2, contrary to the description
found in Ensembl in which variant 202 does not possess this exon. All together, these
results suggest that the variant 201 does not exist.

Exon 5 should also be present in the truncated variant 204 in association with exon 2, and
may be an explanation for the association between exon 2 and exon 5 we showed in Fig 3.2.
However, I did not find any evidence of any truncated transcript variants for Trappc9, in
brain or peripheral tissues (Fig 3.2-3). The only reference to the truncated forms of
Trappc9 found in the literature comes from Gregg et al.,, who described a paternal bias of
the mRNA variant 204, having analysed a SNP in the last coding exon in reciprocal crosses
of two different mouse strains (Gregg et al, 2010). This SNP, however, is located
downstream of Peg13 and it is probably part of this gene’s mRNA. My analysis on the
truncated forms was performed on brain and peripheral tissues of a newborn (p4) wild
type (WT) mouse, but a separate analysis on adult brain cDNA (Fig 3.3) confirmed the
absence of the truncated forms. Although [ have not analysed any embryonic stages, I
believe it to be unlikely that these forms are age-specific. This suspicion, however, needs to
be confirmed.

In Fig 3.4 I show sequencing results for Trappc9 exon 4-6 in the brain, kidney and spleen,
where | observed that exon 5 is alternatively spliced in the periphery but not in the brain.
The functional implications in vivo of this alternative splicing are not clear yet, as exon 5
contributes with 27 nucleotides and 9 amino acids (GAQEVLIDP). It is possible that this
small sequence is part of a larger domain responsible for the interaction with different

proteins, allowing a different function of Trappc9 in the brain.
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In conclusion, I describe only two long variants of Trappc9, carrying 23 exons (22 coding)
in the brain and peripheral tissues and 22 exons (21 coding) in peripheral tissues, with the
start site located in exon 2, as described for variant 202 on Ensembl, and a 5'-UTR
stretching back to the intron upstream of exon 1.

Human TRAPPC9 shares a high homology with the mouse orthologue. According to
Ensembl, the human gene is transcribed into four protein-coding transcript variants (001,
002, 003 and 016) and 12 non-coding variants (004-015). The four protein-coding variants
comprise of three long variants of 23 exons (001, 23 coding), 23 exons (002, 22 coding)
and 21 exons (003, 21 coding). These three long variants possess three different start sites,
with variant 001 being the longest and 002 and 003 starting at the beginning and the end
of exon 2, respectively. The shortest long variant, 003, does not possess exon 5.

The fourth coding variant is a truncated form of 455 bp consisting of only 2 exons,
corresponding to exons 15 and 16 in variant 001. This last variant should not be
considered among TRAPPC9 variants, as it translates into a 91 amino acid peptide whose
existence is yet to be confirmed.

In summary, in comparison to the mouse transcript variants, human TRAPPC9 appears not
to have functional truncated forms, suggesting a shorter protein would not be functional.
In addition, the alternative splicing of exon 5, which is 27 bp long and retains 89%
sequence identity with the mouse exon 5 and 100% amino acid homology, is retained in
the human, hinting at a functional significance for this brief amino acid sequence.
Unfortunately, no reports have been published so far on the human transcript variants so

their existence and expression patterns still need to be investigated.

3.4.2 Imprinting of Trappc9

The earliest report of Trappc9’s imprinting status dates back to 2003, when Smith et al.

described for the first time the paternal expression of Peg13 in mouse brain. They analysed
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brain and peripheral RNA from reciprocal crosses of Mus musculus and Mus M. castaneus
via cDNA synthesis and PCR amplification, followed by cloning and sequencing, and found a
biallelic expression of Trappc9 (Smith et al., 2003).

Wang et al. in 2008 adopted Illumina sequencing and pyrosequencing analysis to
investigate the imprinting status of Trappc9. They reported 80% expression rate from the
maternal allele in the neonatal mouse brain (Wang et al., 2008).

More recently, Gregg at al. reported, using Illumina RNA sequencing of brain RNA from Mus
musculus and Mus M. castaneus reciprocal crosses, a maternal expression of the different
transcript variants of Trappc9, with the exception of the truncated form 204 which showed
a paternal expression (Gregg et al., 2010). As previously described, however, a detailed
analysis of the SNP analysed to target the 204 variant revealed that it is actually localised
downstream of Peg13, and thus their analysis was most likely targeting Peg13 mRNA and
not Trappc9.

The maternal bias in Trappc9 expression has been observed using RNA sequencing but the
results produced with this technique can sometimes be misleading or contradictory
depending on the expression threshold set for the analysis. Similarly, as we have seen
earlier in this chapter, the traditional method of cloning and sequencing can result in a
cloning bias and in a false-positive /negative result. For this reason, I decided to investigate
the imprinting status of Trappc9 via pyrosequencing analysis of brain and kidney RNA
from reciprocal crosses of B6 and JF1 mice. I observed an average 70% expression of
Trappc9 from the maternal allele and 30% from the paternal allele in the brain, and an
equal biallelic expression in the kidney (Fig 3.7). This result is in accordance with the
previous reports mentioned earlier in this paragraph, and with a recent article published
by Perez et al. that showed a maternal bias of Trappc9 in mouse brain and a biallelic

expression in the periphery (Perez et al,, 2015).
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The latest report on Trappc9’s imprinting status confirmed, via RNA sequencing, the
maternal expression of this gene in the mouse cerebral cortex at p0 (Bouschet et al., 2016).
Interestingly, this was the first group to also report a maternal bias at E13.5. The maternal
expression of Trappc9 might therefore be crucial during embryonic development, as well
as in adult stages.

With the imprinting status being confirmed, I investigated whether the methylation status
of Trappc9 was responsible for the parental bias of this gene. Previous reports analysed the
methylation status of Trappc9 and found no methylated sequences in adult tissues and in
E13.5 (Smith et al,, 2003). Delgado and colleagues analysed the CpG island located in the
promoter of human TRAPPCY in healthy and intellectual disability patients’ blood and
found no methylation in this region (Delgado et al., 2014). In accordance with these
reports, I observed a low degree of methylation in the two CpG islands located within the
first and second exons of Trappc9 in mouse brain. The pyrosequencing analysis (Fig 3.12-
14) also revealed a gradient of methylation within CGI2, with the first part of the island
being highly methylated and the rest being methylated in the periphery but not in the brain
(6.99% hippocampus, 6.25% cortex). To my knowledge, this is the first analysis of the
methylation status of these regions in peripheral tissues. Although I have not analysed DNA
from reciprocal crosses for this analysis, it was surprising to observe that for the majority
of CGI2 there is a higher degree of methylation in kidney and spleen (29.75% and 58.86%,
respectively). Therefore, I cannot report what allele carries the methylation, but the equal
biallelic expression observed in these tissues (via SNP analysis) suggests that this
methylation is not a driving force for the imprinting of Trappc9. This methylation would, in
fact, repress transcription from the methylated allele and it would result in a parental bias

which we did not observe.
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The functional significance of the methylation of CGI2 is not yet clear, nor is the observed
gradient of methylation. It is possible that this CpG island acts as a regulatory region for an
alternative transcript variant of Trappc9, although I did not find any evidence for it.

Despite the structure of this locus hints towards the ncRNA imprinting mechanism
described in chapter 1, a likely mechanism for the imprinting of the Peg13 gene cluster, and
thus of Trappc9, might be similar to the regulation of the Igf2/H19 locus. As previously
described in chapter 1, Igf2 is expressed from the paternal allele and is located 90 kb
upstream of the maternally expressed H19. The ICR for this cluster is located 2-4 kb
upstream of the start site for H19 and it is methylated on the paternal chromosome. An
enhancer shared by the two genes is located downstream of HI19. The absence of
methylation at the ICR on the maternal allele would allow the binding of the zinc-finger
insulator protein CTCF which, in turn, would block the interaction between the enhancer
and the promoter of Igf2. As a result, the expression of Igf2 is silenced on the maternal
allele, while in the paternal allele the ICR is methylated and CTCF cannot bind (Bartolomei
and Ferguson-Smith, 2011).

Similarly, analysing brain CHIP-sequencing datasets available on the Encyclopaedia of DNA
Elements (ENCODE), I identified a strong brain-specific enhancer located within the
intronic region downstream of exon 21 of Trappc9. Our hypothesis is that in the paternal
allele, the putative ICR located in correspondence of Peg13 is a binding site for the factor
CTCF that in turn acts as an enhancer blocker, preventing the interaction of the above
mentioned enhancer with the promoter of Trappc9. The lack of interaction between
enhancer and promoter results in the silencing of Trappc9. In contrast, on the maternal
allele the methylation of the ICR in Peg13 prevents the binding of CTCF and leaves the

enhancer free to interact with Trappc9’s promoter (Fig 3.16).
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Interestingly, the strong enhancer observed in the brain is not present in peripheral tissues
and it would therefore explain the imprinting observed in the brain and the biallelic
expression observed in the periphery.

A similar enhancer, located upstream of PEG13 and downstream of TRAPPC9 exon 17, has
been described in humans. According to Court and colleagues, a CTCF-cohesin complex,
bound to the paternal (unmethylated) allele of PEG13, orchestrates higher order chromatin
loops. These structures prevent the interaction of the enhancer with the promoter of
KCNKO, resulting in the imprinted expression of this gene (Court et al., 2014).

In the human, however, this enhancer is not disturbed by the methylation in PEG13 as,
being located upstream of the ncRNA4, it is able to interact with TRAPPC9 undisturbed.

The human TRAPPC9 has, similar to the mouse orthologue, a contradictory history of
reports on its imprinting status. In 2012, Garg and colleagues observed an exclusive
maternal expression analysing HapMap phase Il data for trios (father/mother/child) (Garg
et al., 2012). In contrast, Court et al. (2014) performed a SNP analysis in leukocytes, brain
and placenta and found that only PEG13 and KCNK9 to be imprinted.

The latest report highlights a preferential maternal expression (stronger in the central
nervous system than in peripheral tissues) in the mouse, which appears to be conserved in
humans as well (Babak et al., 2015). We know by experience that SNPs found in genome
databases such as Ensembl and UCSC are not always present. For example, the SNP
pyrosequencing analysis described in this thesis was performed also on another SNP
located in Trappc9 exon 9 (Fig 3.17) and found that different individuals of the same
intercross genotype did not possess the same polymorphism. As DNA is dynamic and
mutable, it is often the case that the SNPs analysed by different groups, in both mouse and
human, might lead to biased analysis and thus to contradictory results. However,

irrespective of the actual imprinting status of TRAPPCY9 in humans, its functional
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Exon 9

AGCTCATGCAGCAGACGCATCTGAACGGC  B6
accrcateeaccac@caearcreaacege  JFL

B
BRAIN
B6/JF1 JF1/B6
Adult Newborn Newborn
A:70% A: 0% A:22%
G: 100% G:78%
Figure 3. 17

SNP Pyrosequencing analysis for Trappc9 allele quantification of adult and newborn total brain RNA from
Mus Musculus (C57BL/6, B6) and Mus M. Molossinus (Japanese Fancy mouse 1, JF1) reciprocal crosses. A)
Partial sequence of exon 9 in the two strains showing the analysed SNP, which corresponds to ‘G” in JF1
mice and a ‘A’ in B6 mice. B) Pyrosequencing analysis of SNP in exon 9. The allele quantification revealed
a preferential maternal expression of Trappc9 in the brain in adult and newborn JF1/B6 and in adult
B6/JF1. Newborn B6/JF1 does not present a SNP in this position. n=1.

significance is still to be investigated. The intellectual disability and microcephaly
phenotype caused by loss of TRAPPC9 is given by autosomal recessive mutations, and no
dramatic phenotype has been reported for heterozygous individuals. This, however, does
not preclude a role for TRAPPCO in brain function, as the effects might be more subtle but
still important.

The imprinting of Trappc9 might have a physiological relevance in the context of its
cellular functions. As we will see in chapter 4, Trappc9 regulates the NF-kB pathway and
the NFG-induced Bcl-xL expression in PC12 cells (Hu et al, 2005). Bcl-xL is a long
transcript variant of the Bcl-x gene (a member of the Bcl-2 family) and it acts as anti-

apoptotic factor by preventing the release of mitochondrial content (Boise et al., 1993).
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This protein has a fundamental role in neuronal survival, as it is the Bcl-x predominant
form in neurons (Gonzalez-Garcia et al, 1995) and Bcl-x-null mice die around E13,
exhibiting pronounced cell death in both peripheral tissues and central nervous system
(Motoyama et al., 1995).

The programmed cell death pathway is a prominent feature in imprinting, with a number
of the maternally-biased genes (Cdknlc, Kcnk9, Blcap, Bmf) promoting apoptosis, and a
number of the paternally-biased genes (Ndn, Peg3, Pegl0, Plagll, Megel2) inhibiting
apoptosis. Bcl-xL exhibits a paternally-biased expression in the brain and a biallelic
expression in the periphery (Perez et al,, 2015). This parental bias decreases between P0
and P60, and is also region specific (Perez et al., 2015). Hu et al. demonstrated that
Trappc9 is required for the NGF-induced Bcl-xL expression in Pc12 cells (Hu et al.,, 2005).
An interesting theory is that the dynamic relationship between Trappc9 and Bcl-xL might
be the foundation of the microcephaly and intellectual disability phenotype observed in

humans.
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CHAPTER 4

Cellular models of Trappc?9 silencing

4.1 Introduction

Trappc9 is part of the TRAPPII multiprotein complex, which belongs to the TRAPP family
of complexes involved in ER-Golgi, intra-Golgi, endosome-Golgi vesicle trafficking and
autophagy (Brunet & Sacher 2014). It is expressed in both the brain, specifically in
neurons, but also in peripheral tissues (Hu et al., 2005), although its functions are still not
fully understood.

The majority of what is known about the TRAPP complexes comes from studies in yeast,
where structure and function are very well conserved. The three TRAPP complexes
(TRAPPI, TRAPPII and TRAPPIII) share a core of six polypeptides arranged into a seven
subunit complex (TRAPPI), to which other subunits bind forming TRAPPII and TRAPPIII.
TRAPPII contains the yeast subunits tr120 and trs130 (Trappc9 and TrappclO in
mammals), while TRAPPIII contains yeast trs85 (Trappc8) and some proteins not found in
yeast (Trappcll and Trappcl2) (Fig 1.6, Table 1.1). These complexes are involved in a
process named tethering, which refers to the initial loose physical connection between the
vesicle and the target membrane that precedes the fusion mediated by SNARE proteins.
This process is probably aided by Rab GTPases and, in fact, the TRAPP complexes possess
guanine exchange factor (GEF) activity for several Rabs.

Trappcl, Trappc4, Trappc5 and two Trappc3 are essential for the GEF activity, and the
TRAPPII complex has been found to specifically possess GEF activity for Rab1 and Rab18

(Wang and Ferro-Novick, 2002; Li et al., 2017). Trappc9 itself binds Rab1, Rab18 and Rabin
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8, a GEF for Rab8 and Rab11 (Westlake et al., 2011; Homma and Fukuda, 2016; Li et al,,
2017). The activation of Rab proteins by the TRAPP complexes induces the recruitment of
effectors involved in the fusion of vesicle and target membrane. The mammalian TRAPPII
complex specifically interacts via Trappc9 with COPI coated vesicles, specific to ER-Golgi
and intra-Golgi trafficking (Gwynn et al., 2006; Yamasaki et al.,, 2009; Zong et al,, 2011; Li et
al, 2017) and depletion of Trappcl0 causes disruption of the Golgi and accumulation of
vesicles and cargo transport blockade at the early Golgi (Gwynn et al., 2006).

Trappc9 has been reported to localise at the ER exit sites, ER-Golgi intermediate
compartment (ERGIC) and cis-Golgi (Yamasaki et al., 2009; Zahoor et al,, 2010; Zong et al,,
2012). It has been shown that mutations in yeast trs120/Trappc9 cause defects in
trafficking within the Golgi and in the retrograde pathway from early endosomes to the
late Golgi (Cai et al., 2005). This interaction has important repercussions in neuronal
signaling. In fact, signaling endosomes with the characteristics of early endosomes convey
NGF signals across the axons of nociceptive neurons to their cell bodies (Delcroix et al.,
2003). Trappc9 has been shown to regulate the nerve growth factor (NFG)-induced neurite
outgrowth in PC12 cells and it also regulates the NF-kB pathway, binding to NF-«B
inducing kinase (NIK) and IkBa inducing kinase 8 (IKKf) (Hu et al., 2005).

It also interacts with the cargo domain of p150glued, a subunit of dynactin, competing with
COPII-coated vesicles and disrupting, when overexpressed, the localization of p150slued at
the microtubule organizing center (MTOC) (Zong et al., 2012).

Loss-of-function mutations in human TRAPPC9 cause postnatal microcephaly and brain
abnormalities such as thinning of the corpus callosum and cerebellar hypoplasia (Mir et al,,
2009; Mochida et al., 2009).

The scientific community has only recently turned its attention to this gene and its role in

brain development and neuronal function is still unclear. In this chapter, I will try to
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elucidate the role of this protein within the cell in the context of neuronal differentiation
and maintenance. Analysing several Trappc9-depleted cellular models generated in our
lab, I will investigate the role of this protein in neurite elongation and differentiation, but I
will also try to confirm its involvement in the regulation of the NF-kB pathway which has

been previously reported.

4.2 Methods

Western blot. Anti-Trappc9 primary antibody (Proteintech #16014-1-AP) used in Fig 4.1
and Fig 4.4 was used at 1:1000 dilution. Anti-p65 (Cell Signaling #8242) and p-p65 (Cell
Signaling #3033) in Fig 4.6 were used at a 1:1000 dilution. Anti-IxB (Cell Signaling #4812)
in Fig 4.8 was used at a dilution of 1:1000. Secondary antibodies IRDye 680LT anti-rabbit
IgG (LICOR #92668023) and IRDye 800CW anti-chicken IgG (LICOR #92632218) were
used ata 1:5000 and 1:10000 dilution, respectively.

Immunofluorescence. Anti-p65 primary antibody in Fig 4.7 was used at a 1:1000 dilution.
Secondary antibody Alexa 488 anti-Rabbit IgG (Molecular Probes #A21206) was used at a

1:800 dilution.

4.3 Results

4.3.1 siRNA knockdown in PC12 cells

The role of Trappc9 in regulating neurite outgrowth has been documented in PC12 cells
(Hu et al., 2005), which are derived from a pheochromocytoma of the rat adrenal medulla.

This non-adherent cell line has the ability to differentiate into neuronal-like cells in the
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presence of NGF 100 ng/mL in collagen IV coated culture plates (Fig 4.1), and it has been
reported that in Trappc9-depleted cells the average neurite length following differentiation
is lower than in control cells (Hu et al., 2005). My first aim was to establish a temporary
Trappc9 knockdown (Trappc9 kd) cell line via siRNA silencing, and to recapitulate the
effects observed by Hu et al., (2005) via shRNA lentivirus knockdown.

A pool of siRNA oligonucleotides was adopted to target different parts of Trappc9’s mRNA
and transfected into cells with a transfection reagent. Trappc9 levels were measured via
western blot analysis and resulted in an average knockdown rate of 46% compared to cells
treated with non-targeting (Non-targ) oligos (Fig 4.1). The average neurite length was
measured after 72 hr treatment with 100 ng/mL NGF, comparing Trappc9 kd and Non-targ
data for each cell category (cells with 1, 2, 3 or 4 neurites), as cells with a high number of
neurites tend to have shorter lengths (for example see Fig. 4.5D). In contrast to what had
been previously observed in Hu et al. (2005), no difference was found between the two
groups. | hypothesised that the temporary depletion of Trappc9 obtained with the siRNA
knockdown is not suitable for this type of analysis. Firstly, the average degree of
knockdown obtained might have been too low to observe a direct effect on neurite
outgrowth, as large amounts of Trappc9 are still present within the cell. Secondly, the
differentiation of PC12 cells reaches its optimal level, with neurites being fully formed and
outstretched, around the ninth day of treatment with 100 ng/mL NGF. For this reason the
72 hr treatment used in this analysis might not have been long enough to produce
observable differences between the two groups. Longer treatments, however, allowed a
complete restoration of Trappc9 levels after the knockdown (Fig 4.2) and could not,

therefore, be used in this analysis.
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Figure 4.1

siRNA knockdown of Trappc9 in PC12 cells. A) Differentiation of PC12 cells on collagen-coated tissue
culture plastic with 100 ng/mL NGF. B) Transfection of PC12 cells with a pool of siRNA oligos
targeting Trappc9. The Trappc9 knockdown (kd) cells show an average of 46% reduction in Trappc9
expression compared to the cells treated with non-targeting (Non-targ) oligos. n=4 C) Neurite length
analysis of Trappc9 kd cells. The neurite outgrowth induced by the treatment with 100 ng/mL NGF
for 72 hr was not affected by the reduction in Trappc9 expression. The graph represents the average
neurite length per cells with 1-4 neurites, as cells with a high number of neurites tend to show a
shorter neurite length. Numbers on graph bars represent the number of cells analysed. Total number
of analysed cells: Non-targ: 85, Trappc9 kd: 102. Error bars show standard error. Scale bars: 10 um.
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Figure 4.2

Analysis of knockdown of Trappc9 in PC12 cells after 5 days from transfection with siRNA oligos. The
expression levels of Trappc9 are restored to normal levels, rendering this protocol not suitable to study
NGF-induced differentiation in a Trappc9-depleted background.

4.3.2 shRNA knockdown in N2A cells

In order to investigate the role of Trappc9 in neurite outgrowth, a stable knockdown via
shRNA lentivirus transduction was performed on a different cellular model. Mouse
neuroblastoma-derived Neuro-2A (N2A) cells (Fig 4.3) were selected as more directly
comparable to brain cells than PC12 cells, and for their extensive use in neurite outgrowth
studies, due to their ability to differentiate into neuron-like cells following treatment with
retinoic acid (RA). Three different shRNA lentiviral clones were used, of which one (74kd)
gave a ~70% knockdown that was not stable, and one (78kd) gave a ~30% knockdown. The
third clone, named 76kd in this thesis, gave an average 63% reduction in expression, which
remained around 50% at higher passages (Fig 4.4). In general, the lowest amount of viral
supernatant that produced the best knockdown was selected for the gene silencing; 30-75-
100 pL generated similar degrees of knockdown, and for this reason 75 puL was selected as
middle ground. Control cells were transduced with a non-targeting shRNA lentiviral clone
(see methods).

The morphology of 76kd does not appear different from control cells. The viability of these
cells was analysed using the Prestoblue® viability reagent, as a correlation to proliferation,

and measuring the absorbance at 595 nm for four days. No significant difference between
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Figure 4.3

Differentiation and Trappc9 knockdown in N2A cells. A) Differentiation of N2A cells with 20 uM Retinoic
Acid (RA) for 24h. Scale bars: 50 um. B) Mission® shRNA vector series backbone used for lentivirus
knockdown of murine Trappc9. Scheme from www.sigmaaldrich.com; key features explained below
scheme.
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Figure 4.4

Establishment of a N2A Trappc9 knockdown (kd) cell line via shRNA silencing. A) N2A cells were
transduced with different amounts of shRNA clone 76 lentivirus and the Trappc9 knockdown efficiency
was determined via western blotting. The clone transduced with 75ul of lentivirus (named 76kd) was
selected for downstream experiments. Control cells were transduced with non-targeting shRNA lentivirus.
B) Clone 76kd was lysed at different passage numbers and Trappc9 levels tested via western blotting to
assess the stability of the knockdown. The numbers at the base of the columns represent the number of
biological replicas; the percentage above the columns represent the degree of knockdown of Trappc9; the
western blot image is a representative picture. C) As preliminary characterisation of this cell line, the
viability of clone 76kd was assessed daily in comparison to control cells, using the Prestoblue® viability
reagent over a 4-day period. Western blots quantification: Trappc9 signal intensity was normalised to -
actin signal intensity and then normalised to control. Red arrows indicate Trappc9. Viability assay: n=3, day
1-4 normalised to day 0. Error bars show standard error.
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the two cell lines was observed (Fig 4.4), however, it was my personal impression that in
culture 76kd cells might be proliferating slightly faster.

As previously mentioned, these cells assume a neuron-like phenotype when treated with
RA, and a much milder differentiation in a serum-deprived environment. The cells were
incubated with 20 pM RA in 2% serum medium, as higher concentrations are toxic and
impair cell survival, for 24 hr and analysed their differentiation ability (Fig.4.5). Neurite
length was quantified and the measurements compared among cells with the same number
of neurites (1-4 neurites), as cells with a higher number of neurites tend to have shorter
lengths (Fig. 4.5D). No statistical difference was found between the two cell lines for any of
the analysed groups. However, a reduction of cells with four or more neurites in 76kd was
observed (3.61% of the total, against the 17.65% of the control cells). This reduction is
specific to the treatment with RA and does not occur in the mild differentiation observed in

the serum-deprived environment (2% serum only).

4.3.3 Alterations in the NF-xB pathway

Overexpression of Trappc9 in HEK293 cells enhanced the TNFa-induced phosphorylation
of p65 (Hu et al,, 2005). We investigated whether our N2A 76kd cells exhibited a defect in
p65 phosphorylation by treating them with 10 ng/mL TNFa for 0-30 min and analysing
cell lysates with a monoclonal antibody for p-p65 (Fig 4.6). Baseline levels of p65 were not
affected by the TNFa treatment in both control and 76kd cells. The levels of p-p65
increased after 20-30 min of treatment but did not show any statistical difference between
control and 76kd cells.

[ investigated the TNFa-induced p65 nuclear translocation efficiency in 76kd cells (Fig
4.67). p65 translocated from the cytoplasm to the nucleus after 30 mins of treatment and

Trappc9 has been shown to interact with p150glued, a subunit of dynactin.
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Figure 4.5

76kd cells show a different response to RA treatment. A) Control and 76kd cells after 24h incubation with
20 uM RA. B) Analysis of the abundance of the different cell types within the population. 76kd
preferentially differentiate into cells with one or two neurites in the presence of 20 uM RA + 2% serum but
not in 2% serum only. C) The average neurite length per cell type of 76kd cells was not statistically different
from control cells. The average neurite length was calculated by averaging measures from all the analysed
neurites per cell type (e.g. every 10 3-neurite cells, 30 neurite measures). D) Differentiated cell types
observed in culture. Scale bar 50 um in A and 25 um in D. Neurite length analysis: n=3, 548 control cells,
565 76kd cells. Differentiation analysis: 2% serum n=2, 1076 control cells, 1007 76kd cells; 20 uM RA n=3,
1114 control cells, 1017 76kd cells. Error bars show standard error.*p<0.05.
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Figure 4.6

p65 expression and phosphorylation in 76kd cells. A) Western blot representative images of p65 and p-p65
expression in control and 76kd cells following treatment with 10 ng/mL TNFa for 0, 5, 10, 20 and 30 min.
While levels of p65 remain constant, p-p65 levels increase at 20 and 30 min of treatment in both control
and 76kd. B) Quantification of p65 and p-p65 expression from western blots. No statistical difference was
found between control and 76kd. p65 and p-p65 quantification was performed on separate blots but from
the same cell lysate. p65 signal intensity levels were normalised to B-actin and to O min; p-p65 levels were
normalised to B-actin first, then to p65 levels (normalised to B-actin) and finally to O min. n=4, error bars
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represent standard error calculated from normalised to O min values.
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p65 nuclear translocation after TNFa treatment. A) Control and 76kd cells were incubated with 10 ng/mL
TNFa for 0, 5, 10, 20 and 30 minutes (only 0 and 30 min shown in the figure). At 30 min incubation both
control and 76kd cells show expression of p65 in the nucleus. B) Quantification of cells expressing p65 in the
nucleus. Cells were considered positive for nuclear translocation if p65 signal in the nucleus was equal or
stronger than the signal in the cytoplasm. No significant difference was found between control and 76kd
cells. The experiment was performed in n=3. Images are representative. Error bars show standard error.
Scale bars: 50 um.
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Deficiency in Trappc9, however, does not appear to impair the transport of p65 into the
nucleus, as no statistical difference between control and 76kd cells was found.

Similarly, Trappc9 has been reported to potentiate the TNFa-induced degradation of IkBa
with peaks at 15-30 min (Hu et al., 2005).

[ also isolated skin embryonic fibroblasts (EMFIs) from WT and KO Tm1a embryos at E13.5
(see Chapter 5 for details on the animal model) and treated them at p3 with 10 ng/mL
TNFa for 0-120 min (Fig 4.8). The western blot analysis revealed that the degradation of
[kBa induced by the TNFa reached a peak at 20-30 min to then restore normal levels at
120 min. No major differences were observed between WT and KO cells. However, a
general trend was noticed towards higher expression levels for IkBa in KO cells compared

to WT EMFIs, which will need to be confirmed with further experiments.

4.4 Discussion

4.4.1 Regulation of neurite outgrowth and neuronal differentiation

The role of Trappc9 within the cell and its contribution to brain development is still far
from being elucidated. From subunit in a multiprotein complex involved in Golgi-
trafficking to regulator of the NF-kB pathway to regulator of gene expression, it appears to
be involved in many major pathways and systems that could justify the brain abnormalities
observed in individuals with loss-of-function mutations in this gene. The lack of in depth
studies in neurons, and the lack of consensus between data published from different
groups, leaves us with uncertainties on the specific cellular mechanisms that underlie the
human developmental brain symptoms. Individuals with homozygous mutations in
TRAPPC9 show a set of symptoms among which microcephaly and white matter

abnormalities are consistently observed amongst the affected individuals. These
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Figure 4.8

IkBa expression in WT and KO mouse embryonic fibroblasts (EMFIs). A) Representative image of western
blot for IkBa of EMFIs at p3 after treatment with 10 ng/mL TNFa for 0, 10, 20, 30, 60 and 120 min. B)
Quantification of western blot for IkBa. Both WT and KO cells exhibit a decrease in IkBa expression after 10-
20 min of exposure to TNFa, and a gradual restoration to baseline levels at 120 min. C) Baseline IkBa
expression levels in WT and KO EMFIs. Although not statistically different, a general trend suggests KO
EMFIs possess higher levels of IkBa. IkBa signal intensity levels were normalised to B-actin and to 0 min (A),
n=3, error bars represent standard error.



abnormalities appear shortly after but not at birth, suggesting that TRAPPC9 might be
more important in the postnatal maturation of the brain and/or in neuronal maintenance.
In fact, a case has been reported in which an affected individual exhibited the brain
abnormalities previously described (microcephaly, thinning of the corpus callosum,
cerebellar atrophy), but also a degeneration of the frontal cortex and loss of cerebellar
volume over time (Koifman et al., 2010). Unfortunately, the lack of follow up reports on the
affected individuals prevents us from observing how this condition progresses with age
and thus we can only speculate how Trappc9 is involved in the onset of these symptoms.
The expression of Trappc9 has been previously confirmed in neurons and not in glial cells
(Hu et al., 2005). In light of the major effects on brain anatomy observed with the loss-of-
function of this protein, I was interested in investigating how it is involved in regulating
neuronal functions.

The multitude of systems it has been associated with leaves Trappc9'’s role within the cell
unclear, as it is not known whether it is implicated in proliferation, differentiation and/or
survival, as all of these processes could explain the microcephaly and brain abnormalities.
Possibly the most easily correlated with the observed phenotype would be the association
with the NF-xB pathway and its involvement in neurite outgrowth. The earliest report of
Trappc9 in mammalian cells showed that its depletion in PC12 cells impairs the NGF-
induced neurite outgrowth (Hu et al., 2005), possibly by reducing the activation of the NF-
kB inducing kinase (NIK), which has been shown to promote NGF-induced neurite
formation in PC12 cells (Foehr et al., 2000). This effect, however, could also be mediated by
a role in the endocytic transport of NGF-activated Trk receptors to the nucleus where they
activate gene expression (Delcroix et al., 2003). Our first aim was to reproduce these
findings using a transient siRNA silencing for Trappc9 in contrast to the stable shRNA used

by Hu and colleagues. We obtained an average 46% reduction in Trappc9 expression but
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the neurite elongation analysis did not reveal any statistical difference between control
and knockdown cells (Fig 4.1). As this method was not designed to produce a stable
knockdown, I hypothesised that the inability to confirm the results from Hu et al. (2005)
was due to residual amount of Trappc9 left in the cytoplasm. For this reason, I decided to
adopt a stable knockdown approach via shRNA lentivirus transduction using a more
versatile mouse neuroblastoma cell line, N2A, widely used in neurite outgrowth and
differentiation studies. Of the three different shRNA clones tested (Table 2.3), one (74kd)
produced a high knockdown degree (70%) that however was not stable (possibly due to
the depletion of Trappc9 not being tolerated by the cells), the second (78kd) produced a
low degree of knockdown (30%) and the third produced a stable 50-60% knockdown. For
subsequent analysis I therefore selected clone 76kd (Fig 4.4).

Hu et al. (2005) observed a high degree of knockdown in PC12 targeting the C-terminal but
not the N-terminal or the middle part of rat Trappc9 mRNA. The clones used in this thesis
targeted the central part of mouse Trappc9 mRNA.

N2A cells do not differentiate in response to NGF as the PC12 cells do. They differentiate
instead in response to retinoic acid (RA) treatment and, to a lesser extent, to serum
withdrawal. We measured the neurite length after 24 hr treatment with 20 uM RA + 2%
serum and found no statistical difference between control and 76kd cells. We did, however,
observe an abnormal differentiation response in 76kd cells, where the treatment with 20
UM RA + 2% serum (but not in 2% serum only) produced a population with more cells with
two neurites and less with four or more neurites (Fig 4.5). However, the importance of this
observation in a biological context in vivo remains uncertain.

In culture, N2A cells appear as a mixed population of cells with a variable number of
neurites. To my knowledge, the number of neurites is not a commonly investigated

parameter and, for this reason, the differentiation stages of N2A cells have not been
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investigated. Thus, there is no available information regarding the distinct stages these
cells go through and [ cannot assert whether the cells undergo a specific type of
differentiation (e.g. either two neurites or three from the beginning) or if the addition of an
extra neurite corresponds to a further step in differentiation.

Nonetheless, the change in differentiation observed in these cells is worth considering, as it
could be an indication that the differentiation proceeds more quickly in a Trappc9-
depleted background, or that the differentiation pattern has been altered. This could have
important repercussion in a stem cells’ active environment during brain development or in
the subgranular and subventricular zones in the adult brain.

RA is a vitamin A-derived lipophilic molecule that acts as a ligand for the nuclear retinoic
acid receptor (RAR) superfamily, converting them from transcriptional repressor to
activators (Rhinn & Dollé 2012). It enters the cell by diffusing through the plasma
membrane and reaches the nucleus with the involvement of cellular retinoic acid-binding
proteins (CRABPs) (Rhinn & Dollé 2012). RA has a crucial role in development as it
regulates segmentation and patterning of the hindbrain and it influences forebrain
development. It has been suggested that RA signalling may influence specific progenitor
populations as it is produced from E13.5 to postnatal stages in the developing meningeal
cell layer, from where it would diffuse to regulate progenitor cell
proliferation/differentiation/migration along cortical layers (Rhinn & Dollé 2012). In vitro,
treatment of rapidly proliferating ES cells (cultured in suspension as embryo bodies) with
RA induces the differentiation into neural progenitors (Bibel et al., 2004; Plachta et al.,
2004). These cells are capable of differentiating into neurons with electrophysiological
properties similar to those of pyramidal neurons and with the ability of establishing
synaptic contacts with other cells. Furthermore, in vitro RA can promote neurogenesis by

enhancing proliferation and differentiation of adult forebrain neuroblasts and regulate in
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vivo the proliferation of astrocytes in the subventricular zone (Haskell and LaMantia,
2005).

With the aim to investigate N2A differentiation capacity in a Trappc9-deprived
environment, I found an unexpected association between Trappc9 and RA, which had not
been previously investigated. This suggests that Trappc9’s functions are not limited to the
NF-kB pathway (as we already perceived) but are probably linked to a general mechanism
communal to different pathways (e.g. vesicular transport).

Interestingly, it has been reported that several Rab family members are implicated in
neurite outgrowth and, as mentioned earlier, Trappc9 binds Rab1, Rab18 and Rabin 8, a
GEF for Rab8 and Rab11 (Westlake et al.,, 2011; Homma and Fukuda, 2016; Li et al., 2017).
Rab8, Rab13, Rab35 and Rab36, for example, have been shown to localise on recycling
endosomes and regulate membrane trafficking, while Rab10 is involved in post-Golgi
trafficking of plasmalemmal precursor vesicles that are added to the neurite tip. Rab11 is
implicated in targeting integrins and Trk receptors to the neurite tips and is required for
adhesion and signal transduction during neurite outgrowth (Villarroel-Campos et al.
2014). Furthermore, both Rab8 and Rabin8 are required for NGF-dependent neurite
outgrowth in PC12 cells (Homma and Fukuda, 2016).

Thus, it appears that Trappc9’s involvement in neurite outgrowth and differentiation might
be due to its activity as part of the TRAPPII complex, although the specific role of Trappc9
in relation to RA signalling in N2A is not clear yet. Trappc9 has been shown to interact with
p150sglued  (Zong et al, 2012), a subunit of dynactin that independently binds to
microtubules and to dynein, having a role in ER-Golgi and retrograde transport (Lazarus et
al, 2013). The exact mechanisms of RA transport and signalling pathway have not been
fully elucidated, but it is possible that Trappc9 is involved in the transport dynamics of

factors participating in the RA response and/or differentiation.
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The involvement of Trappc9 in neuronal differentiation has been demonstrated by Zhang
and colleagues (2013), who showed that the differentiation of an enteric neuronal cell line
(ENC) in Trappc9-deficient cells is attenuated. The knockdown of Trappc9 led to a
reduction in baseline TNFa-induced neuronal protein (e.g. NSE) expression, as well as a
reduction in mRNA expression of pan-neuronal markers (PG9.5, NSE and TUJ1) and well
differentiated neuronal markers (e.g. NEFM) (Zhang et al., 2014b).

Thus, Trappc9 might have an important role in cell differentiation in the context of the

microcephaly observed in human patients.
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Figure 4.9

Viability analysis of WT and KO (Tmla) EMFIs at passage 2 and 3 over the course of 5 days with
Prestoblue® viability reagent. n=1.
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Cell proliferation might also be affected. Lentivirus knockdown of Trappc9 inhibited cell
proliferation and viability in breast and colon cancer cell lines, and inhibited tumour
formation in vivo (Zhang et al., 2015a). The stable knockdown in N2A cells presented in
this thesis, however, did not inhibit cell proliferation/viability and, on the contrary, I
observed a tendency of 76kd to replicate slightly faster than control cells. Furthermore,
preliminary results on mouse KO EMFIs showed no difference in viability in comparison to
WT cells (Fig 4.10). The involvement of Trappc9 in cell proliferation remains thus of

uncertain nature, although it might be cell/tissue specific.

4.4.2 Regulation of NF-kB pathway

In the existing literature on Trappc9, its involvement in the regulation of the NF-«B
pathway is a predominant theme in mammalian cells. The first report dates back to 2005,
when Hu and colleagues co-immunoprecipitated the NF-kB inducing kinase (NIK) and the
IkB kinase 3 (IKKB) with a factor that they named NIK and IKKf binding protein (NIBP)
(Hu et al., 2005). NIBP was later identified as the mammalian orthologue of the TRAPPII
complex yeast subunit trs120 and renamed Trappc9. Hu and colleagues discovered that
Trappc9 potentiates the TNFa-induced NF-kB DNA binding activity with peaks at 15 and
30 min of treatment and that increases the degradation of the NF-kB inhibitor IkBa. The
degradation of IkBa has also been observed in skin fibroblasts derived from patients with
loss-of-function mutations of Trappc9. The treatment with TNFa induced the degradation
of IkBa at 10 and 20 min in control cells while Trappc9-null fibroblasts showed a markedly
reduced degradation (Philippe et al., 2009). I performed the same treatment of mouse WT
and KO EMFIs but did not observe any statistical difference in [kBa degradation between
the two groups (Fig 4.8). Among the factors that could have contributed to this
discrepancy, should be noted the development stage difference and the species diversity
and adaptability, in addition to the substantial level of remaining Trappc9 protein in our
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knockdown cells. I did, however, observe higher IkBa basal levels (Fig 4.8) in KO EMFIs, as
previously seen by Zhang et al. (2015a).

The NF-kxB pathway is highly responsive to the environment and strictly regulated. Its
functions are not limited to inflammation, but it is also involved in plasticity and learning
and memory, as NF-kB p50 KO mice show impaired adult neurogenesis and memory
defects (Denis-Donini et al, 2008). Furthermore, the NF-kB pathway is involved in
synaptogenesis as it enhances dendritic spine and excitatory synapse density in vitro
(Boersma et al.,, 2011). Moreover, NF-kB family members are expressed in specific cell
populations of the neurogenic SVZ region of the adult brain (Denis-Donini et al., 2005).
Trappc9 is involved in both the canonical and non-canonical activation of the pathway by
interacting with NIK and IKK. In the canonical activation, the cell receives external stimuli
(e.g. TNFa) that trigger the activation of IKK heterodimers (composed of IKKa, IKK and
IKKy) that in turn phosphorylate the inhibitor IkBa, whose function is to bind NK-kB
subunits in the cytoplasm preventing their migration to the nucleus. The phosphorylation
of IkBa is the signal that leads to its ubiquitination and degradation, leaving NF-kB dimers
free to translocate to the nucleus and activate NF-kB responsive genes. [kBa itself is a NF-
kB responsive gene, and the activation of the pathway induces an auto feedback loop,
where the expression of IkBa is induced to replenish baseline levels, thus generating
oscillating levels of NF-kB activity (Ito et al.,, 1994). In the non-canonical activation of the
pathway instead, the signal (e.g. lymphotoxin-f) induces the activation of NIK that
phosphorylates IKKa homodimers, that in turn phosphorylate the NF-kB precursor p100,
leading to its processing to p52/RelB dimers ready to translocate to the nucleus.

Although I could not replicate the results on IkBa degradation found in literature,
Trappc9’s role is supposedly to stimulate/regulate this degradation and its loss of function

should inhibit the activation of the NF-kB pathway and the expression of its responsive
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genes. The higher IkBa basal levels in Trappc9 KO cells are, therefore, more difficult to
explain, although adaptation mechanisms could occur to overcome the lack of Trappc9
expression.

Trappc9 has also been shown to promote the phosphorylation of the NF-kB subunit p65
and IKKB (Hu et al,, 2005; Zhang et al.,, 2015a). We analysed our 76kd cells for TNFa-
induced p65 phosphorylation and found no statistical difference in comparison with the
control cells (Fig 4.6).

Interestingly, the knockdown of Trappc9 also inhibits the NGF-induced expression of the
anti-apoptotic factor Bcl-xL, possibly by modulating the activity of the NF-kB pathway (Hu
et al.,, 2005), and it increases the TNFa-induced apoptosis (Zhang et al., 2015a). Trappc9
might therefore modulate cell survival in response to external stimuli participating in brain
development, although further studies should be performed in order to confirm its

contribution.

4.4.3 Vesicle trafficking-related functions

Among the most interesting findings on Trappc9 is the interaction of this protein with the
dynactin subunit p150sued (Zong et al., 2012). Dynactin is involved in bidirectional
organelle and vesicular transport by linking these particles to dynein and kinesin. In
particular, p150slued is the subunit responsible of the interaction with dynein and it binds
COPII coated vesicles from ER to Golgi (Presley et al, 1997). It has been shown that
Trappc9 binds the cargo-binding domain of p150slued competing with COPII-coated
vesicles. In addition, the overexpression of all TRAPP subunits can disrupt the architecture
of microtubules and the localisation of p150slued at the MTOC (Zong et al., 2012). This is
probably due to the interaction between TRAPP subunits and microtubule-associated

proteins, which would be competed away when TRAPP particles are overexpressed.
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Figure 4. 10

A) Immunofluorescent staining for y-tubulin (red) on WT and KO (Tm1la) EMFIs. B) Quantification of
number of MTOCs/cell in WT and KO EMFI populations from staining in A. Total number of analysed cells
WT: 34, KO: 30. Scale bar: 10um.

It has recently been reported that skin fibroblasts from people harbouring TRAPPC9
mutations exhibited multiple centrosomes per cell (Gan et al., 2014). I have analysed KO
mouse EMFIs but preliminary data suggests the lack of difference in the number of MTOCs
per cells compared to WT EMFIs (Fig 4.10), although such difference could be cell type

and/or cell cycle specific.

126



Furthermore, in human retinal pigment epithelium cells TRAPPCO is required for the
localisation of Rabin8 at the centrosome where its GEF activity for Rab8 is required in
primary cilia formation (Westlake et al., 2011). The available information on Trappc9
therefore suggests this protein plays an important role in microtubule organisation.

The disruption of the dynactin complex caused by the overexpression of p150glued
inhibits TNFa-induced p65 nuclear translocation (Shrum et al.,, 2009). For this reason, I
decided to investigate whether the TNFa-induced p65 translocation to the nucleus was
affected in 76kd cells, where in theory the vesicular transport Trappc9-mediated by
dynactin should be disrupted. I did not find any disruption in the translocation (Fig 4.7),
however, this being a dynamic movement in and out of the nucleus, live imaging might be

required to detect subtle differences in the dynamics of transport.

4.4.4 Concluding remarks

The analysis of the literature in combination with the results presented in this chapter
have actually increased the amount of questions regarding Trappc9’s role within cells and
in regards to brain development. The picture appears still very complicated, with Trappc9
ranging from vesicle trafficking particle to regulator of gene expression. Trappc9 could
therefore be defined as a moonlight protein, which by definition is <<a class of
macromolecules that perform a large variety of functions>> (Huberts and Van Der Klei,
2010). Overal], in this chapter I have demonstrated that Trappc9’s involvement in viability
and neurite elongation remains unclear while preliminary results suggest an important
role in neuronal differentiation. Progenitor cells might be affected by mutations in Trappc9
leading to defects in brain development or, considering the later onset of the brain
abnormalities observed in humans, neuronal maintenance.

The multitude of roles for Trappc9 discussed in this chapter could be cell/tissue specific,
thus explaining the reason why I could not replicate many of the results found in literature.
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In addition, the lack of a full knockdown in PC12 and N2A cells might be the reason why I
could not confirm the published results. However, differences in methods (including cell
type) and techniques might be the basis of such discrepancies. In the next chapter I will
describe a KO mouse line for Trappc9 and show how these animals present a phenotype
that, in comparison to the human disorder, is much milder. Considering the difference in
species and any adaptation mechanisms occurring in different organismes, it is logical to
assume that the in vitro studies might also reveal subtle differences, which might be
undetectable depending on the sensitivity of the method. Furthermore, in both in vitro and
in vivo studies, it is not known how much is specifically mediated by Trappc9 and how
much is mediated by the TRAPPII complex, which could still be partially functional and
account for the lack of Trappc9.

Nevertheless, I have highlighted the importance of Trappc9 in the context of the TRAPPII
complex, and the importance of this complex in many physiological functions. The fact that
mutations in other TRAPPII subunits cause important phenotypes is another indication of
that. In fact, mutations in TRAPPC11 have been associated with myopathy and intellectual
disability, mutations in TRAPPC2 cause spondyloepiphyseal dysplasia tarda, a recessive
disorder in bone formation, and TRAPPC4 has been associated with colorectal cancer
(Brunet & Sacher 2014).

Further studies will need to be specifically designed to understand the role of Trappc9
with and without the involvement of the TRAPPII complex, in order to shed light upon the

molecular basis of microcephaly and intellectual disability.
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CHAPTER 5

Mouse model of Trappc9 knockout

5.1 Introduction

A set of loss-of-function mutations in the sequence of TRAPPC9 have been associated with a
type of autosomal non-syndromic intellectual disability. To date, only 21 affected
individuals have been the subject of a thorough symptomatic description (Mir et al., 2009;
Mochida et al., 2009; Philippe et al., 2009; Koifman et al., 2010; Abou Jamra et al., 2011;
Kakar et al,, 2012; Marangi et al., 2013). The occipitofrontal circumference measurements
at birth are available for only three patients, showing a normal/borderline microcephaly
head circumference (Mochida et al., 2009). All patients were examined during childhood
except for three individuals that were adults at the time of the examination (Abou Jamra et
al, 2011). They all presented moderate to severe intellectual disability and different
degrees of microcephaly with head measurements ranging from -3 SD to -1 SD.

As mentioned in chapter 1, the definition of microcephaly is sometimes variable, generally
defined as a head size of 3 SD or more below the appropriate mean and sometimes defined
as 2 SD or more below the mean. In the second case, many intellectually normal individuals
might actually fall within this description, making prenatal diagnosis particularly difficult.
The most common symptoms among the affected individuals are inability of speech or
speech delay, dysmorphic facial features, inability to feed themselves and late start to
walking. While the brain abnormalities included thinning of the corpus callosum,

cerebellar hypoplasia and white matter abnormalities, Koifman et al. (2010) reported a
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case with progressive loss of white matter and cerebellar volume over time, suggesting
Trappc9’s functions might not be limited only to early brain development.

Other symptoms are of a more variable nature, not being present in all the reported cases,
such as epilepsy, bruxism, hand-flipping behaviour and weight gain.

The genes involved in brain development and cognitive capabilities belong to a highly
heterogeneous group, encoding for proteins that play important roles in diverse processes.
Microcephaly in particular can be caused by the epigenetic disregulation or by mutations
in the sequence of transcription factors (FOXG1), ubiquitinases (UBE3A, Angelman
syndrome), kinases (CDKL5), guanine nucleotide-binding proteins (Rab18) and proteins
associated with centrosomes and microtubules (CDK5RAP, CENPJ, MCPH1) (Kuijpers and
Hoogenraad, 2011; Seltzer and Paciorkowski, 2014).

Several animal models of microcephaly have been used in research, generated by
mutations in specific genes usually associated with primary microcephaly and Rett-like
syndromes.

The Trappc9 gene has been targeted by the European Conditional Mouse Mutagenesis
Program (EUCOMM) as part of the International Mouse Phenotyping Consortium (IMPC).
We imported Trappc9 knockout (KO) mice that were generated in the Sanger Institute
(Cambridge, UK) using the “KO-first” technology: the insertion of a gene trap within an
intronic region of Trappc9 causes a frameshift and the silencing of the host gene (Fig 5.1).
Among the features of the gene trap, a LacZ reporter gene allows the investigation of
Trappc9 expression in tissue. The presence of loxP and FRT sites also allows us, via
crossing with Cre and Flp mice, to eliminate part or the entire gene trap and to create
conditional KO mice.

The work described in this chapter was to analyse this animal model (named Tm1a in this

thesis) and to describe any phenotype these animals might exhibit. I also investigated
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Trappc9’s expression within the mouse brain and used histological staining techniques to
determine any possible causes underlying the brain abnormalities observed in individuals

harbouring mutations in TRAPPC9.

5.2 Methods

Immunohistochemistry. Tissues were extracted and processed as described in chapter 2.
Anti-Sox-2 goat primary antibody (R&D Systems #AF2018) was diluted 1:500 in rabbit
normal serum. Vectastain goat kit (Vector Laboratories, goat kit #PK-6105) was used for
the colour precipitation. Sox-2 positive cells were counted in a delimited area represented
in Fig 5.8 in the anterior (Paxinos and Franklin atlas figure 45-49) and posterior (atlas
figure 50-54) hippocampus. Student’s T-test was performed between wild type (WT) and
KO counts. Anti-GFAP (Glial Fibrillary Acidic Protein) rabbit primary antibody (Dako
#70334) was diluted 1:2000 and incubated overnight. Vectastain rabbit kit (Vector
Laboratories, rabbit kit #PL-6101) was used for the colour precipitation.

Western blot. Anti-Trappc9 rabbit primary antibody (Proteintech #16014-1-AP) and
custom made R61_RVE_1.1 were diluted 1:1000, anti-B-Actin primary antibody (Abcam

#ab13822) was diluted 1:8000.
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5.3 Results

5.3.1 Animal phenotype

The Tmla mice, both heterozygotes and homozygotes, do not show any immediately
recognisable phenotype or motor defects. The animals are fertile and reproduce with a
normal Mendelian distribution (Fig 5.1). Some developmental defects (hydrocephalus,
right or left eye not fully formed) were randomly observed in the first 2-3 generations and
were not associated with a particular genotype, suggesting it was due to mutations
harboured by the C57BL/6N strain (see chapter 2 for details). Cross breeding with
C57BL/6] mice, in fact, eliminated these malformations. I analysed the brain weight at 12
weeks of age and found that both females and males develop a mild microcephaly (8.9%
reduction in brain weight in females and a 7.1% in male; WT females 0.44 g + 0.03, KO
females 0.40 g + 0.20, p<0.05; WT males 0.43 g + 0.01, KO males 0.40 g + 0.11, p<0.001)
compared to WT mice. A similar result was obtained by our laboratory via MRI volumetric
analysis in which an average 6% reduction in brain volume was observed (analysis by
Thomas Leather, see Supplementary Fig 2). Female KO mice also show a 16.7% body
weight increase which is not observed in male KO mice (WT females 22.17 g + 2.41, KO
females 25.87 g + 2.98; WT males 29.88 g + 2.07, KO males 29.82 g + 1.51, p<0.01)(Fig 5.1).
[ confirmed the KO status by western blot analysis of homozygous KO brain lysate with two
different antibodies. The commercially available Proteintech antibody (#16014-1-AP)
detected Trappc9 and an additional faint band that remained visible in the KO, while our
custom-made antibody (R61_RVE_1.1) detected Trappc9 but not this faint additional band.
Analyses of the mRNA expression via RT-PCR revealed that KO mice still express Trappc9
mRNA downstream of the gene trap (Fig 5.2). A product was observed upstream of the

gene trap (exon 2-5) as expected, although the expression appears to be lower in the KO
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Figure 5.1

A) Scheme of the gene trap used by the International Mouse Phenotyping Consortium (IMPC) for the “KO
first” Tmla mice. En2 SA: Engrailed 2 splice acceptor site; IRES: internal ribosomal entry site; pA:
polyadenylation signal; hBactp: human B-Actin promoter; neo: neo cassette. B) Mendelian distribution of
Tmla pups per genotype (n. of animals 127). C) Western blot for Trappc9 in WT and homozygous KO
(Tmla) mouse brain with two different antibodies. D) WT and homozygous KO (Tm1a) brain and body
weights of 12-week old mice. Both male and female homozygous KO mice show a 7-9% reduction in brain
weight compared to WT counterparts. Female homozygous KO show a 16% increase in body weight
compared to WT females. No statistical difference was observe in males. Females WT n=8, KO n=12. Males
WT n=6, KO n=12. *p<0.05, **p<0.01, ***p<0.001.
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Figure 5. 2

A) RT-PCR from WT and homozygous KO total brain for different parts of Trappc9 cDNA and the Tm1la
allele. Despite the presence of the gene trap, Trappc9 transcript downstream of exon 5 is still detectable in
the KO brain. The double band in exon 5-11 KO has been confirmed using other primers targeting exon 3-7
(not shown). Expected products: exon 2-5 740 bp, LacZ 466 bp (KO), exon 5-LacZ 1044 bp (KO), exon 10-15
754 bp (WT), exon 10-18 1200 bp (WT), exon 17-23 1241 bp (WT), exon 5-11 844 bp (WT). Primers used:
Pr_02FW in exon 2, Pr_04RV and Pr_04FW in exon 5, Trappc9F3 in exon 10, Pr_15RV in exon 11,
Trappc9R3 in exon 18, Pr_06FW in exon 17, Trappc9R1 in exon 23, LacZ F4, LacZ R4 and Pr_025RV for LacZ.
B) Sequencing of the KO allele (exon 5-11 upper band) revealed the absence of the LacZ sequence in the
Tm1la allele. It also revealed an abnormal splicing, skipping the splice acceptor (SA) site, from the IRES

element to exon 6.

Exon 5 SA En2 exon

GGGCGCARAGRAGTTCTCATT GACCCAG.C CCAGGTCCCGRAARACCARAGARGARAGRACT
GGGCGCAAGAAGTTCTCATTGACCCAGGTCCCAGGTCCCGAARACCARAGARGARGRACC
e e

CTARCARARGAGGACAAGCGGCCTCGCACAGCCTTCACTGCTGAGCAGCTCCAGAGGCTCA

CTARCARARGAGGACAAGCGGCCTCGCACAGCCTTCACTGCTGAGCAGCTCCAGAGGCTCA
e e

AGGCTGAGTTTCAGACCAACAGGTACCTGACAGAGCAGCGGCGCCAGAGTCTGGCACRAGG
AGGCTGAGTTTCAGACCARRACAG
R

IRES
GCTCGGTACCCEGRAGAT CTGGRACTCTAGAGRRTTCCGCCCCTCTCCCTCCCCCCCC...]
TCGAGGTTRAARARACGTCTAGGCCCCCCEARACCACGGGGACGTGGTTTTCCTTTGARARA

LacZ

CRACGATGATRAGCTTGCCACRACCATGGAAGATCCCGTCGTTTTACAACGTCGTGACT...]

Exon 6
CTACCATTACCAGTTGGTCTGGTGTCAAA

GTGCTCTCACCACCARACGGCATAAATCCTGA

CACCAGCACTGAGATCGGAAGGGCCARGRATTGCCTCAGCCCCGAGGACATCATTGACRR
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Figure 5.3
A) X-Gal staining on homozygous KO (Tmla) newborn brain. The expression of B-Galactosidase should

cause the formation of a blue precipitate, absent in this case. B) B-Galactosidase fluorescent staining on
the same tissues as in A (motor cortex). The signal from the anti-B-Gal green secondary antibody appears
to be unspecific. Scale bars in B: 50um.

sample, probably due to a reduced stability of the mRNA. I did observe the expression of
LacZ cDNA in the KO but the B-galactosidase could not be detected in tissues either via
antibody staining or X-Gal staining (Fig 5.3), suggesting the mRNA is not translated into a
functional protein. Fragments were detected in the KO for exon 10-15, 10-18 and 17-23
downstream of the gene trap. The use of specific primers for exon 5-11 (from upstream to
downstream the gene trap), revealed a faint WT band, suggesting splicing events are
eliminating the entire gene trap, and a larger band in the KO sample, where there should
not be any product. Sequencing analysis of the larger band revealed that a splicing event
occurs at the splice acceptor (SA) site and inside the sequence of the En2 exon, producing a

transcript comprising of exon 5, splice acceptor site, part of the En2 exon and exon 6 (Fig

5.4).
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Figure 5.4

Scheme of the alternative splicing observed in the Tm1a allele. The splicing should occur between exon 5
and the En2 SA site for the transcription of LacZ in association with Trappc9 mRNA (bottom part of the
scheme). This event, however, does not occur correctly in some transcripts where an alternative splicing
occurs so that exon 5 and exon 6 are still transcribed into a mRNA molecule with part of the sequence of
the En2 site between them (top part of the scheme). The resulting mRNA would not be translated into a
functional protein. Although LacZ cDNA is still being detected in the Tm1la allele (see Fig 5.2), it is
expressed to a low degree as a single element (not in association with Trappc9), without being translated
into a functional protein (see Fig 5.2).

This transcript would not give rise to a functional protein and the faint WT band observed
in the KO sample might generate very low levels of Trappc9 protein, or these transcripts
might contain further uncharacterised small, but disruptive mutations as no significant
amount of protein was detectable in the Western blot (Fig 5.1). For this reason, the
homozygous Tm1la is to be considered a real KO mouse model. However, the abnormal
splicing observed within the gene trap sequence provides an explanation for the lack of
detectable B-galactosidase where, even when Lac-Z is transcribed, the transcript is

probably unstable or incomplete and thus not translated.

5.3.2 Progenitor cells and glial markers

The analysis of several commercially available antibodies on KO tissues revealed their lack
of specificity for Trappc9 in immunohistochemistry, limiting considerably the range of

experiments that could be performed on tissue. For this reason, the RNAscope® in situ
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Figure 5.5

A-D) In situ hybridisation for Trappc9 (pink signal) on WT brain shows a wide expression of Trappc9
throughout the brain, with a particularly strong expression in cerebral cortex, hippocampus,
hypothalamus and cerebellum. F.cortex: frontal cortex, DG: dentate gyrus. Scale bars: 100 um.

hybridisation method was adopted to detect mRNA levels of Trappc9 in the mouse brain
(Fig 5.5-7). Neurons positive for Trappc9’s expression were observed across the entire
brain, with cortex (motor, sensory and piriform cortex), hippocampus, cerebellum and
hypothalamus (paraventricular and arcuate nucleus) showing a particularly strong signal.
Positive areas, although to a lower degree, were also frontal cortex, thalamus,
periaqueductal grey, striatum and ventral tegmental area. No signal was detected in fibre
structures such as the corpus callosum, consistent with the fact that Trappc9 mRNA is

located in the cytoplasm of cell bodies.
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Figure 5.6

A-D) In situ hybridisation for Trappc9 (pink signal) on WT brain shows a wide expression of Trappc9
throughout the brain, with a particularly strong expression in cerebral cortex, hippocampus, hypothalamus
and cerebellum. Pa: paraventricular hypothalamic nucleus, Arc: Arcuate hypothalamic nucleus. Pyr cortex:
pyriform cortex. Scale bars: 100 um.

In order to analyse whether the microcephaly phenotype might be related to defects in
neural progenitor cells, the dentate gyrus (known to contain a neurogenic niche in the
adult brain) was analysed. A reduction in the population of cells expressing the stem cell
marker Sox-2 was found in the dentate gyrus of the hippocampus of homozygous KO mice
(anterior hippocampus: figure plates 45-49 from Paxinos and Franklin atlas, WT 206.89 *
17.24 cells per section in the demarcated area, KO 179.48 + 19.74 cells, p<0.05; no

statistical difference found in posterior hippocampus - not shown) (Fig 5.8). A co-
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localisation of Sox-2 and Trappc9 was observed in the subgranular layer of the dentate
gyrus and a partial co-localisation was observed in the cerebral cortex (from Lucia Livoti).
Preliminary results also highlighted a decrease in the astrocyte marker GFAP-positive cells

in the KO corpus callosum and hypothalamus (Fig 5.9-10).

5.4 Discussion

5.4.1 A model for microcephaly

The available literature on people harbouring TRAPPC9 mutations focuses on the
description of the symptoms at the time of the examination and, in some cases, at birth.
Although we have little or no information regarding the progression of the disorder, what
transpires is that at birth the microcephaly is not established yet, although the head
circumference of the affected individuals is reduced (from -0.3 SD to -2 SD) (Mochida et al,,
2009).

The degree of microcephaly observed at older ages is variable across the different cases
and also among different members of the same family. Marangi et al. (2013) reported two
affected sisters that at 5 and 3.5 years of age presented with a reduction of head

circumference
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Figure 5.7

In situ hybridisation for Trappc9 on WT brain with haematoxylin counterstaining (high magnification). The

signal for Trappc9 (pink) is not present in all neurons, suggesting some sub-populations might be specific for
its expression.
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Immunohistochemical staining for the progenitor cell nuclear marker Sox-2. A) Sox-2 positive cells in the
dentate gyrus of WT and homozygous KO mouse brain. KO brains possess less Sox-2 positive cells in the
dentate gyrus compared to WT brains. B) Scheme of the area analysed (delineated by the red dashed line)
and quantification of Sox-2 positive cells in the highlighted area. WT n=3 animals (14 brain sections in total),
KO n=3 animals (13 brain sections in total). Scale bars: 100 pm. *p<0.05
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Figure 5.9

Immunohistochemical staining for the glial marker GFAP on WT and homozygous KO mouse brain. A
reduction of GFAP positive cells is visible in the KO corpus callosum (zoomed region). Scale bars: 100 pm

of -2 SD and -3 SD, respectively. Mir et al. (2009) reported instead three siblings carrying
mutations in TRAPPC9, two of which presented with microcephaly while the third one had
anormal head circumference.

As previously seen, many symptoms observed in affected individuals are often subjective
or present to different degrees. Individual variability and genetic background are likely
pivotal factors in determining the gravity of the symptoms, and considering the multitude
of roles attributed to Trappc9 (see chapter 4), many factors could be contributing to the

aetiology and severity of these symptomes.
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Figure 5.10

Immunohistochemical staining for the glial marker GFAP on WT and homozygous KO mouse brain. A
reduction of GFAP positive cells is visible in the KO arcuate nucleus (Arc, zoomed region). Scale bars: 100
um.

If we add to this the species differences between human and mouse, it is therefore not
surprising that the phenotype observed in mice is milder compared to the human
condition. Mouse models often mirror symptoms of human disorders but with much
milder phenotypes and in several cases, brain size reduction is less severe when compared
to humans (Ribeiro et al., 2013; Homem et al., 2015; McGreevy et al,, 2015; Lavelle et al,,
2016).

What can be clearly observed in humans, though, is that the TRAPPC9-induced
microcephaly has a postnatal occurrence.

Our group observed a reduction in brain weight and a reduction in brain volume (via MRI

analysis) in homozygous KO mice consistent with a mild microcephaly phenotype. I also
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observed a weight increase in female KO mice. Weight gain has been observed in only one
male and one female human affected individuals (Mir et al., 2009; Philippe et al., 2009) but
this parameter is probably biased by the inability of the majority of patients to feed
themselves. It has recently been reported that both female and male homozygous Tm1la
mice exhibit weight increase from 5 weeks of age, and that heterozygous m-/p+ mice
exhibit a similar phenotype (Liang et al. unpublished).

Although I did not observe it in males at 12 weeks of age, it cannot be excluded that an
obesity phenotype develops at older stages. However, the weight gain I observed in
females might be an indication of a hypothalamic dysfunction. Interestingly, I observed a
prominent expression of Trappc9 in the paraventricular and arcuate nucleus, both
important in regulating appetite and feeding behaviour. Preliminary results from our lab
also hinted at a reduction in GFAP positive cells in the arcuate nucleus, where astrocytes
play an important role in functioning as nutrient sensors for appetite controlling neurons
(Chen etal, 2016).

It has recently been drawn to our attention that a group from the University of
Philadelphia has generated similar Trappc9 KO-first (Tm1la) and Tmlc mouse lines,
probably with the same gene trap. Crossbreeding Trappc9 Tm1c with universal Cre mice,
they generated conditional Trappc9 KO mice and observed 15% reduction in brain weight
at 10 weeks of age (Zhang et al., 2015b). They also observed a 5-10% residual expression
of Trappc9 (both mRNA and protein) in the Tm1a line.

Intellectual disability being the major feature among individuals carrying mutations in
TRAPPC(9, it would be interesting to investigate the learning and memory capabilities of
our KO mouse model. To date, it has only been reported that Tm1la homozygous KO mice
show normal sociability when subjected to social recognition tests but they might show

defects in a social discrimination test after 24 hours, suggesting defects in long-term
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memory might be involved (Liang et al. unpublished). The defect in GFAP positive cells in
several areas of the mouse brain could, however, impair many processes that might

partially explain the human phenotype and should therefore be investigated.

5.4.2 Cellular basis for Trappc9 depletion-related microcephaly

As discussed in chapter 4, the mechanisms by which mutations in TRAPPC9 affect brain
development are still unknown. The processes involved might be numerous, including cell
differentiation, proliferation or apoptosis.

It has been reported that the number and size of primary neurospheres derived from
Trappc9 conditional KO mice was decreased in comparison to heterozygous littermates,
and that Sox-2, GFAP and Ki67 positive cells are reduced in the subgranular zone of KO
mice (Zhang et al., 2015b).

Parallel to these results, I have observed a decrease in Sox-2 positive cells in the dentate
gyrus and a general reduction in GFAP positive cells, particularly in the corpus callosum
(Fig 5.8-10).

Sox-2 is a transcription factor, part of the highly conserved Sox family of transcriptional
regulators (Gubbay et al.,, 1990; Schepers et al., 2002; Wilson and Koopman, 2002), and
included in the SoxB class of genes, that are expressed mainly in developing and adult
central nervous system (Karnavas et al. 2013).

Sox-2 has been shown to have a role in epiblast formation, pluripotency and cell
reprogramming (Masui et al.,, 2007; Mandalos et al., 2012; Polo et al.,, 2012; Sarkar and
Hochedlinger, 2013).

During embryonic development, neuroepithelial cells undergo asymmetric cell division
where they generate more progenitor cells and radial glial cells, which have the potential
to differentiate into neurons, astrocytes or oligodendrocytes but also serve as scaffolding

for migration (Deneen et al, 2006; Kang et al., 2012). It has been suggested that the
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transcription factors Sox-1-3 prevent differentiation (Bylund et al., 2003; Holmberg et al,
2008; Oosterveen et al,, 2013).

Recent experiments from our lab highlighted a co-localisation of Trappc9 and Sox-2 in the
subgranular layer of the dentate gyrus and a partial co-localisation in the cortex, which is
not surprising considering the neuronal expression of Trappc9 and the expression of Sox-2
outside the neurogenic niches. Sox-2 expression in the adult brain has been confirmed in
the neuroepithelial and radial glial cells of the neurogenic niches, where it is important for
the maintenance of their multipotency and where it is downregulated immediately before
the differentiation (Favaro et al., 2009; Hutton and Pevny, 2011; Mandalos et al., 2012).
However, Sox-2 is also expressed in the adult human brain in a glial progenitor cell
population in the white matter and in the Bergmann glia, a subtype of radial glial cells
present in the cerebellum (Alcock et al., 2009; Oliver-De La Cruz et al., 2014). Sox factor
binding sites are present in the neural enhancer of the Nestin gene (neuronal precursor
marker), and it has been shown that Sox-2 participates in promoting the differentiation of
radial glial cells into oligodendrocytes (Tanaka et al., 2004).

A scenario with impaired neurogenesis would be consistent with the microcephaly
observed in individuals and mice harbouring TRAPPC9 mutations. Many other
microcephaly models present defects in neurogenesis, with mutations in genes such as
NDE1 (NudE development protein 1), ASPM (Abnormal Spindle Microtubule Assembly) and
CDK5RAP2 (CDK5 Regulatory Subunit Associated Protein 2) being at the foundation of the
phenotype (Gilmore and Walsh, 2013).

[ also observed a reduction in GFAP positive cells in the KO brain, in particular in the
corpus callosum region and hypothalamus (Fig. 5.9-10).

GFAP is an intermediate filament protein and a widely recognised marker for astrocytes

and ependymal cells, but also radial glial cells (Molofsky and Deneen, 2015). It is also
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expressed by neural stem cells in the subventricular and subgranular zone (Alvarez-Buylla
and Garcia-Verdugo, 2002).

Glial cells are responsible for the formation, plasticity and maintenance of neural circuits
and play a pivotal role in neuronal survival and function (Allen and Barres, 2009).
Astrocytes in particular have been associated with blood brain barrier formation and
maintenance, synaptogenesis, neurotransmission and metabolic regulation (Allen and
Barres, 2009). They have also been implicated in numerous diseases and disorders,
including multiple sclerosis, Alzheimer’s disease, Huntington disease, Fragile X syndrome
and Rett syndrome (Molofsky and Deneen, 2015). Specifically, Rett syndrome is a multi-
genic X chromosome-linked autism spectrum disorder, in which the preponderant loss-of-
function mutation is found in the sequence of the transcription factor methyl CpG-binding
protein 2 (MeCP2)(Chahrour & Zoghbi 2007). The expression of MeCP2 in astrocytes
supports normal neuronal morphology and influences neurons in a non-cell autonomous
manner probably as a result of aberrant secretion of soluble factor(s). In fact, loss of
function of MeCP2 in astrocytes induces significant abnormalities in brain-derived
neurotrophic factor (BDNF) regulation, cytokine production, and neuronal dendritic
induction (Ballas et al.,, 2009; Maezawa et al., 2009).

With Trappc9 being expressed in neurons but not in glial cells, this reduction in astrocytes
in the adult brain could be explained either with the secretion of neuronal factors, similarly
to MeCP2’s regulation of astrocytes, or possibly by the expression (or lack thereof) of
Trappc9 in progenitor cells. These cells might be influenced in their differentiation to
neurons or glial cells, therefore contributing to the observed phenotype. Such involvement
of Trappc9, however, is still yet to be investigated.

Furthermore, recent studies have suggested the possibility that astrocytes might be able to

reacquire stem cell properties by de-differentiating in response to reprogramming or brain
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injury (Molofsky & Deneen 2015), a process that might be affected in individuals
harbouring mutations in TRAPPC9.

A reduction in the astrocyte population might affect neuronal migration but also
functioning. Neurotoxicity early in development might also be a key factor to be
considered, as astrocytes are responsible for the scavenging of extracellular reactive
oxygen species and for the clearance of glutamate in the synaptic cleft (Reemst et al,
2016).

It has also been shown that MeCP2-null microglia have a potent neurotoxic action due to
high release of glutamate (Maezawa and Jin, 2010). Interestingly, microglia have been
shown to regulate adult hippocampal and subventricular zone neurogenesis, providing
trophic support to new cells, and to secrete several factors to stimulate astrocyte
proliferation and/or differentiation (Reemst et al. 2016).

[t would be interesting to investigate in our KO model whether the microglial population is
impaired and to analyse the apoptotic rate in postnatal brain development.

Interestingly, lipid droplets (LD, see chapter 4) can accumulate in glial cells in response to
mitochondrial dysfunction via a ROS-induced activation of Jun-N-terminal Kinase (JNK) in
neighbouring neurons (Liu et al., 2015). Also, in drosophila the accumulation of LDs
precedes neurodegeneration in adult photoreceptors (Yamamoto et al., 2014), suggesting
that a reduced scavenging ability of glial cells might be an interesting factor to investigate
in our model.

Another aspect that I have already mentioned in chapter 4 is the involvement of the
microtubule organising centre (MTOC). The centrosome is responsible for microtubuli
structure foundation but also for cell proliferation, migration and differentiation (Kuijpers
& Hoogenraad 2011) and, although I have not analysed MTOC structure and function in

this thesis, it is important to mention that several neurodevelopmental disorders are
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caused by mutations in cytoskeletal protein-encoding genes (Thornton and Woods, 2009;
Tischfield et al., 2011). Lissencephaly is caused by mutations in the gene LIS1, which causes
defects in neuronal migration, severe intellectual disability and seizures. Mutations in
Disrupted-in-schizophrenia 1 (DISC1) cause mental and behavioural disorders by disrupting
neurite outgrowth and neuronal migration (Palo et al, 2007). Mutations in several
centrosomal proteins such as Microcephalin 1 (MCPH1), centromere-associated protein ]
(CENPJ) and CDK5RAP2 have been associated with autosomal recessive primary
microcephaly (MCPH) (Thornton and Woods, 2009; Wu and Wang, 2012).

Mutations in UBE3A4, the gene responsible for the onset of Angelman syndrome and its
related postnatal microcephaly, cause many mitotic abnormalities including chromosome
missegregation, abnormal cytokinesis and apoptosis (Singhmar and Kumar, 2011).
Furthermore, several centrosomal components are known to control neural progenitor
self-renewal (Xie et al., 2007).

It has been hypothesised that the centrosome has a direct effect on Golgi-derived vesicle
trafficking (Sitterlin and Colanzi, 2010). In fact, during and after neuronal migration,
neurons polarise and develop an axon and several dendrites, with the centrosome as
primary source for microtubule assembly (Stiess and Bradke, 2011). The centrosome
would position the Golgi in front of the future axon directing the microtubule-dependent
secretory transport (Kuijpers & Hoogenraad 2011).

As previously seen in chapter 4, human Trappc9 mutant fibroblasts present an abnormal
MTOC number (Gan et al., 2014), although my preliminary results on KO mouse EMFIs did
not recapitulate this phenomenon. For this reason, it would not be surprising if people with

TRAPPC9 mutations had defects in the MTOC as the basis of this condition.
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5.4.3 Concluding remarks

In this chapter, I have demonstrated that Trappc9 KO mice exhibit a mild microcephaly
phenotype, which has been observed independently by other groups.

The involvement of stem cells seems to be a key factor in the generation of this phenotype,
but many other processes await to be investigated. Future studies will need to investigate
the apoptotic rate in the developing brain but also the involvement of other cell types, such
as the glia. When does the reduction in astrocytes occur? Is it affected during embryonic
development or postnatally? Are other types of glial cells involved?

In addition, to date there is no record of the determination of specific neuronal subtypes
expressing Trappc9. As it is widely expressed in the brain, this factor has been neglected so
far but the involvement of a specific neuronal subpopulation should not be excluded,
especially considering that this protein might have cell specific functions.

Furthermore, in the context of the mouse phenotype, it should not be forgotten that
Trappc9 is imprinted in the mouse brain (chapter 3). The imprinting in specific areas or
cellular populations (e.g. progenitor cells), could be a determining factor in the

recapitulation of the human symptoms in the mouse model.
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CHAPTER 6

Variable number tandem repeat (VNTR) polymorphism in human TRAPPC9

6.1 Introduction

Human TRAPPC9 is located on chromosome 8q24.3 and, similarly to the mouse gene, is
flanked by KCNK9, CHRAC1 and AGOZ (Fig 3.1).

The mutations in this gene associated with intellectual disability and microcephaly
disorder are located within exons and lead to the premature interruption of translation.
The symptoms caused by such mutations are so severe that considerable emphasis has
been placed upon investigating how TRAPPC9 affects brain development and neuronal
functions.

However, due to the cryptic nature of this gene and the diverse pathways and functions its
protein has been associated with, it is surprising that the role of TRAPPC9 and the
regulation of its transcription in healthy individuals have not been investigated yet. The
microcephaly and intellectual disability disorder observed in humans is caused by
complete loss-of-function of TRAPPC9 but whether reduced levels of this protein lead to
mild symptoms (e.g. mild cognitive impairment) is currently unknown.

Recently, mutations in the sequence of TRAPPC9 have been linked with schizophrenia and
multiple sclerosis (Gourraud et al, 2013; McCarthy et al, 2014), suggesting these
conditions and the TRAPPC9-related intellectual disability disorder might share common
causes. More importantly, these associations suggests that the functions of TRAPPC9 might
not be limited to brain development and intellectual disability, but also to neuronal

functioning and maintenance in the adult brain.

151



[ analysed the human sequence of this gene and observed two minisatellites located within
exon 1 of transcript variant 001 and within the intronic region between exon 1 and the 5'-
UTR of variant 002 (Fig 6.1).

These minisatellites, consisting of repeated sequences and for simplicity referred to as
variable number tandem repeats (VNTRs) in this chapter, are located within a promoter
region that has a strong enhancer activity (according to CHIP-seq data, see Fig 6.1).
Minisatellites have been implicated in gene regulation and chromatin organization (Li et
al, 2007; Gymrek et al,, 2016), and expansions of these sequences are often linked with
diseases and disorders. A variation in the number of repeated copies can, in fact, alter gene
expression as in Fragile X mental retardation syndrome where the expansion located in the
5'-UTR of the gene causes a dramatic reduction in gene expression (Garber et al., 2006).
Furthermore, the position of the repeated sequence can also lead to disruption of the
protein sequence when an expansion in copy number affects an exon (e.g. Huntington'’s
disease) (Gusella and MacDonald, 2006).

The region I analysed is also rich in CCCTC-binding factor (CTCF) binding sites and it is a
predicted G-quadruplex (G4) structure according to the Quadparser prediction tool
(Huppert and Balasubramanian, 2005).

CTCF has been shown to act as a transcriptional regulator, as a regulator of RNA splicing
and as an insulator by regulating the 3D structure of chromatin (Phillips and Corces, 2009),
while G4s are four-dimensional secondary structures in DNA and RNA that are known
regulators of gene expression (Bochman et al., 2012).

According to UCSC genome browser, there are more than 600,000 candidate VNTRs in the
human genome and many occur in functional positions such as the first 50 bases of

promoters as well as in enhancers and functional intronic regions (Breen et al., 2008).
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Considering the importance of VNTRs, G4s and CTCF binding sites for gene regulation, I
aimed to analyse this region in order to determine whether it is polymorphic in human cell
lines and human gDNA. After observing the existence of a polymorphism in the intronic
VNTR, I aimed to determine whether this region and its variants have the ability to alter

gene expression in a luciferase reporter gene assay.

6.2 Methods

PCR. For genotyping of the VNTR in the intron (VNTRintr) 30 cycles were performed at an
annealing temperature of 60°C using primers VNTRintr_Fw + VNTRintr_RV. For genotying
of the VNTR in exon 1 (VNTRexon1) 30 cycles with an annealing temperature of 60°C were
performed using primers VNTRexon1_Fw + VNTRexonl_Rv. For this PCR, 4 pL of 5M
Betaine (Sigma-Aldrich #B0300) were added to each PCR reaction.

Electrophoresis. PCR reactions for VNTRexon1 and VNTRintr on cell line DNA were run
on 2.5% agarose gels. PCR reactions for human samples gDNA were run on the QlAxcel®
(Qiagen) system for capillary electrophoresis using the QIAxcel® DNA High Resolution Gel

Cartridge (designed for high-resolution genotyping, with an error margin of 3-5 bp).

6.3 Results

The genotyping of human immortalised cell lines (SH-SY5Y, SKNAS, HAP1, KELLY, M1184
and P0205) for the VNTR located in exon 1 of variant 001 (VNTRexon) did not show any
polymorphism of this region (Fig 6.2). The genotyping for the VNTR located between exon
1 of TRAPPC9 variant 001 and the 5'-UTR of variant 002 (VNTRintr) revealed instead a

polymorphism with a product of ~460 bp and ~290 bp (Fig 6.2).
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Figure 6. 2

Genotyping for VNTRs on human cell lines gDNA. A) PCR for VNTRexon. No polymorphisms were detected.
Expected product 159 bp. B) PCR for VNTRintr on normal agarose (left) and on high-resolution agarose
(right). A polymorphism was observed in gDNA from Kelly cell line. Expected product 464 bp. PCR primers
are indicated in Fig 6.1.

To investigate whether this polymorphism exists within the general population, the same
genotyping was performed on a small cohort of human gDNA samples from healthy
individuals and from individuals with schizophrenia, as TRAPPC9 has been associated with
this disorder (McCarthy et al., 2014). The genotyping was performed on a high resolution

capillary electrophoresis system (QIAxcel®) that confirmed the polymorphism of this
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region and highlighted the existence of three variants, V1 of 464 bp, V2 of 454 bp and V3 of
290 bp (Fig 6.3).

The genotyping also revealed that the allele combination V1/1 is the most abundant while
the others are less frequent. The allele combination V1/3 appears with a frequency of 16%
in healthy individuals (14 individuals out of 87), while its frequency was 10% in
individuals with schizophrenia (9 individuals out of 86) (Table 6.1).

Sequencing analysis of the three variants showed three copies of a repeated sequence of 10
bp (CTTTCACCCC), followed by a more variable sequence of 68-76 bp (Fig 6.4) in V1 and
V2. V2 differs from V1 for a 10 bp sequence missing upstream of the VNTR, while V3 lacks
part of the first copy of the VNTR, the second and part of the third (Fig 6.4).

The region is rich in CTCF binding sites and the use of the CTCFBSDB 2.0 database
prediction tool revealed four main CTCF binding motifs, one of which is disrupted in V3
(for details on the database see Ziebarth et al. 2013).

In order to investigate the ability of these variants to influence gene transcription, the
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Figure 6.3
Genotyping for VNTRintr. Virtual gel obtained with the Qiaxcel system for capillary electrophoresis for all
the allelic variants on gDNA from healthy individuals obtained. V1: 464 bp; V2: 454 bp; V3: 290 bp.
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three fragments were cloned into pGL3-P vector, that contains a minimal promoter (SV40)
(Fig 6.5), and transfected into HEK293T and SH-SY5Y cells for luciferase reporter gene
assays.

The analysis did not reveal any statistical difference between the three variants in either
cell lines, but the three fragments had the ability to promote transcription in comparison to
the empty pGL3-P vector in SH-SY5Y (Fig 6.6). Moreover, the assay proved to be highly cell
line specific, with HEK293T and SH-SY5Y cells responding to different degrees to the

control (pGL3-B) and enhancer (pGL3C) vectors.

Controls

prevalence frequency prevalence | frequency
1/1 68 78.16 % 74 86.04 %
1/2 2 2.3% 3 3.48%
1/3 14 16.09 % 9 10.46 %
2/2 1 1.15% 0 0%
2/3 0 0% 0 0%
3/3 1 1.15% 0 0%
Total 87 86

Table 6.1

Genotyping for VNTRintr on gDNA from a small cohort of healthy individuals (Controls) and individuals
with schizophrenia (Schizo) obtained with the Qiaxcel system for capillary electrophoresis. The prevalence
represents the number of individuals with that particular genotype, while the frequency represents the
abundance within the entire group. The V1/3 allele is altogether found 14 times in controls vs 9 times in
Schizo. V1: 464 bp; V2: 454 bp; V3: 290 bp.
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Figure 6.5

Luciferase reporter gene assays. A) Scheme of pGL3 series of plasmids used for this analysis. The basic vector
(PGL3B) was used as negative control as it does not possess any promoter sequence that could initiate
transcription. The enhancer vector (PGL3C) was used as positive control as it contains a promoter and a
strong enhancer that induce a high level of transcription. The allelic variants were cloned into PGL3P that
contains a minimal promoter. B) Reporter gene assays with VNTRintr allelic variants V1-V3 in HEK293T
(kidney) and SH-SY5Y (neuroblastoma) human cell lines. HEK293T cells were used for their non-neuronal
background. While no statistical difference was observed between allelic variants in either cell lines, all three
variants promote transcription in comparison to the empty PGL3P vector in SH-SY5Y. Furthermore, the
activity of the enhancer vector was lower in HEK293T cells than in SH-SY5Y, suggesting a cell line specificity
for this assay. HEK293T n=2, SH-SY5Y n=3. **p<0.01
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6.4 Discussion

In addition to its role in microcephaly and intellectual disability, TRAPPC9 has also been
linked with schizophrenia and multiple sclerosis, suggesting its contribution might be at
the basis of several disorders (Gourraud et al., 2013; McCarthy et al., 2014).

To my knowledge, this is the first analysis of genetic variants in the human TRAPPC9
promoter region and associated VNTR polymorphisms. As TRAPPC9’s molecular functions
have not been fully elucidated yet, the physiological implications of these polymorphisms
are currently unclear.

As mentioned before, this VNTR is located in the promoter region (Fig 6.1) and from the
nature of its sequence it is predicted to generate a G4 conformation.

G4s are four-dimensional secondary structures that DNA and RNA form usually in
correlation with a core sequence (called G4 motif), formed by four repetitions of at least
three guanines separated by any other nucleotides (G23N1.7G23N1.7G23N1.,G23) (Fig 1.3)
(Bochman et al., 2012). These sequences fold to produce three parallel planes with the
engagement of one or multiple DNA strands and have been known to incorporate
structure-stabilising cations such as K* or Na* (Dapi¢ et al., 2003).

G4s tend to cluster in telomeres and transcriptional start sites (often near promoters) but
are also found in micro- and minisatellites (VNTRs) (Bochman et al. 2012). The high
concentration of G4s near promoter regions suggests a potential role in gene regulation. In
fact, the presence of a G4 motif on the template strand could block the transcription
machinery or, if on the non-template strand, it could enhance transcription by maintaining
the transcribed strand in a single stranded conformation. Furthermore, proteins bound to

the G4 structures (transcriptional enhancers and/or repressors) could also regulate
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transcription (Bochman et al. 2012). In addition, it has been suggested that G4 motifs
might influence the epigenetic regulation of gene expression (Sarkies et al., 2010).

The structure and integrity of G4 motifs are therefore very important for gene regulation
and expression.

As mentioned before, the analysis of TRAPPC9’s sequence on UCSC revealed a predicted G4
in the promoter region corresponding to the observed VNTR. The short variant I observed,
V3, lacks a conspicuous portion of DNA sequence that most likely disrupts the formation of
the G4. It could therefore be assumed that the short variant V3 lacks the ability to
inhibit/promote TRAPPC9 transcription and therefore would result in different levels of
expression in comparison to the longer variant.

I performed luciferase reporter gene expression assays on the three variants and observed
the ability of the constructs to promote transcription in SH-SY5Y but not in HEK293T,
suggesting this regulatory region has cell-specific functions. However, I did not observe
any difference in luciferase expression between the different constructs. The DNA
fragment cloned into vectors for this analysis could be a small portion of the complete
TRAPPC9 promoter. Therefore, out of context, it might have lost its ability to fully regulate
gene expression. A more intricate explanation, however, might be that the interaction
between the promoter region and a distant enhancer, which would be affected by the
polymorphism we observed, could not be investigated by the design of the assay.

The sequencing analysis of the three variants revealed that this region is rich in CTCF
binding sites. The use of the CTCFBSBD 2.0 database prediction tool found 4 main CTCF
binding motifs, one of which is disrupted in V3 (Fig 6.4). In vitro, CTCF binding activity has
been confirmed in this region in SKNSH neuroblastoma cells (Fig 6.1) but not in a
myelogenous leukaemia cell line (K562) or in total brain RNA (Court et al., 2014),

suggesting this type of regulation might be cell specific.
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CTCF is an ubiquitously expressed transcription factor with 11 zinc finger DNA-binding
domains, able to bind a wide range of variant sequences and co-regulatory proteins
through the use of different zinc fingers (Filippova et al., 1996; Kim et al., 2007; Phillips
and Corces, 2009).

Two main CTCF binding motifs, composed of a set of non-palindromic CTCF binding sites,
have been described. These motifs, named M1 and M2, consist of 20 and 10 bp cores
respectively, and are responsible for the engagement of zinc fingers 4-7 and 9-11 (Kim et
al, 2007; Schmidt et al., 2012; Nakahashi et al, 2013). Other motifs, with a different
structure from M1 and M2, have been described but to date no consensus sequence of
CTFC binding motifs has been reported, although it has been suggested that the binding
may be partially stabilized by interactions between peripheral fingers and nucleotides
surrounding the core consensus (Kim et al., 2007; Phillips and Corces, 2009).

As mentioned earlier in this chapter, CTCF has been shown to act as a transcriptional
regulator, as a regulator of RNA splicing and as an insulator by regulating the 3D structure
of chromatin (Phillips and Corces, 2009). CTCF can, in fact, form chromatin loops by
interacting with other CTCF molecules or with other proteins to generate different classes
of CTCF mediated contacts. It has been proposed that “during formation of a CTCF-DNA
complex, both DNA and CTCF polypeptide allosterically ‘customize’ their conformation to
engage different zinc fingers, either for making base contacts or to make a target-specific
surface that determines interactions with other nuclear proteins” (Ohlsson et al., 2001).
This differential conformation leads CTCF to interact with different zinc finger domains
with different binding partners, leading to multiple functional roles.

Mutations in individual CTCF sites have been shown to lead to loss of binding and
disruption of loop formation, and have been associated with intellectual disability,

microcephaly and growth retardation (Gregor et al, 2013; Tang et al, 2015). The
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difference in CTCF binding between V1-2 and V3 could therefore have important
repercussions in the expression of TRAPPC?9.

Interestingly, an example of CTCF insulator activity can be found at the imprinted Igf2/H19
locus, where it blocks the interaction between the enhancer located downstream of H19
and the Igf2 promoter, resulting in the silencing of Igf2 from the maternal allele
(Bartolomei and Ferguson-Smith, 2011). The methylation of the imprinting control region
(ICR) of the cluster in the paternal allele instead, prevents the binding of CTCF thus
allowing the interaction of enhancer and promoter and the subsequent expression of Igf2.
In chapter 3 I discussed the imprinting status of human TRAPPC9 that, similarly to the
mouse orthologue, has a contradictory history of reports. Considering the technological
advancement and the wider range of techniques used to study the epigenetic regulation of
genes, it is possible that the studies that reported the maternal expression of TRAPPCY in
the human (Garg et al., 2012; Babak et al., 2015) have actually detected what other studies
could not. Although the ICR of the human locus is most likely to reside in PEG13 as in the
mouse, we cannot exclude that the regulation of the imprinting depends on the interaction
between distant CTCF sites.

Furthermore, considering the strong enhancer marks in histone modifications observed in
the same region (Fig 6.1) and the fact that CTCF is considered to be a marker for enhancer-
blocker activity, it cannot be excluded that this polymorphism is affecting the expression or
the epigenetic regulation of neighbouring genes. Interestingly, a missense SNP in the
sequence of TRAPPC9 exon 20 has been linked with schizophrenia, suggesting it might have
arole in the onset of the disorder (McCarthy et al., 2014).

During the investigation of the VNTR polymorphism in TRAPPC9’s promoter, | genotyped
gDNA samples from healthy individuals and from individuals with schizophrenia. Despite

the small size of our cohort, preliminary results showed a 5.6% difference in allelic
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frequency of the V1/3 genotype, with the healthy group carrying this variant more often
than the schizophrenia group (Table 6.1).

As the role of G4s in regulating gene transcription are gene specific and considering our
lack of knowledge regarding the G4 motif present in TRAPPC9’s promoter, any hypothesis
on the role of this VNTR polymorphism would be, at this point, pure speculation.

However, considering the position of this VNTR and the importance of this region for both
G4 formation and CTCF binding, it is logical to assume that different variants might
influence gene expression levels and possibly cause varying protein levels with modest
effects on brain functioning or association with different neurological disorders.
Considering the plethora of cellular functions and the brain disorders this gene has been
associated with, it would be beneficial for the scientific community to further investigate
its role in brain development and neuronal functioning in order to understand pathologies

that might have a common aetiology.
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CHAPTER 7

Conclusions

7.1 Where are we now?

In this thesis I have investigated a number of aspects of Trappc9, from its epigenetic
regulation to its molecular function(s) in the cell and its physiological function in vivo.

[ have analysed its structure in the mouse genome and, contrary to the information
available in genomic databases (e.g. Ensembl), found only one transcript variant with an
alternatively spliced exon of unknown significance. Exon 5 is highly conserved in human
and mouse encoding for a 9 amino acid sequence (GAQEVLIDP) that could be important in
regulating the interaction between Trappc9 and other factors (e.g. cargo proteins).

I have also confirmed Trappc9 imprinting status in mouse brain, where it exhibits a
preferential maternal expression in contrast to the biallelic expression found in peripheral
tissues. It is currently unknown whether this preferential maternal expression is equal in
every cell of the brain or if it is due to a mixture of cells with maternal expression and cells
with biallelic expression.

What we know at the moment is that this imprinting status is not driven by
hypermethylation of CpG islands at the start of Trappc9, but it is likely to be driven by the
interaction between the DMR in Peg13 and a distant enhancer, similarly to the Igfr/H19
locus.

Regarding Trappc9’s cellular functions, I have highlighted a role of this protein in cell
differentiation in response to retinoic acid (RA) in N2A cells. Considering that RA needs to

be transported into the nucleus in order to activate gene expression, and considering the
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function of Trappc9 within the TRAPPII complex and its interaction with dynactin, the
altered differentiation in Trappc9-depleted N2A cells could be due to defects in RA
transport. This supposition is supported by the fact that lack of Bru/Trappc9 in Drosophila
and of Trs120/Trappc9 in plants disrupts cytokinesis probably by causing defects in
membrane and cytoskeleton components addition to the cell division plane. Thus, despite
the emphasis that previous studies have placed on Trappc9’s regulation of the NF-kB
pathway, the basis for the brain abnormalities observed in affected individuals and in our
KO mouse model could lie in defects of vesicular transport.

Interestingly, a recent report found that the TRAPPII Trappc9-mediated activation of
Rab18 is necessary for the recruitment of Rab18 to the surface of lipid droplets (LD),
cytosolic organelles involved in the storage, regulation of synthesis and metabolism of
lipids (Li etal., 2017).

Rab18 is important in the regulation of lipid homeostasis, and mutations in this gene have
been associated with the recessive autosomal Warburg micro syndrome (Liegel et al.,
2013). Among the symptoms characteristic of this condition, there are some similar to the
Trappc9-induced condition such as intellectual disability, postnatal microcephaly and
brain abnormalities (hypogenesis of corpus callosum, cerebellar hypoplasia) and
aberrantly large LDs (Liegel et al., 2013). In fact, fibroblasts from individuals with mutated
Trappc9 showed similar aberrantly large LDs, a phenomenon which has been confirmed in
vitro via siRNA and CRISPR-Cas silencing in HEK293 and HeLa cells (Li et al., 2017).
Although the role of LDs in neurons has only recently come under investigation, it is likely
that their functions and defects play an important role in the nervous system. The stored
lipids can be used to generate energy and to participate in many membrane functions and
in different signalling events. Furthermore, they can sequester transcription factors,

enzymes and chromatin components (nuclear LDs) and act as an isolator of toxic lipids.
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The over-accumulation of free fatty acids and their break-down can generate toxic
metabolites and oxidative damage. The abundant accumulation of LD is, in fact, common to
several disease states such as obesity, atherosclerosis and fatty liver disease (Welte, 2015).
LDs have been detected in cultured neurons and brain sections of Huntington’s disease
models and they were found bound to a-synuclein in Parkinson’s disease models (Cole et
al,, 2002; Martinez-Vicente et al., 2010).

Rab18 itself has been reported to be a RA-responsive LD associated protein in hepatic
stellate cells (O’Mahony et al, 2015), possibly providing a link between Trappc9’s
knockdown and the defects in differentiation observed in 76kd discussed in chapter 4.

In addition, Trappc9 has also been linked to cytokinesis. In Drosophila, mutants for the
Trappc9 orthologue Brunelleschi show failure in spermatocyte meiotic cytokinesis where
the formation of a contractile ring in mid anaphase is unaffected but its ability to contract
is disrupted. Cytokinesis is dependent on the proper functioning of the Golgi membrane
trafficking apparatus and Brunelleschi is required for the Rabl1l-mediated ring
constriction (Robinett et al., 2009).

In plants, trs120/Trappc9 mutants show a defect in cell plate biogenesis while
trs130/Trappc10 mutants have lost the ability to target membrane proteins to the cell
plate during cytokinesis (Rybak et al., 2014).

It is possible that the lack of membrane addition and/or trafficking of actin-remodelling
factors that fail to be transported to the cell midzone are responsible for the disruption of
cytokinesis, which could be important in a progenitor cells background. Similarly, the same
mechanisms could be the basis for the defects in cell differentiation. The TRAPPII complex

could therefore regulate brain development and neuronal functioning via these systems.
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With regards to the role of Trappc9 in vivo, | have confirmed that the analysed Trappc9 KO
Tm1la mouse line recapitulates the microcephaly observed in individuals harbouring
mutations in TRAPPCY, and that the population of adult stem cells in the hippocampus is
affected. Interestingly, preliminary results have shown a decrease in GFAP-positive cells
(mainly astrocytes) in the corpus callosum and hypothalamus, but whether this is a cause
of the phenotype or a consequence is still unknown.

I also observed a weight gain in female KO mice that mirrors the weight gain observed in
two human patients, suggesting that a dysregulation at the hypothalamus level might be
involved. An impairment in the astrocyte population in the hypothalamus might be the
basis of the observed weight gain, as astrocytes exert a critical role in orchestrating the
hypothalamic response to metabolic cues by participating in processes of synaptic
transmission, synaptic plasticity and nutrient sensing (Chowen et al., 2016). However,
since the depletion of TRAPPCY causes defects in lipid homeostasis (Li et al., 2017), the
weight gain could also be due to the lack of TRAPPCY in peripheral tissues.

While the microcephaly and intellectual disability in humans are caused by recessive
homozygous loss-of-function mutations, no clinical symptoms have been associated with
abnormal levels of expression of TRAPPC9 and, for this reason, not much thought has been
given to the regulation of this gene in healthy individuals. In this thesis, [ have described a
VNTR polymorphism in the promoter region of human TRAPPC9 and confirmed its activity
as a promoter of expression in a luciferase reporter gene assay.

The functional significance of the three observed variants is still unknown. This appears to
be an important regulatory region as it is rich in CTCF binding sites (specifically found in
SKNSH neuroblastoma cells but not in peripheral cell types or whole brain lysates) and it is
predicted to form a G4. Interestingly, while no difference was found between the different

variants, all three sequences promote transcription in SH-SY5Y neuroblastoma cells but
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not in the kidney-derived HEK293. This hints at TRAPPC9 being differentially regulated in a
cell specific manner and it could very well be linked to different roles of TRAPPC9 in
different cell types. At this point we can only speculate how important this polymorphism
is and what its function is. However, considering the strong clinical manifestations the lack
of TRAPPC9 causes in affected individuals, it seems possible that fine regulation of this
gene may have important reverberations in brain physiology and development (e.g.
reduced levels causing mild symptoms such as low 1Q).

Furthermore, the imprinting status of TRAPPC9 in the human brain is still unclear but a
parental-specific expression of this gene in an individual carrying specific variants of this

VNTR polymorphism could have important repercussions in the physiology of the brain.

7.2 Future directions

In this study I analysed a KO mouse model for Trappc9 focussing mainly on the
microcephaly phenotype and the associated possible cellular basis. What [ have not done,
but would be interesting to do, is to investigate whether these mice exhibit any cognitive
deficits that might be comparable to the intellectual disability observed in humans. A
behavioural characterisation of this model would not only help to shed light on the
progression of the human disorder but it would also validate a mouse model that could be
useful to investigate other disorders as well, especially considering the number of complex
multigenic conditions that exhibit microcephaly and intellectual disability. Furthermore,
testing behavioural traits (e.g. locomotor activity, memory, anxiety and social interaction)
at different ages (young vs aged mice) would be beneficial in order to study the

development and progression of the disorder.
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However, from a translational point of view, I believe it would be more beneficial to
investigate the cellular basis of the microcephaly in order to develop therapeutic strategies
aimed to prevent the progression of this disorder and other microcephaly/intellectual
disability disorders related to trafficking processes.

New evidence suggests an important interaction between Trappc9 and centrosomes. Cell
division could be affected, which would be particularly important in a progenitor cell
environment. Furthermore, the involvement of Trappc9 in TRAPPII complex functions
might be crucial for cell differentiation with regards to transport of cytoskeletal or
membrane components. Response to growth factors and regulators could also be affected
due to the interaction between Trappc9 and dynactin.

Regarding the imprinting in mouse, it would be of interest to investigate the interaction
between the DMR in Peg13 and the enhancer described in chapter 3. Moreover, it would be
interesting to study the distribution of imprinting across the brain, whether it is uniform or
cell specific, with particular reference to progenitor cells as an imprinted regulation could
have important repercussions in such a scenario.

Last but not least, the human VNTR polymorphism described in chapter 6 is particularly
intriguing. Investigating whether the three different promoter variants regulate TRAPPC9’s
expression, possibly by interacting with distant enhancers, might help shed light on the

functional role of this gene.

7.3 Limitations

What transpires from the results presented in this thesis, as well as from the published
literature, is that Trappc9 may have cell specific functions and regulation. The lack of

consensus in the literature (e.g. imprinting status, cellular functions), in combination with
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the results presented in this thesis, might very well be a consequence of different methods
and cell lines/tissues used for the different studies, especially since no studies have been
conducted in primary neurons.

The lack of specific antibodies for Trappc9 appropriate for cytological and histological
techniques is another important limitation. Our group has designed and generated a GFP-
tagged Trappc9 expressing N2A cell line to overcome this problem. However, GFP-Trappc9
appears to have a wide and general localisation in the cytoplasm which has made it
impossible to study specific interactions with other factors. The RNAscope® method of in
situ hybridisation appears to be very specific and will be a useful tool to study the
expression and function of Trappc9 at a histological level.

A similar limitation applies to the study of imprinting. The lack of specific cell isolation
techniques in the past prevented the investigation of cell specific imprinting, leaving to
questioning whether the parental bias really exists or if it is due to a mixture of cell specific
biases. In the future, the recently developed SNP-FISH method of visualising allele-specific
expression in single cells (Ginart et al., 2016) will be a key tool in the imprinting research.
Ultimately, the fact that animal models often exhibit milder symptoms of human disorders
limits the amount of information that could be gathered from such tools and thus the

development of therapeutic strategies.
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Supplementary figures
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Supplementary Figure 1

A) PCR for Trappc9 truncated variants on gDNA using Tr_203FW (intron before 203-UTR) + Tr_203RV
(variant 203 UTR) and Tr_204FW (intron before 204-UTR) + Tr_204RV (variant 204 UTR). Expected
products: 452 bp for 203, 272 bp for 204. B) PCR for Trappc9 alternative start site on gDNA using
Tr_upex2nl_Fw + Pr_02RV (exon 2). Expected product: 431 bp.
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Supplementary Figure 2

Average brain volume of WT and homozygous KO Tmla mice measured via MRI. For the analysis the
measurements at 12 weeks of age of 8 WT females and 5 WT males were averaged and compared to the
averaged measurements of 7 KO females and 8 KO males. No statistical difference was found between
males and females within the two groups. Analysis by Thomas Leather. **p<0.001
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