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Summary
Variation of gene expression in the brain may play a critical role in determining
behavioural phenotypes. Grb10 gene is an imprinted gene expressed from embryonic
stages into adulthood. In mice, Grb10 parental alleles are expressed in a tissuespecific manner, with the expression of the maternal allele in the placental
trophoblasts and most embryonic tissues. The paternal allele is expressed in certain
regions of the brain. Grb10 expression in the adult is limited to few tissues with the
maternal allele expressed in muscle tissues and the paternal copy maintains its
expression in the midbrain. While maternal knockdown of Grb10 is associated with
foetal growth, a function shared with several other imprinted genes, knocking down of
the paternal allele mice is associated with increased social dominance. The
interactors of Grb10 in the brain, however, are not yet known.

In this project, I aimed to uncover the potential molecular interactors mediating
Grb10’s function in the brain.

For this, I obtained whole genome transcriptional profiles using Illumina RNA-Seq
technology for the midbrain where paternally inherited Grb10 is expressed in adult
stages and the neocortex where Grb10 is not expressed for mutantGrb10KO+/p and
wild-type. Using differential gene expression analyses, I identified a set of genes
altered in the paternal mutant Grb10KO+/p. I further examined how these sets of genes
change over time by examining samples taken at different developmental stages.
Gene expression profile changes in the Grb10KO in the brain are distinct from gene
expression changes in the liver suggesting that the maternal and paternal alleles are
associated with different sets of genes in different tissues. Co-expression analyses
revealed significant shifts in gene to gene relationships in the KO context. Together,
my results provide insights into the molecular interactors of Grb10 in the brain and
may give clues as to how Grb10 influences social dominance.
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Chapter I. Introduction
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Growth factor receptor-bound protein 10 (Grb10)
Grb10 gene encodes an intracellular adaptor protein known as growth factor receptorbound protein. Grb10 has been extensively studied in human and mouse models as
it is a major regulator of growth during development. Grb10 expression has been
detected in almost every tissue in the mouse embryo including the brain
(Charalambous et al., 2003; Hikichi et al., 2003; Garfield et al., 2011). Interestingly,
Grb10 is an imprinted gene (see Box 1) and in both human and mouse show different
expression profiles for each of the alleles in a single individual depending on the
parent of origin and the differential expression of allele copies can be mediated
through methylation of DNA and modification of histone (Feil & Berger, 2007).

In mice, maternal allele-specific expression of Grb10 occurs in placental trophoblasts
and in most foetal tissues (Charalambous et al., 2003, Garfield et al., 2011). This
maternally expressed Grb10 (Grb10m/+) is dramatically down-regulated in late
gestation and postnatally it is expressed in only a subset of peripheral tissues (Smith
et al., 2007). In contrast, in humans, biallelic expression occurs in most foetal tissues,
but as in mice, the maternal allele-specific expression occurs in placental trophoblasts
(Charalambous et al., 2003; Smith et al., 2007; Monk et al., 2009; Charalambous et
al., 2010). Maternal Grb10 in the mouse suppresses the growth of the placenta and
the offspring (Charalambous et al., 2003; Smith et al., 2007; Charalambous et al.,
2010) hence protecting the pregnant mouse to maintain its resource and any other
complications of the pregnancy. It acts as a mediator of nutrient supply that expressed
in the mother and as a demand which expressed in the offspring regulating the
proportions of lean mass and fat tissue during offspring development hence
influencing energy homeostasis in adulthood (Charalambous et al., 2003; Cowley et
al., 2014; Smith et al., 2006; Charalambous et al., 2010).

According to Nantel et al. (1999) most of the Grb10 molecules peripherally associated
with mitochondria, few of them can be found at the plasma membrane and in actinrich membrane ruffles depending on the growth conditions, overexpression of Grb10
leads to its mislocalization to the cytoplasmic matrix. It may be involved in
communication between outer membrane of the mitochondria and the plasma
membrane.
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Box 1. Imprinted genes

Imprinted genes are those where the paternal and the maternal alleles are
expressed in a different manner (figure B.1). Imprinting evolves in conditions
where there is high degree of sexual conflict where optimal female investment in
embryos and pups differs according to the type of the sex in a species. Imprinted
genes have been described in insects (Pseudococcusnipae) (Schrader Franz,
1921), plants (in maize) (Kermicle, 1970) and mammals (in mice) (Lyon &
Glenister, 1977). To date, nearly 150 imprinted genes have been reported in
humans and mice (Barbaux et al., 2012). Most of these are involved in regulating
embryonic and placental growth, and postnatally, in the maintenance of metabolic
homeostasis (Ishida & Moore, 2013) and the behaviour (Garfield et al., 2011).

Figure B.1. Mode of expression in biallelic and monoallelic (imprinted) genes. In
biallelically expressed genes (purple colour) paternal and maternal inherited alleles are
expressed. Imprinted genes, exhibit monoallelic expression where only the maternal
(pink) or the paternal (blue) allele expressed. Arrows indicate transcriptional activity.

Grb10 plays a role in cell proliferation and regulation of apoptosis. In spite of its roles
in pathways activated by insulin receptor (IR) and insulin-like growth factor receptor
(IGF-R) contradictory results shown in some studies whether Grb10 has inhibitory or
stimulatory effects. As a study done by Morrione et al., (1997) indicated that stable
overexpression of Grb10 inhibits IGF-1 mediated cell proliferation. The inhibitory
3

effect on IR and IGF-R signalling has also been reported by other investigators (Liu &
Roth, 1995; Stein et al., 2001; Wick et al., 2003). On the other hand, a study was done
by O'Neill et al., (1996) reported that the expression of Grb10 has a stimulatory effect
on insulin and IGF-1. This is also agreed by Wang et al., (1999) who showed that
overexpression of Grb10 increased DNA synthesis upon the growth factor such as
insulin, or insulin-like growth factor 1 (IGF-1) and platelet-derived growth factor-BB.
The contradictions might be due to experimental procedures or the use of different
cell lines or due to using different Grb10 isoforms, that perhaps have different
functions and may compete for common substrates (Morrione, 2003). In the regulation
of apoptosis Nantel et al. (1998) reported that expression of mutant Grb10 induced
apoptosis of the cell while the co-expression of wild-type Grb10 increases cell
survival.

Grb10 and disease
The genetic expression can be vulnerable to a specific disease condition, and it is the
most fundamental level in which a genotype gives rise to a phenotype, as these
expressions can be influenced by the environment effect of the interaction between
the genes. Research studies showed that Grb10 is associated with Silver-Russell
syndrome (SRS) disease in human which is a growth disorder characterized by
prenatal and postnatal growth failure, and other abnormal features, due to maternally
overexpression of the imprinted Grb10 gene, rather than the paternally expression
(Kotzot et al., 1995; Joyce et al., 1999; Monk et al., 2000). Yoshihashi et al. (2000)
also suggested that the maternally transmitted mutant Grb10 impacted to the SRS.
These results were argued by Hitchins et al. (2001) and McCann et al. (2001) as they
considered Grb10 is unlikely contributes to SRS.

Grb10 and Central Nervous System
Unlike most imprinted genes where only the maternal or the paternal allele is
expressed, Grb10 is considered unique among imprinted genes for its reciprocal
imprinting pattern and it is the first example of an imprinted gene that regulates social
behaviour that exhibits monoallelic expression in a tissue-specific manner. Grb10’s
paternal allele is expressed in a subset of neurons in the brain during embryonic
4

development in the mouse (Yamasaki-Ishizaki et al., 2007; Sanz et al., 2008; Garfield
et al., 2011; Plasschaert & Bartolomei, 2015) in most subcortical regions of the brain
and the spinal cord. Hikichi et al. (2003) reported that a brain-specific promoter mainly
drives transcription of Grb10 in the brain with minimal transcription from the major
promoter and the transcription of Meg1/Grb10 in the mouse brain starts from 9.5 days
post-coitum (d.p.c). Later studies (Sanz et al., 2008; Garfield et al., 2011) showed that
expression in the brain occurs at ages between E11.5 and E14.5 (Figure 1.1). There
is a very limited expression of the maternally inherited copy expressed in the
epithelium of the choroid plexus, ventricular ependymal layers and the meninges
during late embryonic development (Garfield et al., 2011). Interestingly, disabling
paternal Grb10 not only involved in postnatal social behaviour but also brain size
development (Garfield, 2007) suggesting that Grb10 expression in the brain regulates
variable functions.

Figure 1.1. Embryonic gene expression pattern of Grb10 LacZ reporter for Grb10 expression
of maternally (left) and paternally (right) inherited alleles at E14.5 in hybrid strain mice
(C57BL/6 with CBA). The maternal allele expressed in tissues of mesodermal and endodermal
origin, with expression in the brain limited to the epithelium of the choroid plexus, ependymal
layers and the meninges. The paternal allele expressed in the diencephalon, ventral midbrain
and the medulla oblongata extending caudally along the ventral spinal cord with few discrete
sites showing low-level expression seen in other tissues (Adapted from Garfield et al., 2011).

Interestingly, whereas most imprinted genes are mostly expressed during embryonic
and juvenile stages, the expression of the Grb10 paternal allele in brain areas
continues into adulthood in both human and mice (Hikichi et al., 2003; Monk et al.,
2009). Garfield et al. (2011) revealed that knocking out expression of paternal Grb10
5

increased social dominance in mice which more likely to carry out allogrooming
(barbering or removing whiskers from other mice) behaviour with the cage mates, and
this behaviour has been previously considered to be associated with social
dominance (Sarna et al., 2000). These mice were also more likely to exhibit a higher
degree of social dominance in the tube test (Garfield et al., 2011). This test was first
described in 1961 as a measure of social dominance (Lindzey et al., 1961) and is now
widely used as a measure of this trait (Wang et al., 2011; Filiano et al., 2013; de Esch
et al., 2015; Arrant et al., 2016). It consists of placing mice at either end of a clear
tube and then observed which mice back off from the tube during these forced
encounters. Previously socially isolated unfamiliar adult Grb10KOm/+ and/or
Grb10KO+/p with WT mice matched for body size were significantly less likely to back
down than WT this was not the case for Grb10KOm/+ (Figure 1.2) (Garfield et al.,
2011).
Because of restrictions in the license for the project, I was unable to carry out
behavioural tests of dominance such as the tube test.

Figure 1.2. Test Tube for social dominance. In this social dominance test, males from both
the wild-type (+/+) and mutant Grb10KO+/p mouse placed on either end of a tube, after
interaction between the mice, the dominant mouse forces the other to withdraw from the tube.
Withdraws mouse is the loser while the one that remains in the tube is the winner. Mutant
Grb10KO+/p males showed to be significantly the dominant mouse (winners) compared to wildtype male (+/+) (Adapted from Hatayama et al., 2011).
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Structure of Grb10 and the GRB10 pathway
GRB10 is a member of a superfamily of adapter proteins that includes Grb7, Grb10
(Figure 1.3), Grb14, and a protein of Caenorhabditis elegans called Abnormal cell
migration protein 10 (Mig-10) (Morrione, 2000; Han et al., 2001). The human Grb10
gene is located on chromosome 7p12.2 with 26 exons. In the house mouse is on
chromosome 11 with exon count 20 (NCBI, 2014).
Grb10 as Grb7 and Grb14 share significant sequence homology and a very conserved
molecular architecture. It consists of an N-terminal region harbouring a conserved
proline-rich motif (P), Ras-associating (RA) domain, pleckstrin-homology (PH)
domain, Src homology 2 (SH2) domain and BPS domain which is in between the PH
and SH2 domains (Figure 1.4) (Han et al., 2001; Stein et al., 2001; Holt & Siddle,
2005; Depetris et al., 2009).
The Grb10 family of adapter proteins is characterized by the presence of several
splicing variants (Daly, 1998). In human, Grb10 isoforms (Figure 1.5) vary in length
from 536 to 594 amino acids, there are three main Grb10 splice variants, hGrb10α
(previously referred to as GRB-IR) which express 548 amino acids protein, hGrb10β
(or GRB-IRSV1) which express 536 amino acids protein and it is the most widely and
abundantly expressed isoform, and hGrb10Ɣ which express 594 amino acids protein
(Morrione, 2003; Kabir & Kazi, 2014), although, other variants of Grb10 also have
been reported (Figure 1.5) which are hGrb10δ which has an extended 3′ untranslated
region, hGrb10ε, and hGrb10ζ (Han et al., 2001; Morrione, 2003). Moreover, there
are 26 Grb10 isoforms represented as the Ensembl transcript identifiers (Table 1.1).
(Ensembl.org, 2017). In mouse Grb10 protein contains 621 amino acids (Kabir & Kazi,
2014) and it has two main Grb10 splice variants (Figure 1.5) mGrb10α (Ooi et al.,
1995) and mGrb10δ (Laviola et al., 1997), mGrb10δ is 75 bp shorter, and it is
predominant isoform in mouse tissues, The mGrb10α and mGrb10δ isoforms have
additional mouse-specific regions (M) between the proline-rich and RA domains (Holt
& Siddle, 2005). In addition, two isoforms are predicted mGrb10β1 and mGrb10β2
both differ in the alternative splicing of exons 3 and 4 (Arnaud et al., 2003). There are
9 Grb10 isoforms represented as the Ensembl transcript identifiers (Table 1.1)
(Ensembl.org, 2017).
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Figure 1.3. GRB10 protein. Structure of the Grb10 protein (adapted from Wikimedia
Commons contributors, 2015).

Figure 1.4. Grb10 protein domains. A schematic of the five major protein domains of Grb10:
the proline-rich (P) region, the Ras-associating domain (RA), the pleckstrin homology domain
(PH), the Src homology 2 domain (SH2), and the intervening domain (BPS).

8

Figure 1.5. Grb10 isoforms. A schematic representation of the mouse and human isoforms of
Grb10. The mouse Grb10α and Grb10δ isoforms have additional mouse-specific regions (M)
between the proline-rich and RA domains. The human Grb10β, Grb10ζ and Grb10ε isoforms
have a common extended N-terminal region with additional unique segments at the extreme
N-terminus (adapted from Holt & Siddle, 2005).
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Table 1.1. Grb10 isoforms in the mouse and human represented as the Ensembl transcript
identifiers.

Name
mGrb10-201
mGrb10-202
mGrb10-203
mGrb10-204
mGrb10-205
mGrb10-206
mGrb10-207
mGrb10-208
mGrb10-209
hGRB10-201
hGRB10-202
hGRB10-203
hGRB10-204
hGRB10-205
hGRB10-206
hGRB10-207
hGRB10-208
hGRB10-209
hGRB10-210
hGRB10-211
hGRB10-212
hGRB10-213
hGRB10-214
hGRB10-215
hGRB10-216
hGRB10-217
hGRB10-218
hGRB10-219
hGRB10-220
hGRB10-221
hGRB10-222
hGRB10-223
hGRB10-224
hGRB10-225
hGRB10-226

Transcript ID
ENSMUST00000093321
ENSMUST00000109653
ENSMUST00000109654
ENSMUST00000124587
ENSMUST00000142877
ENSMUST00000143386
ENSMUST00000143915
ENSMUST00000148254
ENSMUST00000150972
ENST00000335866
ENST00000357271
ENST00000398810
ENST00000398812
ENST00000401949
ENST00000402497
ENST00000402578
ENST00000403097
ENST00000406641
ENST00000407526
ENST00000428711
ENST00000439044
ENST00000461886
ENST00000465602
ENST00000467386
ENST00000470992
ENST00000473696
ENST00000482397
ENST00000483819
ENST00000490051
ENST00000492265
ENST00000643299
ENST00000644716
ENST00000644769
ENST00000644879
ENST00000645075

bp
5061
2048
4755
479
3341
761
430
351
940
5032
2050
4785
4705
2627
2319
4760
4895
2700
2299
484
743
624
381
524
544
1065
575
657
578
447
2490
477
5431
3888
2156

Protein
596aa
550aa
541aa
No protein
No protein
171aa
84aa
No protein
116aa
536aa
548aa
536aa
594aa
594aa
536aa
536aa
536aa
536aa
536aa
108aa
55aa
No protein
No protein
No protein
No protein
No protein
No protein
No protein
No protein
No protein
536aa
No protein
94aa
632aa
588aa

The Grb10 pathway is not well understood. Studies examining the function of the
maternally expressed Grb10 allele suggest that the Grb10 protein product interacts
directly with a receptor tyrosine kinases and other signalling molecules that bind with
insulin receptor and insulin-like growth factor receptor driving changes in downstream
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gene expression (Charalambous et al., 2003; Garfield et al., 2011; Mokbel et al., 2014;
Morrione, 2003). In general, receptor tyrosine kinases found in the cell in the form of
separated inactivated monomers. Binding of signal molecules, which are often growth
factors from the extracellular matrix, with two nearby tyrosine kinase receptor
monomers, leads to activation and alteration into a dimer form (binding of two
monomers). This form, in turn, promotes the phosphorylation of the tyrosine
suspended in the cytoplasm converting the ATP into ADP. The phosphorylated active
receptor then recognised by multiple relay proteins including Grb10 that binds to the
tyrosine kinase dimer.

Overexpression of Grb10 suppresses Wnt signalling pathways, which are well
established regulators of growth, by interacting with its intracellular portions at Lowdensity lipoprotein receptor-related protein 6 (LRP6) and interfering with the binding
of AXIN1 to LRP6, which affect its normal function of inhibiting the degradation of βcatenin which regulates the coordination of cell adhesion and gene transcription
(Tezuka et al., 2007).

Grb10 also has a synergistic effect on certain genes such as AKT (Jahn et al., 2002)
which encoded for serine/threonine-specific protein kinase that plays a role in various
cellular processes such as glucose metabolism, cell migration, proliferation, apoptosis
and transcription (NCBI, 2018). Ret receptor protein tyrosine kinase which is
implicated in the development of the nervous, renal and endocrine systems also
interact with Grb10 SH2 as a signalling intermediate (Pandey et al., 1995). Grb10 is
also considered as a positive regulator of the Kinase Insert Domain Receptor (KDR)A Type III Receptor Tyrosine- and Vascular endothelial growth factor (VEGFR-2)
signalling pathway which is an important regulator of vasculogenesis and
angiogenesis (Giorgetti-Peraldi et al., 2001) as it inhibits neural precursor cell
expressed

developmentally

down-regulated

protein

4

(NEDD4)-mediated

degradation of KDR/VEGFR-2 (Murdaca et al., 2004). It also binds to NEDD4 forming
a complex of the NEDD4 C2-GRB10 SH2 leading to IGF1R ubiquitination by NEDD4
(Figure 1.6) (Vecchione et al., 2003; Huang & Szebenyi, 2010). Other non-receptor
tyrosine kinases that Grb10 interact are Tec causing a suppression effect (Mano et
al., 1998) and the Janus kinase 2 (Jak2) causing a downstream effect (Moutoussamy
et al., 1998).

Grb10 SH2 domain can interact with Raf1 and MEK1 in a phosphotyrosine11

independent manner and MEK1 required this association to induce survival of the
HTC-IRand COS-7 cells (Nantel et al., 1998). This domain is also associated with
activated Hepatocyte Growth Factor Receptor (HGFR) and fibroblast growth factor
receptors (FGFR) (Wang et al., 1999) and with receptor tyrosine kinase ELK in
vascular endothelial cells (Stein et al., 1996).

Furthermore, it plays an important role in translocation of AKT to the cell membrane
forming a constitutive complex (Jahn et al., 2002) although it delays and reduces
AKT1 phosphorylation in response to insulin stimulation (Wick et al., 2003).
Phosphorylation by mTORC1 regulates Grb10 establishing a feedback pathway by
which mTORC1 inhibits the gene of INSR-dependent signalling (Hsu et al., 2011).
The BPS domain of Grb10 directly inhibits substrate phosphorylation of the activated
receptors tyrosine kinases (Stein et al., 2001) that leads to reduced IR protein levels
and increased receptor degradation (Ramos et al., 2006). Thus the inhibitory
mechanism of Grb10 mainly can be achieved by interference with the signalling
pathway and increased receptor degradation, as Grb10 blocks affiliation between
INSR and insulin receptor substance1 (IRS1)/ insulin receptor substance2 (IRS2) and
prevents insulin-stimulated IRS1/IRS2 tyrosine phosphorylation stimulation (Wick et
al., 2003).

Grb10 is also known to interact with several oncogenes in which a gene in certain
circumstances can transform a cell into a tumour cell. Kazi et al (2013) stated that
Grb10 associated with ligand FLT3 aside from oncogenic FLT3 and recruits p85
resulting in activation of AKT and STAT5 in hematopoietic cells. In a phosphotyrosinedependent manner, Grb10 interact with a complex of breakpoint cluster region protein
which is a complex of tumour cell (Bcr)-Abl (Bai et al., 1998), The N-terminal of Grb10
associated with Platelet-derived growth factor receptor (PDGFR), epidermal growth
factor receptor (EGFR) and Abelson murine leukaemia viral oncogene homolog (cAbl) (Deng et al., 2008), as it has been shown that it positively regulates PDGF, IGF1 and insulin signalling, enhancing cell proliferation (Frantz et al., 1997).

Most of the analyses of potential molecular interactors of Grb10 have been carried
out on tissues with a maternal expression of Grb10. The molecular interactors of
Grb10 in the brain where the paternal copy is expressed and which has been
associated with growth and social dominance remain unknown. Although lots of its
mechanism involved large numbers of gene expression pathway.
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Figure 1.6. Model for Grb10 as an adapter connecting Nedd4 to the IGF-1R. The Grb10 SH2
domain constitutively binds the C2 domain of Nedd4. Upon ligand stimulation, Grb10 binds
the activated IGF-IR through the BPS domain, allowing the formation of a complex that
includes the activated IGF-IR, Grb10, and Nedd4. These interactions lead to ligand-mediated
and Nedd4-dependent ubiquitination and degradation of the IGF-IR (Adapted from Vecchione
et al., 2003).

In conclusion, Grb10 is imprinted in a highly isoform- and tissue-specific manner. It
involved in several pathways and played different roles in them. Some of its functions
cooperate with other proteins, some of the functions could be acted by Grb10 itself. It
conserved molecular architecture which are a proline-rich N-terminal region, a Rasassociating-like domain, a pleckstrin homology domain, a family-specific BPS region,
and a conserved C-terminal Src homology 2 (SH2) domain (Figure 1.4).
The mechanisms of the negative regulation of IR and IGF1R by Grb10 is not yet clear.
But the biochemical studies have shown that Grb10 can bind IR and IGF1R through
13

their BPS and SH2 domains that have the ability to recognize phosphotyrosinecontaining peptides on a variety of activated tyrosine kinase receptors (He et al., 1998;
Stein et al., 2001; Depetris et al., 2005), this allows recruitment of IRSs, which, in turn,
triggers activation of signalling cascades to induce metabolic, mitogenic and other
cellular responses.

Aim
Here I aim to shed light on the potential molecular interactors of the paternal Grb10
allele in the brain during development and adult stages. For this, I dissected midbrain
and neocortex samples from wild-type and paternal Grb10 knockout mice at five
developmental stages (E18.5, 1 week old, 1 month old, 3 months old and 6 months
old mice). Transcriptome profiling using Illumina next generation mRNA sequencing
was then done on these samples. From this data, after curating raw read sequence
data and transcriptome annotation, I carried out differential gene expression analysis
to uncover sets of genes and or pathways mediating the phenotypic differences in
social dominance between wild-type and paternal Grb10 knockout. Additional
transcriptome data from liver where the maternal Grb10 allele is expressed was used
to confirm that differentially expressed genes identified are not systemic effects of
Grb10 deletion. Gene co-expression networks were then constructed to further
identify additional potential Grb10 interactors in the brain. The results obtained from
this project provide further insights into the genetic basis of behavioural characteristic
and may also provide valuable information for the understanding of mental disorders.
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Chapter II. Experimental protocols and
sample collection
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Introduction
In order to identify potential gene interactors of Grb10 in the developing and adult
brain, I collected tissue samples from the midbrain and the neocortex. Grb10 paternal
allele is expressed in the midbrain whereas the maternal copy is only marginally
expressed in some small brain areas (Garfield et al., 2011). The neocortex has not
been shown to express either allele. In this chapter I describe the methods followed
to corroborate the spatial gene expression pattern of Grb10, tissue dissection of the
neocortex and the midbrain for wild-type and Grb10KO+/p mutants at five different
developmental time points. I also describe the methods used for the genotyping of
each mouse used in the analyses to confirm if they were mutant or wild-type.

Methods
Ethics Affirmation
The mice used in this study were bred under a United Kingdom Home Office license
granted to the project 101 A awarded to Prof. Andrew Ward. Mice were sacrificed
using schedule one procedures.

Mice for the experiment
A total of 30 mice were used. Of these, 15 were wild-type and 15 were knockouts.
The knockout line used is that reported by Garfield et al. (2011). In brief, this line was
obtained by where chimeric mice were created by insertion of a LacZ: neomycin2
gene-trap (β-geo) cassette within Grb10 exon 8 (Figure 2.1) in embryonic stem cell
line (XC302; Baygenomics) into F2 (C57BL/6 with CBA) strain blastocysts, using
Nagy et al., (2003) standard methods. The microinjection of gene-trap supplanted 12
base pairs (bp) of endogenous Grb10 sequence (the 3′ terminal 11 bp from exon 8 in
addition to the 5′ most 1 bp from intron 8). These mice were subsequently maintained
on a C57BL/6 with CBA mixed genetic background. All mice were housed under the
standard conditions in accordance with UK Home Office Regulations in individually
ventilated cages at a density of 1-6 mice per cage with 13 hours of light and 11 hours
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of darkness including 30 minutes of artificial dawn and dusk lighting, the temperature
is maintained at 21 ±2 °C with a relative humidity of 55 ±10%. They were provided
with unrestricted access to water and rodent maintenance diet food (RM1 formula)
that contains 20% of protein. The mice bred at the age of 2 months, Once the male
has efficaciously mated the female, the semen forms hard waxy ‘plug’ (white colour)
in the vagina, the vaginal plug will be then checked on the second day of mating,
determining the success of mating and pregnancy. The gestation period ranged
between 19-21 days, after that the pregnant mouse gives birth to baby mice (pups)
their numbers can range from 1 to 12. Mice weaned at the age of 3 weeks after birth,
the weaned mice removed from the parent cage and separated by sex. Post weaning
mice were housed together in the same cage according to their age group.

Figure 2.1. The structural features of mutant Grb10. Mouse Grb10 locus is showing the LacZ:
neomycin2 (β-geo) insertion in the Grb10 allele, transcriptional start sites (arrows), numbered
exons (boxes) and translated regions (filled boxes). The integrated gene-trap cassette
includes splice acceptor (SA) and polyadenylation (pA) signals, and a LacZ reporter (Adapted
from Garfield et al., 2011).

Stain base for β-galactosidase (LacZ) assay
β-galactosidase is a glycoside hydrolase enzyme that catalyzes the hydrolysis of βgalactosides (include carbohydrates containing galactose where the glycosidic bond
lies above the galactose molecule) into monosaccharides through the breaking of a
glycosidic bond. To assess the spatial patterns of Grb10, an assay to reveal LacZ
neomycin2 gene-trap cassette which had been inserted within Grb10 exon 8 (Figure
2.1) was used.
For this, the dissected tissue samples were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) (pH 7.0-7.5) for 2 hours at room temperature, and
then submerged in X-gal staining solution and incubated in the dark at 28 °C
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overnight. X-gal used to detect the presence of β-galactosidase (the lacZ gene) which
forms a blue product after cleavage by β-galactosidase that can be used as a reporter
in various application.

Developmental stages sampling
For this project, a total of 30 male mice were used which were grouped after
genotyping into 15 wild-types (WT) mice and 15 paternal mutant Grb10KO+/p mice.
5 different developmental age groups have been selected Embryo 18.5 (after Grb10
gene expression is established), 1 week old (before weaning), 1 month old (after
weaning and juvenile stage), 3 months old (sexually mature stage) and 6 months old
mice (mature adult stage) to find out if differences in gene expression in the paternal
knockout brain remain constant throughout development. From each mouse, the
subcortical areas and the cortex tissue samples were obtained that gives a total of 60
tissue samples. To comprehend the progressions at transcription levels at the
different patterns of variation within across at the certain brain regions in WT and
mutant Grb10KO+/p mice, a total of six mice (3 WT and 3 mutant Grb10KO+/p) were
sacrificed and the brain sample was dissected at designated time points which are:
Embryo 18.5 (E18.5), 1 week (1W), 1 month (1M), 3 months old (3M) and 6 months
old (6M). Not all the replicates at different age groups are littermate (Supplementary
Table S2.3).

Brain dissection
Before and throughout the dissection, details of the mouse were recorded
(Supplementary Appendix S2.1, S2.2), including their parent information such as their
date of birth and numbers (Supplementary Table S2.3). All the set for dissection and
samples collection were prepared before the further procedure (Figure 2.2).
Immediately before dissection, each mouse was sacrificed by cervical dislocation,
sprayed with 70% of ethanol to disinfect the area and control spreading of hairs in
brain samples, and then decapitated. For dissection of mouse embryos at E18.5
stages, previously sacrificed pregnant female mice were sprayed with 70% of ethanol
on the abdominal area. Using a scalpel access to the uterine sack was achieved.
E18.5 embryos were removed and kept in an ice-covered petri dish that containing
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PBS solution. Embryos to be dissected were then decapitated.

For mice of all ages, the skull was dissected to take out the whole-brain (Figure 2.3A).
The brain tissue sample then kept in a petri dish, which then longitudinally bisected
(Figure 2.3B). The cerebellum was then removed and dissection of the neocortex from
subcortical areas was carried out.

Figure 2.2. Preparation before dissection. Pre-dissection set preparation.

A.

B.

Figure 2.3. Brain schematic of Adult Mouse. A, brain tissue sample of 3 months old mouse.
B, longitudinally bisection of the brain tissue sample.
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The dissecting magnifying lens stereomicroscope (LEICA MS5 Microsystems,
Bensheim, Germany; Figure 2.2) was used in order to accurately separate the
neocortex from subcortical areas (Figure 2.4).

The neocortex and the subcortical areas of each hemisphere of the brain tissue
sample were kept in a separate Eppendorf tube filled with RNAlater to maintain RNA
integrity during storage of the tissue samples. The samples then kept at 4 °C
overnight to allow the RNAlater thoroughly penetrate the tissue, after that the samples
were stored at -80 °C for long-term storage until they are used for further processing.
The tail snip of each mouse was kept inside an empty Eppendorf tube for future
investigation of genotyping if it required distinguishing between the WT and mutant
Grb10KO+/p mice.

A

B

Figure 2.4. The right hemisphere of the brain tissue sample. A, side view of the right
hemisphere of the brain tissue sample. B, subcortical areas of the brain tissue sample (other
regions such as the cortex, olfactory bulb and cerebellum were removed).

To prevent RNA degradation of the brain tissue samples which may impact on gene
expression profiling (Optiz et al., 2010) the time interval between sacrificing of the
mouse and storing its brain tissue sample in RNA later solution was recorded. Only
samples which were secured in less than 5 minutes were used.

In this study, only samples from male individuals were used. Female pups at age of
E18.5 and 1W of age were identified by checking the genital organ (uterine horn).
while for other age groups of mice (1M, 3M & 6M old) determination of the gap
between the anus and the genital organ (anogenital distance) was carried out, in
which in males is approximately two-fold that of the female.
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Sample storage, RNA extraction and sequencing
To reveal the molecular pathways and or sets of genes interceding ability of Grb10's
to regulate social dominance between WT and mutant Grb10KO+/p mice and to
investigate differentially expressed genes during developmental stages in the cortex
and subcortical areas of the brain. RNA-Seq is required which is an accurate
measurement of gene expression at the transcript level, it gives high dynamic diversity
and almost unbiased view of the transcriptome landscape (Mortazavi et al., 2008,
Sultan et al., 2008). It generates both qualitative and quantitative data providing
visibility to undetected changes occurring in mutant Grb10KO+/p as compared to the
WT. For this purpose, the whole cortex and the subcortical areas of the right
hemisphere of the brain samples were sent to BGI Tech Solutions (Hong Kong) Co.,
Ltd for RNA extraction, library preparation and sequencing transcriptome. IlluminaHiSeq 2500/4000 was performed on each of the 60 samples for sequencing (pairedend reads). The following requirements for the samples were considered during RNA
extraction:
1)

Sample Type: Integrated total RNA samples that are treated with DNase.
Avoid protein contamination during RNA isolation.

2)

Sample Quantity: total RNA≥ 1μg.

3)

Sample Concentration: concentration ≥ 80ng/ul.

4)

Sample Purity: OD260/280 ≥ 1.8, OD260/230 ≥1.8; RIN ≥ 7.0.

The final results of raw RNA-Seq datasets were received from the BGI Tech Solutions
(Hong Kong) Co., Ltd in 500 gigabytes (GB) hard disk.

Genotyping
At three weeks of age, mice were identified by punching their ears using a special ear
punch tool (INS750075-5) to produce a small (0.5 to 2 mm) notch around the edge
circumference of the ear (Figure 2.5). The tissue sample of the ear snip was
genotyped immediately or stored at -20 °C for genotyping. A biopsy of tail snip was
used for E18.5 and 1 week old mice.
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Figure 2.5. Mice identification. Ear punching is used to mark individual mouse using a special
punch tool to produce a small notch around the edge circumference of the ear.

PCR was used to identify the genotype of the WT and the mutant Grb10KO+/p mice at
the 5 different age groups. It is a technique used to make multiple copies of a segment
DNA of interest generating a massive range of copies from a small initial specimen.
Animals were genotyped by PCR using Forward and Reverse primers (Table 2.1)
specific to the Grb10 these primers amplify the parental Grb10 allele, which is present
in both WT and mutant tissue samples. In addition to the KM4 reverse primer (Table
2.1) specific to the mutant allele which amplifies only the mutant allele in mutant tissue
samples.

Table 2.1. The sequences of primers used in PCR. Animals were genotyped by PCR using
forward and reverse primers specific to the Grb10 and KM4 reverse primer specific to the
mutant Grb10.
Primer

Sequence

KM4 reverse primer

5′-CACAACGGGTTCTTCTGTTAGTCC-3′

Forward primer

5′-CCAAGTGGAGAGTACCATGCC-3′

Reverse primer

5′-TCACCTGACAGGCACCTCCCC-3′

To carry out the PCR, 600 microliter (μl) of freshly made of 100 millimolar (mM) sodium
hydroxide (NaOH) was added to each biopsy sample (tail snip or ear clip) in a 1.8 ml
eppendorf tube, all the tubes placed in the test tube rack, the lid of the eppendorf tube
then pierced with a needle to avoid the pressure during boiling, the test tube samples
were boiled for 10 minutes, and then cold down at room temperature. 100 μl of 1M
Tris-HCl (pH 8) was added to each sample to neutralise the sample. 14 μl of a master
mix sample was made which consist of 7.5 μl of 2x PCRBio Red (containing Taq DNA
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polymerase, dNTPs, buffer and loading red dye), 0.74 μl of the primers, and 5.75 μl
of Milli-Q (MQ) water. In new PCR tubes 1μl of each target fragment and 14 μl of
master mix were added and mixed, then ran into PCR machine (thermocycler) that
carries out the temperature cycles, with the following settings: an initial denaturing set
up at 94 °C for 9 min followed by 32 cycles (1 min at 94 °C, 1 min at 62 °C, and 1.5
min at 68 °C) and a last step at 68 °C for 8 min. The following reaction occurred during
running the PCR, first the temperature is raised to near boiling (94 °C), causing the
double-stranded DNA to denature (separate) into single strands, when the
temperature is decreased (62 °C), short DNA sequences (primers) anneal to the
complementary matches on the sequences of the target DNA. The primers bracket
the target sequence to be copied. At a slightly higher temperature (68 °C), the enzyme
taq polymerase binds to the primer sequences and adds nucleotides to extend the
second strand, where the first cycle is completed. In subsequent cycles, the process
of denaturing, annealing and extending are continually making additional DNA copies.
After few cycles, the target sequence defined by the primers begins to accumulate.
At the end of the 32 cycles, many duplicates of the target sequence produced from a
single starting molecule.

During running thermocycler, a gel was prepared that contains 1% of agarose powder
(0.7 gm), 99% of Tris-Acetate-EDTA (TAE) solution (70 ml), and 0.5 µg/ml of Ethidium
Bromide solution (3.5 µl). The wells of the gel were made via placing a comb into the
slots in the tray. In the first lane, 6 μl of the ladder solution (500 bp) was added and
15 μl of each sample was added to the remaining lanes. Subsequently,
electrophoresis machine ran on the gel at 110 volts for 35 minutes. Eventually, the
gel ran under UV-Transilluminator machine, and the result was saved and recorded.

Results
Allele-specific Grb10 gene expression in the brain and heart
To assess tissue-specific expression patterns of Grb10 paternal and maternal alleles
a LacZ assay was carried out to track LacZ the neomycin2 gene-trap cassette inserted
in the knockout mice (Garfield et al., 2011). The test was carried out on dissected
brain and heart samples of mutant Grb10KOm/+ and mutant Grb10KO+/p on 5 weeks
old mice, and Grb10KOm/+ on 1 day old pup. This test was also carried out to validate
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the brain regions to be analysed and to ensure brain dissection protocols avoided
contamination between brain areas expressing Grb10 and areas not expressing
Grb10. The maternal copy of Grb10 was found to be expressed in the heart (Figure
2.6) whilst the paternal copy is clearly expressed in the midbrain area (Figure 2.7).
The neocortex shows little evidence of the LacZ probe (Figure 2.7).

A)

B)

C)

Figure 2.6. LacZ reporter Grb10 expression in the brain and heart. Maternal mutant Grb10
showing extensive expression in the heart of A) one day old pup and B) five weeks old mice.
C) Paternal mutant Grb10 shows no Grb10 expression in the heart of five weeks old mice.

Figure 2.7. Brain sample of a mutant Grb10KO+/p mouse. LacZ reporter expression in specific
regions in the brain of the paternal Grb10 mutant mouse, *the cerebellum was detached.
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In this test, the LacZ reporter revealed high expression in the heart of the maternal
Grb10KO while there was no expression in the heart of the paternal Grb10KO+/p
(Figure 2.6), on the other hand, LacZ reporter expression in the brain showed no
expression from the maternal Grb10KO while in paternal Grb10KO+/p the expression
was clear in specific regions of the brain (Figure 2.7). Both results confirmed the
expression profile identified previously by Garfield et al. (2011) and Cowley et al.
(2014).

Sample collection
Having established that the paternal Grb10 allele is indeed expressed in the
subcortical areas but not in the neocortex, I proceeded to collect samples for three
wild-types and three paternal KO mice at five different developmental time points that
had mentioned earlier. Sampling over several time points allowed me to be able to
identify a broader range of potential interactors of Grb10 in the brain across
development. Because of resource constraints I only used male subjects for this
study. Samples were collected in a timely fashion immediately after sacrificing each
mouse to minimise RNA degradation. In order to minimise other genetic variation to
impact on my results. For this study, PCR genotyping was used to distinguish between
the mutant Grb10KO+/p mice from the WT mice. The agarose gel electrophoresis
which is a diagnostic tool used to visualise the fragments revealed double bands for
the mutant Grb10KO+/p mice and a single band for WT mice as shown in Figure 2.8.
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Figure 2.8. Detection of mutant Grb10KO+/p samples using PCR. Agarose gel electrophoresis
showing Lane M: 500-bp DNA molecular weight markers; Lane K-: negative control represents
one band; Lane K+: positive control represents double bands, Lanes for sample number 46
and 48 showing positive PCR reaction for mutant Grb10KO+/p mice; Lanes for sample number
47, 28, 31, 7, 13, 17 and 154 showing negative PCR reaction for WT mice.

Discussion
There is a remarkable conservation of the neural circuitry involved in regulation of
social behaviour across vast taxonomic distances (Goodson 2005; Newman 1999).
Thus, the use of animal models is a powerful tool to gain a better understanding of
the neurological and molecular underpinnings of complex social behaviour. The use
of mutant rodent models has allowed the identification of genes underlying a variety
of phenotypes. Grb10 is an imprinted gene in human and mice with a tissue-specific
manner expression (Arnaud et al., 2003; Hikichi et al., 2003; Monk et al., 2009). In the
mouse, maternal allele expressed in most of the tissue while paternal allele expressed
in certain parts of the brain (Garfield et al., 2011). The development of a KO line for
Grb10, an imprinted gene mainly associated with regulation of growth led to the
discovery of the expression of the paternal allele in the brain which lasts into
adulthood and which was then associated to social dominance (Garfield et al., 2011).

Here I confirmed the spatial patterns of Grb10 expression in the mouse brain using a
LacZ reporter for the mutation introduced by Garfield et al. (2011). According to
Garfield et al. (2011) in late embryonic development limited expression of maternal
allele found in ventricular ependymal layers, epithelium of choroid plexus and
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meninges of the brain. In contrast paternal allele expression is extensive throughout
development in diencephalon, ventral midbrain, and medulla oblongata while in
adulthood as shown in the Figures 2.7 and 2.9 the expression is within the forebrain
including septum, ventral striatum, basal forebrain, thalamus, hypothalamus,
midbrain, ventral tegmental area, and in hindbrain in pons and medulla excluding the
cerebellum. Most of the paternal allele expressing brain areas contain a number of
regions critical for the coordination and expression of social behaviour, indicating that
Grb10 play roles in regulating social behaviour (Curley, 2011). Conversely, Grb10
paternal expression is absent from specific regions of the brain such as the cerebral
cortex and hippocampus both which although are also crucial for social behaviour,
are not part of the more primitive emotional circuitry (Curley, 2011). This result is
consistent with Grb10 having evolved a role distinct from the classical imprinted
pattern in growth to also acquiring a role in the regulation of behaviour in mammals. I
also collected samples for transcriptome profiling to gain insights into the genetic
pathways mediating the phenotype on the social dominance of Grb10. I used a PCR
technique to distinguish between WT and mutant Grb10 mice. This method was
initially developed in 1983 by Kary Mullis and co-workers (Saiki et al., 1985). It is used
in research labs to amplify a particular section of DNA or gene generating thousands
to millions of copies.

In primates (including human) social grooming plays a major role in social bonding
(Dunbar, 2010). Garfield et al. (2011) revealed that social dominance with paternal
Grb10 knockout mice more likely to carry out allogrooming & barbering behaviour with
the cage mates.
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Figure 2.9. Diagram showing the paternal expression of Grb10 (blue colour) in the brain of an
adult mouse. Paternal Grb10 localised at the forebrain, including the septum, ventral striatum
(vs), basal forebrain (bf), thalamus, hypothalamus, midbrain, ventral tegmental area (vta),
pons, and medulla including significantly nearly all monoaminergic cell populations within
these areas. Cortex, hippocampus (hip) and cerebellum show no paternal Grb10 expression
while slight expression observed on olfactory bulb only on nucleus olfactory tubercle and
islands of Calleja which is a packed cell clusters content of olfactory tubercle (Adapted from
Curley, 2011).
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Chapter III.

Transcriptome profile

analyses of the Grb10 paternal KO+/p
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Introduction
Grb10 is a unique imprinted gene which is essential for normal embryonic
development and growth. Despite the consistently reported role of Grb10 in metabolic
insulin action in fat and muscle cells, its expression in the central nervous system of
mice indicates its role in regulating neuronal insulin signalling and energy metabolism
as well as the social dominance within the mice. The genetic interactors of Grb10 in
the brain are poorly understood. Using the mouse as a model, I investigated the
transcription profiles of Grb10 (mutant Grb10KO+/p) mice compared with the wild-type
mice at five different developmental time points.

Profiling of the transcriptome can be a powerful tool to establish the molecular
priorities in cells at a specific point in time, condition and or tissue. Transcriptome
analysis can help understanding the molecular context, gene function and
phenotypical difference between individuals, developmental phases, tissues and
disease states. Profiling of the transcriptome can be done mainly by two technologies
microarrays and RNA sequencing (RNA-Seq). During the first decade of this century,
microarrays were widely used. The disadvantage of this technique is that it measures
only known genomic sequence information, as it uses probes for a predetermined set
of genomic areas, sequences which are not printed in the microarray chip cannot be
detected (Zhao et al., 2014).

RNA-Seq is increasingly being used for transcriptome profiling as costs of this
technique have decreased. It is considered to be a more powerful technique
compared to microarray technology as it detects more differentially expressed genes,
and allows to identify new transcripts as reference genome annotations are revised
(Zhao et al., 2014), as raw reads can be repeatedly realigned to updated reference
genomes, and filtering of the reads to match unique locations of interest in the
genome. Although many researchers still using microarrays platform however it is
clear that in the future transcriptome analysis using RNA-Seq platform will become
the predominant approach.

Transcriptome annotation provides insight into the biological process and function of
transcripts at a specific point in time in a sample of one, many cells or tissues. There
are two general approaches for transcriptome analysis which are guided assembly
where sequence reads are mapped onto a reference genome and de novo
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transcriptome assembly which using software to construe transcripts from short next
generation sequencing reads without the use of a reference genome.

For species with a well-annotated genome such as the mouse or human, guided
assemblies usually provide better results. Transcriptome assemblies allow
identification of transcript isoforms and to quantify relative RNA abundance per
transcript and per isoform in each sample. RNA-Seq of certain biological problems
required slightly different computational methods, but they all relied on a set of core
approaches including alignment to a transcriptome or reference genome, assembly
into transcriptional units, and quantification of expression (Garber et al., 2011).

Until recently, transcriptome annotation using guided assemblies relied on the
alignment of one read at a time against the reference genome. It is very common to
use reference genome for aligning the sequenced reads of RNA-Seq data,
reconstructing transcripts, and quantifying their expression (Trapnell et al., 2012).
This process of alignment is slow causing an analytic bottleneck (Bray et al., 2016).
Some more recent transcriptome annotation programmes use a more loose alignment
process but without reducing the accuracy of annotation. These include software
tools: RNA-skim (Zhang et al., 2014), RapMap (Srivastava et al., 2016), Sailfish (Patro
et al., 2014), Salmon (Patro et al., 2017), and Kallisto (Bray et al., 2016).

Kallisto (Bray et al., 2016) is a program for quantifying abundances of transcripts from
RNA-Seq data, or more generally of target sequences using high-throughput
sequencing reads. It builds an index of k-mers (generated from transcripts) from a
reference set of transcriptome and then estimates expression level from the exactly
matched reads directly (Bray et al., 2016). It performs pseudo-alignment for rapidly
determining the compatibility of reads with targets, without the need for alignment and
quantity abundances transcripts of the RNA-Seq dataset at optimal duration and
accuracy (Bray et al., 2016). According to Bray et al. (2016), Kallisto showed to be
more accurate than different quantification programs such as Cufflinks, Sailfish,
eXpress during analysis of the median relative difference in the estimated read count
of each transcript and it is faster than Cufflinks, RSEM, eXpress and Sailfish. Kallisto
can perform pseudo-alignment and quantity of abundances transcripts of the RNASeq dataset at optimal duration and accuracy (Bray et al., 2016).
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Differential gene expression
In order to identify genes which are over or underexpressed in certain conditions of
genotypic backgrounds, statistical analyses of differential gene expression are widely
used (Tusher et al., 2001; Grant et al., 2005) This approach although often using
different normalisation protocols are applicable to both microarray and RNA-Seq data.
Detection of differential gene expression depends on the sequencing depth of the
sample, the length of the gene, and the expression level of the gene (Oshlack &
Wakefield, 2009; Bullard et al., 2010).

Many computational methods have been developed for differential gene expression
analysis. The best performing tools tend to be DESeq/DESeq2 (Anders & Huber,
2010; Love et al., 2014), edgeR (Robinson et al., 2010), and limma-voom (Ritchie et
al., 2015). Some of the tools can only perform the pair-wise comparison, others such
as limma-voom, maSigPro DESeq, and edgeR can perform multiple comparisons at
a time. Although DESeq and limma-voom tend to be more conservative than edgeR
for better control of false positives, in an experiment with fewer than 12 replicates
edgeR is recommended (Schurch et al., 2015). Therefore, many researchers
suggested increasing the number of biological replicates than the sequencing depth
of single samples for analysis of differential gene expression (Rapaport et al., 2013;
Ching et al., 2014; Liu et al., 2014; Gierli´nski et al., 2015). The algorithms of all these
tools have the advantage that the entire analysis can be conducted efficiently within
the R software environment.

Methods
Grb10 and β-geo Primers
The presence of the primers specific to Grb10 that consist of the following sequences
F, 5′-CTGACCTGGAAGAAAGCAGC-3′ and R, 5′-GATCCTGTGAGACTCCTCGC-3′
and

the

inserted

β-geo

gene-trap cassette

(β-geoF2

5′-

CCGAGCGAAAACGGTCTGCG-3′ and β-geoR2 5′-CTTCCGCTTAGTGACAACG-3′)
which being reported by Garfield et al. (2011) (Figure 2.1) were checked within all the
set of paired-end sequence reads for all the 60 samples at all the 5 developmental
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stages in both the subcortical areas and the cortex using bash command line.

Quality Analysis using FastQC
Quality control of paired-end sequence reads of raw RNA-Seq datasets for all the 60
samples (the cortex and the subcortical areas) at all the different stages of mice was
assessed using the FastQC tool (Andrews, 2010) of Galaxy version 0.67. Three
parameters needed to execute this tool, ‘Short read data from your current history’
was used as this specifies raw RNA-Seq dataset of each sample. The other two
parameters which are ‘contaminant list’ and ‘Submodule and Limit specifying file’ were
left as default blank.

Transcript annotation
Locations of genes and all the coding regions in each of the sample genome were
obtained using Galaxy version 0.67 tools (public web access: http://usegalaxy.org) to
run samples of RNA-Seq dataset. The TopHat tool was used for mapping the RNASeq reads to the genome, then annotated using Cufflinks tool. The replica samples
(=3) of the WT and the mutant Grb10KO+/p for each stage independently were merged
using Cuffmerge tool. For the final stage, the differentially expressed genes executed
using Cuffdiff tool. The public Galaxy server has few disadvantages: depending on the
number of users using public web access: http://usegalaxy.org the data processing
creates unnecessary delay giving responsibility for the result after several hours or days
for each sample especially while running the TopHat tool, the list for the total number
of the annotated transcriptome in Cufflinks is not equal in each sample creating difficulty
for annotating of the genes for any further analysis, the large datasets must be cleaned
up periodically due to the limitation of the data saving and the Galaxy server doesn’t
give raw counts of the transcriptome it gives only Fragments Per Kilobase of transcript
per Million mapped reads (FPKM) counts. Therefore, Kallisto program used in Linux
operating system for annotation of the transcriptome using the labs’ own servers. The
latest version of the Kallisto program dated 02/06/2016 was downloaded
(http://pachterlab.github.io/kallisto/download) with a mouse ENSEMBL 87 reference
transcriptome (GTF file) to build an index from a fasta formatted file of target sequences.
Per gene RNA abundance was obtained by adding up expression levels per transcript
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for each Ensembl Gene IDs. Estimated total read counts were conducted for each
sample on the raw RNA-Seq reads using bash command line.

Differential expression analysis
For the following statistical analysis, the large-scale calculation was carried out in R
software (version 3.2.5 (2016-04-14) -- "Very, Very Secure Dishes"). Differentially
expressed genes between the wildtype and the mutant Grb10KO+/p samples were
identified using the edgeR package supported in R (Robinson et al., 2010).
The trimmed mean of M-values (TMM) normalisation method proposed by Robinson
and Oshlack (2010) was performed which is displayed by the normalisation factors
(calcNormFactors) in edgeR (Robinson et al., 2010). The normalised expression data
on each developmental stage for each replica n =3 was analysed and the upregulated and down-regulated differentially expressed genes with false discovery
rate (FDR) < 0.05 were quantified.

Multidimensional scaling plots (MDS) and Heatmap
To explore the expression similarity between the tissue samples within the five
developmental stages, MDS analysis was performed between the subcortical areas
and the cortex on the normalised data samples of WT mice and mutant Grb10KO+/p
mice separately. It is also used to discriminate between the subcortical areas and the
cortex (Supplementary Figure S3.3). Heatmap package endured in the R software
proposed by Ploner A. (2015) was performed to depict the graphical representation
of the up-regulated and down-regulated differentially expressed genes datasets at
each stage. Bar graph was used to represent the actual size of up-regulated and
down-regulated differentially expressed genes for the five developmental stages
represented in the subcortical areas and the cortex.

Functional enrichment analysis
To get further insight into the function and the correlation of the differentially expressed
genes among each other’s, a potential enrichment of specific functional categories
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among the up- and down-regulated genes gene ontology (GO) enrichment analysis had
performed. Gene ontology annotations cover three sets that include a set of biological
processes, a set of cellular components and finally a set of molecular functions. For this
project, the first two sets have been used. For each tissue, the sum of all the up- and
down-regulated differentially expressed genes across all five developmental stages had
used. GO analysis had conducted in each of the four modules of genes; namely: upand down-regulated differentially expressed genes in the subcortical areas and up- and
down-regulated differentially expressed genes in the cortex. The lists of genes
annotated to these two sets which obtained from GO downloaded from Ensembl
Biomart database version 87 (http://www.ensembl.org/biomart). Separate GO
enrichment analysis for each group of ontology terms had performed on each of the
modules detected. Statistical significance had numerically assessed by counting within
each module the number of genes annotated to each GO term and compared these
counts to those derived from 10,000 equally sized random samples from the entire gene
population (Monte Carlo simulation) to specify a Z-score with their corresponding pvalue, finally the p-values were adjusted using for multiple testing using BenjaminiHochberg correction.

Results
Inserted cassette is only detected in Grb10KO+/p tissue samples
Checking the presence of primers specific to Grb10 (probe A, Figure 2.1) (F, 5′CTGACCTGGAAGAAAGCAGC-3′ and R, 5′-GATCCTGTGAGACTCCTCGC-3′) and
the inserted β-geo gene-trap cassette (β-geoF2 5′-CCGAGCGAAAACGGTCTGCG3′ and β-geR2 5′-CTTCCGCTTAGTGACAACG-3′) within all the set of paired-end
sequence reads for all the 60 samples at the 5 developmental stages (E18.5, 1W, 1M,
3M and 6M old) in both the subcortical areas and the cortex using the bash command
line revealed that in case of primers specific to the β-geo insertion WT mice as it
should, had shown no presence of these primers at all the developmental stages in
both the subcortical areas (Table 3.1) and the cortex (Table 3.2), in contrast mutant
Grb10KO+/p mice had shown the presence of only forward primer at all the stages in
both tissues (Table 3.3 and Table 3.4), although in the subcortical areas (Table 3.3)
the total number has been nearly double that in the cortex (Table 3.4).
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Table 3.1. Primers specific to β-geo insertion and Grb10 in the subcortical areas in wild-type
mice. Reports for detecting primers specific for inserted β-geo gene trap cassette and the
Grb10 in the subcortical areas (Subcor) at all the 5 developmental stages in (=3 at each stage)
on the set of paired-end reads (F= forward reads, R= reverse reads) wild-type mice using bash
command line.

In the case of primers specific to Grb10, they had existed in both WT and mutant
Grb10KO+/p mice at all the developmental stages in both the subcortical areas (Table
3.1 and Table 3.3) and the cortex (Table 3.2 and Table 3.4). However, in the
subcortical areas, the total number has been greater than in the cortex. In the
subcortical areas, total numbers of primers specific to Grb10 in WT (Table 3.1) mice
had shown double than mutant Grb10KO+/p mice (Table 3.3).
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Table 3.2. Primers specific to β-geo insertion and Grb10 in the cortex in wild-type mice.
Reports for detecting primers specific for inserted β-geo gene trap cassette and the Grb10 in
the cortex (Cor) at all the 5 developmental stages (=3 at each stage) on the set of paired-end
reads (F= forward reads, R= reverse reads) in wild-type mice using bash command line.
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Table 3.3. Primers specific to β-geo insertion and Grb10 in the subcortical areas in mutant
mice. Reports for detecting primers specific for inserted β-geo gene trap cassette and the
Grb10 in the subcortical areas (Subcor) at all the 5 developmental stages (=3 at each stage)
on the set of paired-end reads (F= forward reads, R= reverse reads) in mutant mice using bash
command line.
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Table 3.4. Primers specific to β-geo insertion and Grb10 in the cortex in mutant mice. Reports
for detecting primers specific for inserted β-geo gene trap cassette and the Grb10 in the cortex
(Cor) at all the 5 developmental stages (=3 at each stage) on the set of paired-end reads (F=
forward reads, R= reverse reads) in mutant mice using bash command line.

High quality RNA-Seq data allowed transcriptome profiling of Grb10KO+/p
mice
In order to analyse the transcriptome data from 60 samples of midbrain and
neocortex, the following pipeline was used (Figure 3.1). The FastQC application of the
Galaxy version 0.67 was used to overview the range of quality values across all bases
of the samples. To simplify overview of the FastQC analysis two samples were chosen
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sample number one represents the subcortical areas of E18.5 mutant Grb10KO+/p
(forward read), and sample number 55 represents the cortex of 3M old WT mouse
(reverse read). The report shows that all the paired-end reads samples have a
sequence length of 125 bp with zero poor quality sequences. An example of quality
control describing the basic statistics of the raw RNA-Seq dataset in the subcortical
areas (Table 3.5) and the cortex (Table 3.6) has been provided.

Figure 3.1. Bioinformatics analyses pipeline. A flowchart summarising the basic bioinformatic
analysis of reads obtained from RNA-Seq datasets (WT & mutant Grb10KOp/+), including the
software components.

The quality scores in Phred scale for all samples had been above 23 (more than 99%
base accuracy) with the majority (90%) above 25 as shown for the subcortical areas
(Figure 3.2) and the cortex (Figure 3.3). All the sequencing adapters had been trimmed
using the trimmomatic tool by the BGI Tech Solutions (Hong Kong) Co., Ltd as shown
in Figure 3.4 for the subcortical areas and Figure 3.5 for the cortex.
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Table 3.5. FastQC Basic Statistics. Quality control describing the basic statistics of the raw
RNA-Seq dataset in one of the subcortical areas samples (Sample 1, E18.5 mutant
Grb10KO+/p mouse, forward strand sequence).
Measure

Value

Filename

KO_E18.5_Subcor_S1_F. fq

Total sequence

23031118

Sequence flagged as poor quality

0

Sequence length

125

%GC
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Table 3.6. FastQC Basic Statistics. Quality control describing the basic statistics of the raw
RNA-Seq dataset in one of the cortex samples (Sample no. 55, 3M old WT mouse, reverse
strand sequence).
Measure

Value

Filename

WT_3M_Cor_S55_R. fq

Total sequence

26805891

Sequence flagged as poor quality

0

Sequence length

125

%GC

49

Figure 3.2. FastQC Per Base Sequence Quality. Quality control describing the sequence
quality per base of the raw RNA-Seq dataset in one of the subcortical areas samples (Sample
no. 1). The blue line represents the mean quality.
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Figure 3.3. FastQC Per Base Sequence Quality. Quality control describing the sequence
quality per base of the raw RNA-Seq dataset in one of the cortex samples (Sample no. 55).
The blue line represents the mean quality.

Figure 3.4. FastQC Adapter Content. Quality Control describing the adapter content in the
raw RNA-Seq dataset in one of the subcortical areas samples (Sample no. 1).
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Figure 3.5. FastQC Adapter Content. Quality control describing the adapter content in the raw
RNA-Seq dataset in one of the cortex samples (Sample no. 55).

Annotation of the transcripts was performed in Linux operating system using Kallisto
program. Output file of abundances.tsv was used for further analysis. A total number
of 103215 transcriptomes and 33366 genes had been obtained for each brain tissue
sample (Table 3.7). Bash command line had been used to detect the total number of
reads ranged from 40251638 to 66811350 (Table 3.7).

Overall similarity in Grb10KO and wild-type transcriptome profiles
MDS is a method used for treating data with various characteristics scattered in highdimensional areas (Lopes, Machado and Galhano, 2017). For this project, it is used
to explore the expression similarity between the samples in the subcortical areas and
the cortex. MDS revealed 2 clusters in the subcortical areas (Figure 3.6A) and 2
clusters in the cortex (Figure 3.6B) in which the samples were divided per age group
between WT and mutant Grb10KO+/p (red colour represents WT type while blue colour
represents mutant Grb10KO+/p). The cortex seems to show no differences in
expression level in both WT and mutant Grb10KO+/p at any age stages, wherein
subcortical areas there is slight difference expression between the WT and mutant
Grb10KO+/p at adult stage mainly at 3 months old.
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Table 3.7. Annotation. A total number of annotated genes and transcripts using Kallisto and
the total number of reads (paired-end reads) on each developmental stage (=3) in the
subcortical areas and the cortex.
Total number of annotated transcripts =103215
Total number of annotated genes =33366
Total number of reads (forward and reverse reads) in each replica (=3) on
each developmental stage:
E18.5 (Subcortical)

1W old (Subcortical)

1M old mice (Subcortical)

3M old mice (Subcortical)

6M old mice (Subcortical)

E18.5 (Cortex)

1W old mice (Cortex)

1M old mice (Cortex)

3M old mice (Cortex)

6M old mice (Cortex)

n1 =55488680

n1 =46062236

n2 =58536030

n2 =42836388

n3 =40919044

n3 =48698068

n1 =55070770

n1 =54732926

n2 =48002886

n2 =48870784

n3 =41649884

n3 =47344300

n1 =41841970

n1 =42093222

n2 =50157926

n2 =51438074

n3 =66811350

n3 =55839318

n1 =48687052

n1 =44875358

n2 =52360956

n2 =41465716

n3 =51535504

n3 =42212470

n1 =50105648

n1 =57253950

n2 =40251638

n2 =57422230

n3 =52366034

n3 =47074290

n1 =52805624

n1 =56587962

n2 =51089404

n2 =54097536

n3 =52672758

n3 =50536320

n1 =40865120

n1 =51604590

n2 =46225890

n2 =41116926

n3 =54634408

n3 =57511948

n1 =55722972

n1 =51400744

n2 =54399812

n2 =47038912

n3 =53078102

n3 =49394700

n1 =53611782

n1 =47997350

n2 =55760778

n2 =52266490

n3 =51471176

n3 =48686128

n1 =53882884

n1 =47156654

n2 =52606502

n2 =56582966

n3 =52773798

n3 =58829282
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A. Subcortical areas

B. Neocortex

Figure 3.6. Multidimensional scaling plot of the normalised data samples of Grb10KOp/+ and
wild-type mice. Red colour represents WT mice while blue colour represents mutant mice.
Different developmental age group represented by certain symbols: E18.5
, 3M

and 6M

, 1W

. A) Samples from subcortical areas and B) neocortex.
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, 1M

Differentially expressed genes found in subcortical areas and neocortex in
Grb10KO
The differential expression analysis was carried out using the edgeR package
accessible in the R software (Robinson et al., 2010). The analysis was performed on
each developmental stage independently and the number of down and up-regulated
differentially expressed genes obtained for each stage (FDR < 0.05) was quantified
(Figure 3.7). The overall observation on the amount of differentially expressed genes
of both up- and down-regulated through developmental stages showed the higher
expression of differentially expressed genes in the subcortical areas (139 genes) and
the cortex (26 genes) is at 3M old (Figure 3.7). At 6M the differentially expressed
genes of both up- and down-regulated decrease (Figure 3.7) suggesting a fluctuation
in the expression level at the adult stage. This result suggests that most transcriptional
alterations take place at the stage of 3M old. Differentially expressed genes at adult
stages (3M and 6M) old mice in both tissues were then clustered with a conventional
heat map analysis Figure 3.8. As expected, Grb10 is down-regulated in several
comparisons.
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Figure 3.7. Bar chart for the number of differentially expressed genes/developmental
stages/tissue. The bar chart shows the actual number of up- and down-regulated differentially
expressed genes for each developmental stage represented in the subcortical areas and the
cortex.
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Heatmap of genes clusters in the subcortical areas (A) and the cortex (B).

A. Subcortical areas

48

B. Cortex

49

Figure 3.8. Heatmap of genes clusters in the subcortical areas (A) and the cortex (B) of the
WT and mutant Grab10KO+/p at 3 and 6 months old mice. Heatmap of genes clusters as
expressed in the WT and mutant Grab10 at 3 and 6 months old mice in the subcortical areas
(A) and in the cortex (B. The column in each diagram represents the total of 6 replica samples
(labelled bottom): 3 replicas of WT (left) and 3 mutant Grb10KO+/p (right). The cluster of
Ensembl gene ID’s is labelled on the right. The colour bar indicates the colour coding of gene
expression for the Figure (PDR < 0.05), it ranged from the red colour that indicates gene
expression peaks to the white colour that indicates lower or null gene expression. The top
cluster genes are up-regulated (log FC > 0); the bottom cluster genes are down-regulated (log
FC < 0). Grb10 at both developmental stages in both tissue samples is down -regulated.

To check the consistent core of differentially expressed genes throughout adult
development, overlap measurement of differentially expressed genes across the
different developmental stages was made (Figure 3.9) to identify those genes that are
either consistently expressed in most of the groups or are specific to a single
developmental stage. The pairwise comparisons between stages revealed that there
is null or no considerable amount of differentially expressed genes shared across the
developmental groups in both the subcortical areas (Figure 3.9A and Table 3.8) and
the cortex (Figure 3.9B and Table 3.8) except 1-3 genes.
We examined the overlapping differentially expressed genes between subcortical
areas and the cortex we found that both tissues showed changes in opposite direction:
up-regulated in one stage and down-regulated in other except in the subcortical areas
as the Gm28635 (predicted gene 28635) was up-regulated at E18.5 and 1M while
Gm12663 (Predicted gene 12663) was down-regulated at 1W and 6M as well as the
Slc6a3, Foxa2 and Grb10 were down-regulated at 3M and 6M. In the cortex, the
Gm4202 (Predicted gene 4202) was up-regulated at 1M and 3M while Grb10 was
down-regulated at 3M and 6M (Table 3.8). We also found that only two genes were
differentially expressed in both tissues which are Rps2 between E18.5 and 1M and
Grb10 between 3M and 6M old mice (Table 3.8).
GO enrichment for the overlapped genes was also made. It revealed no adjusted
significant values. Furthermore, analysis of shared transcript changes between the
subcortical areas and the cortex at all five-time points has been conducted which
revealed 29 shared genes (Figure 3.10) in which most are predicted genes namely:
Grb10, Gh, Mrpl27, Cpne7, Avp, Rps2, Hmga1, Fam205a4, Gdf1, CT868723.1,
CR974586.6, Gm4737, Gm10052, Gm15772, Gm5859, Gm13298, Gm15920,
Gm10600, Gm13302, Gm17081, Gm6158, Gm4202, Gm3883, Gm21541, Gm2163,
Gm47283, Gm13301, Gm12663, Gm28635.
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Figure 3.9. Venn diagram summarising the overlap of differentially expressed genes in the
subcortical areas & the cortex. Pairwise comparison of differentially expressed genes in the
subcortical areas (A) & the cortex (B) between the different developmental stages. The labels
on the left and bottom of both Figures (A) & (B) indicate the different developmental stages of
the mice samples. There is null or no considerable amount of differentially expressed genes
shared across the developmental groups.
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Table 3.8. Direction of pairwise differentially expressed genes between each developmental
stage in both brain tissue. The direction of overlapped differentially expressed genes (downor up-regulated) between the developmental stages in the subcortical areas and the cortex.

Developmental
Stages of
Overlapping

Gene Name

Down-regulated
Developmental
Stage

Up-regulated
Developmental
Stage

1- Gm28635 (predicted gene 28635)

-

E18.5 and 1M

2- Rps2 (Ribosomal protein S2)

1M

E18.5

E18.5 and 3M

Gm28635 (predicted gene 28635)

3M

E18.5

1W and 6M

Gm12663 (Predicted gene 12663)

1W and 6M

-

1M and 3M

1- Pmch (Pro-melanin-concentrating
hormone)

3M

1M

2- Hcrt (Orexin Orexin-A Orexin-B)

3M

1M

3- Gm28635 (Predicted gene 28635)

3M

1M

1- Grb10 (Growth factor receptorbound protein 10)

3M and 6M

-

2- Slc6a3 (Sodium-dependent
dopamine transporter)

3M and 6M

-

3- Foxa2 (Mus musculus forkhead
box A2)

3M and 6M

-

E18.5 and 1W

Gm10052 (Predicted pseudogene
10052)

1W

E18.5

E18.5 and 1M

Rps2 (Ribosomal protein S2)

1M

E18.5

1M and 3M

Gm4202 (Predicted gene 4202)

-

1M and 3M

3M and 6M

Grb10 (Growth factor receptor-bound
protein 10)

3M and 6M

-

In the Subcortical
areas
E18.5 and 1M

3M and 6M

In the Cortex
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Figure 3.10. Venn diagram summarising the overlap of differentially expressed genes
between the subcortical areas & the cortex. Pairwise comparison of differentially expressed
genes between the subcortical areas & the cortex across all the 5 developmental stages.

Gene ontology enrichment analysis
The GO enrichment analysis showed an extensive list of gene ontology identifiers
(GOIDs) for both sets biological process (=11204) and cellular component (=1500)
which can be reduced by the gene count hence limiting the number of genes
associated with GO categories. So, to avoid categories with only one or two genes
associated comes up a significant causing difficulty for interpretation, the threshold of
10 genes related to the GO term was made, and the list of GOID was reduced for
biological process n =2341 and for cellular component n =481.
Gene ontology enrichment analysis reveals that down-regulated differentially
expressed genes in the subcortical areas targeted the biological processes mostly
associated with the body response to drugs, hormones and other substances,
development of the brain region and central nervous system regulation, cell
development and regulation, development of the embryo and some vital organs &
muscles, regulation of protein kinase and phosphorylation, ion transportation,
regulation of transcription, they also associated with behaviours such as social
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behaviour, locomotor, learning & memory, and finally with some signalling pathway
such as Wnt, Bone morphogenetic proteins (BMP), Notch and chemokine (Figure
3.11A and supplementary Figure S3.1). While the significant GO categories of cellular
component set related to neurons and transmission between them such as GABA-A
receptor complex, synapse, postsynapse, dendrite, axon, its terminal bouton, plasma
membrane, rough endoplasmic reticulum and extracellular region (Figure 3.12A) No
significant categories found for down-regulated differentially expressed genes in the
cortex in the both sets biological process and cellular component.

For up-regulated differentially expressed genes in the subcortical areas the biological
processes associated with categories related to eating & feeding behaviour, response
to ethanol hyperoxia & hypoxia, ATP synthesis & biosynthesis and neuropeptide
signalling pathway (Figure 3.11B). While the significant GO categories of the cellular
component set related to neurons such as perikaryon and neuronal cell body, cell
junction, secretory granules in addition to categories related to the mitochondria such
as mitochondrial proton-transporting ATP synthase, mitochondrial membrane and
mitochondrion (Figure 3.12B).

While in the cortex significant categories of the biological processes for up-regulated
differentially expressed genes associated with cell development, DNA transcription &
gene expression, regulate cell proliferation, apoptotic process, vasoconstriction as
well some signalling pathway such SMAD & MAPK cascade and response to cyclic
compound, drug & ethanol (Figure 3.11C). The set of cellular component showed
significant categories related to postsynapse, secretory granule, cytoplasmic
membrane, ribosome and extracellular region (Figure 3.12C).

In this project since the highest number of gene expression appeared at 3 months old
mice (Figure 3.7). Therefore, Gene ontology enrichment analysis was conducted at
this stage to confirm and determine the region of the brain the dominant behaviour is
conducted. At the stage of 3 months old, the result showed no identified significant
GO enrichment categories in the cortex while the biological process for downregulated differentially expressed genes in the subcortical areas confirmed the
dominant behaviour that includes social behaviour, grooming behaviour and adult
behaviour (Figure 3.13A, Table 3.9 and supplementary Figure S3.2). The biological
process for up-regulated differentially expressed genes in the subcortical areas
showed no behaviour categories they showed only biosynthesis and synthesis of
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ATP, proton and ion transport, neuropeptide signalling pathway and nervous system
development (Figure 3.13B).

The cellular component for down-regulated differentially expressed genes in the
subcortical areas showed categories related to neurons and transmission between
them such as GABA-A receptor complex, synapse, postsynapse, dendrite, axon and
terminal bouton (Figure 3.14). The cellular component for up-regulated differentially
expressed genes in the subcortical areas also showed categories of neurons such as
perikaryon, neuronal cell body and axon in addition to categories related to the
mitochondria such as mitochondrial proton-transporting ATP synthase, mitochondrial
membrane and mitochondrion (Figure 3.14). Gene ontology enrichment analysis
revealed that each module targets a separate set of biological functions and cellular
components, with rare or few functional overlap between modules.

There are 7 significant GO terms shared between the subcortical areas and the cortex
with the biological process and 3 significant GO terms shared with the cellular
component (Table 3.10 and supplementary Table S3.1).
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A. GO categories of biological process for down-regulated differentially expressed
genes in the subcortical areas. *Only top 50 GO categories are represented.

Subcortical areas downregulated categories

-log(Adjusted P-value (BH))
0

forebrain neuron differentiation
cerebral cortex neuron differentiation
pituitary gland development
forebrain development
telencephalon development
olfactory bulb development
female gonad development
synaptic transmission cholinergic
anatomical structure formation involved in…
locomotory behavior
smooth muscle tissue development
negative regulation of oligodendrocyte…
negative regulation of epithelial to mesenchymal…
epithelial tube branching involved in lung…
anterior/posterior pattern specification
response to nicotine
social behavior
odontogenesis of dentin-containing tooth
neuromuscular synaptic transmission
lung alveolus development
thyroid gland development
synapse assembly
regulation of neural precursor cell proliferation
long term synaptic depression
positive regulation of synaptic transmission…
dopamine biosynthetic process
sleep
pattern specification process
embryonic skeletal system morphogenesis
response to ethanol
multicellular organism development
negative regulation of neuron differentiation
regulation of alpha-amino-3-hydroxy-5-methyl-4-…
regulation of N-methyl-D-aspartate selective…
positive regulation of long-term synaptic…
grooming behavior
learning
positive regulation of excitatory postsynaptic…
head development
cognition
positive regulation of epithelial cell proliferation
embryonic skeletal system development
cell proliferation in forebrain
dorsal/ventral pattern formation
response to light stimulus
transcription from RNA polymerase II promoter
lung development
eating behavior
positive regulation of transcription from RNA…
regulation of transcription DNA-templated
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B. GO categories of biological process for up-regulated differentially expressed genes
in the subcortical areas.

Subcortical areas up-regulated -log(Adjusted P-value (BH))
categories
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eating behavior
response to hyperoxia
feeding behavior
neuropeptide signaling pathway
formation of translation preinitiation complex
response to ethanol
ATP synthesis coupled proton transport
ATP biosynthetic process
proton transport
response to hypoxia

C. GO categories of biological process for up-regulated differentially expressed genes
in the cortex.

Cortex up-regulated categories

-log(Adjusted P-value (BH)
0

5

10

15

20

25

30

cell development
negative regulation of cell cycle
positive regulation of pathway-restricted SMAD…
regulation of MAPK cascade
positive regulation of peptidyl-serine…
SMAD protein signal transduction
circadian rhythm
positive regulation of vasoconstriction
negative regulation of cell proliferation
response to organic cyclic compound
response to ethanol
response to drug
regulation of apoptotic process
positive regulation of apoptotic process
positive regulation of gene expression
negative regulation of apoptotic process
translation
positive regulation of cell proliferation
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Figure 3.11. Bar plot showing the number of significantly enriched GO terms. Statistical
significance in the enrichment of biological process GO terms was numerically assessed by
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comparing with 10 000 equally sized random samples of genes for down- and up-regulated
differentially expressed genes in the subcortical areas (A & B) and up-regulated differentially
expressed genes in the cortex (C). The most significantly enriched categories retrieved are
shown in order of importance from top to bottom. Significance threshold (Adjusted P-value <
0.05) was adjusted for multiple testing by Benjamini-Hochberg correction.

A. GO categories of cellular component for down-regulated differentially expressed
genes in the subcortical areas.
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B. GO categories of cellular component for up-regulated differentially expressed genes
in the subcortical areas.
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C. GO categories of cellular component for up-regulated differentially expressed genes
in the cortex.
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Figure 3.12. Bar plot showing the number of significantly enriched GO terms. Statistical
significance in the enrichment of cellular component GO terms was numerically assessed by
comparing with 10 000 equally sized random samples of genes for down- and up-regulated
differentially expressed genes in the subcortical areas (A & B) and up-regulated differentially
expressed genes in the cortex (C). The most significantly enriched categories retrieved are
shown in order of importance from top to bottom. Significance threshold (Adjusted P-value <
0.05) was adjusted for multiple testing by Benjamini-Hochberg correction.
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A. GO categories of biological process for down-regulated differentially expressed
genes in the subcortical areas at 3 months old mice. *represented top 50 GO categories
only.
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B. GO categories of biological process for up-regulated differentially expressed genes
in the subcortical areas at 3 months old mice.
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Figure 3.13. Bar plot showing the number of significantly enriched GO terms. Statistical
significance in the enrichment of biological process GO terms was numerically assessed by
comparing with 10 000 equally sized random samples of genes for down- and up-regulated
differentially expressed genes in the subcortical areas at 3 months old mice (A & B). The most
significantly enriched categories retrieved are shown in order of importance from top to bottom.
Significance threshold (Adjusted P-value < 0.05) was adjusted for multiple testing by
Benjamini-Hochberg correction.

Table 3.9. GO categories confirming the dominant behaviour in biological process for downregulated differentially expressed genes in the subcortical areas at 3 months old mice.

GOID
GO:0035176
GO:0030534
GO:0007625
GO:0042711
GO:0007626
GO:0042755
GO:0007631
GO:0014823
GO:0007611
GO:0007613
GO:0007612
GO:0030431

GO Term
social behaviour
adult behaviour
grooming behaviour
maternal behaviour
locomotory behaviour
eating behaviour
feeding behaviour
response to activity
learning or memory
memory
learning
sleep

Adjusted P-value
9.18E-19
3.91E-11
5.49E-16
6.55E-14
3.19E-38
3.11E-16
3.91E-11
3.93E-08
4.22E-07
1.02E-12
3.05E-11
1.38E-20
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A. GO categories of cellular component for down-regulated differentially expressed
genes in the subcortical areas at 3 months old mice.
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B. GO categories of cellular component for up-regulated differentially expressed genes
in the subcortical areas at 3 months old mice.
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Figure 3.14. Bar plot showing the number of significantly enriched GO terms. Statistical
significance in the enrichment of cellular component GO terms was numerically assessed by
comparing with 10 000 equally sized random samples of genes for down- and up-regulated
differentially expressed genes in the subcortical areas at 3 months old mice (A & B). The most
significantly enriched categories retrieved are shown in order of importance from top to bottom.
Significance threshold (Adjusted P-value < 0.05) was adjusted for multiple testing by
Benjamini-Hochberg correction.
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Table 3.10. Shared significant GO terms of biological process and cellular component
between the subcortical areas and the cortex.

GO terms_Biological process
GO:0008285
GO:0010628
GO:0014070
GO:0042493
GO:0045471
GO:0045893
GO:0048468

negative regulation of cell proliferation
positive regulation of gene expression
response to organic cyclic compound
response to drug
response to ethanol
positive regulation of transcription DNA-templated
cell development

GO terms_Celluar Component
GO:0005576
GO:0030141
GO:0098794

Extracellular region
Secretory granule
postsynapse

Discussion
RNA-Seq data become a popular tool to address biological problems that can provide
by using computational methods a complete picture of transcriptome facilitating the
annotation and quantification of all genes in any sample. Since the mice in this project
are originally the same generated mice reported by Garfield et al. (2011), the
presence of the same primers specific to the β-geo insertion (probe A, Figure 2.1)
assures that they are the same generated mice.
The presence of the primers specific to Grb10 in the cortex of the wild-type, although
the total number is less than the subcortical areas, suggest that Grb10 also expressed
in the cortex, but due to lower level of Grb10 expression in the cortex the LacZ
neomycin2 gene-trap cassette which had inserted within Grb10 exon 8 (Figure 2.1)
could not track it. In addition of that the presence of the primer specific to the β-geo
insertion in both tissues of the mutant Grb10KO+/p in the cortex and the subcortical
areas with a double number of this primer in the subcortical areas suggest that primer
specific to the β-geo insertion in those mice didn’t cease or suppress the expression
of Grb10 although the total expression level of Grb10 in mutant Grb10KO+/p mice
found to be lower than the wild-type mice in both tissue samples.
Although the read depth of the primers specific to Grb10 and β-geo insertion are
extremely low in comparison with the total number of reads in each sample suggesting
these may be noise.
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Detecting of expression from LacZ reporter genes shows different expression
depending on inserted loci in the gene. Cowley et al. (2014) described two mouse
models of Grb10 ablation, which are generated by the integration of a LacZ reporter
gene-trap cassette in different loci of Grb10KO+/p (Garfield et al., 2011) and Grb10Δ24+/p (Charalambous et al., 2003). That shows identical phenotypic consequences, but
an expression of the LacZ reporter genes was not equivalent as Grb10KO+/p was
detectable in the CNS of embryos but Grb10Δ2-4+/p was not. In Adult brain Grb10Δ24+/p is detectable but weak relative to Grb10KO+/p. Also, mutations in the fruitless gene
in Drosophila correlate with the varying behavioural defects as mutations of fru gene
leads to either no expressing neuronal cluster or exhibit expression in small numbers
of neurons at extremely low levels (Villella et al., 1997; Lee & Hall, 2001).

Galaxy (public web access: http://usegalaxy.org; download: http://getgalaxy.org) is an
open, robust web-based documents for data-intensive and transparent computational
biomedical research (Blankenberg et al., 2010, Goecks et al., 2010), it manipulates
RNA-Seq dataset via the quality filtering steps (Blankenberg et al., 2010) by providing
a report for modular set of analyses mainly the basic statistics (Table 3.5 and Table
3.6), per base sequence quality (Figure 3.2 and Figure 3.3) and the adapter content
(Figure 3.4 and Figure 3.5). These reports provide a quick overview as an awareness
before further analysis. The quality reports showed that all the 60 paired-end reads of
the cortex and the subcortical areas samples have a sequence length of 125 bp with
zero poor quality sequences, no adapters, and the quality scores in Phred scale for all
samples had been above 23 with the majority above 25. The samples can be
processed for further computational analysis.
Differentially expressed genes between the wildtype and the mutant Grb10KO+/p
samples were identified using the edgeR package supported in R (Robinson et al.,
2010). The brain function and structure undergo dramatic changes from embryonic to
postnatal development. Detecting highly expressed genes at different stages starting
from E18.5 till adult stage may serve as a blueprint for gene expression pattern which
gives clues for any behaviour or diseases related to genes during brain development.

The tissue sample at embryonic stage is very small that might result in some
contamination in those samples. Therefore, MDS showed some contamination at the
stage of E18.5. The visualisation with MDS revealed mutation of Grb10KO+/p cause
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no expression differences in the cortex while in the subcortical areas slight difference
expression between the WT and mutant Grb10KO+/p at 3M old mouse suggesting
dramatic changes at certain tissue during the certain stages. A higher number of
differentially expressed genes of both up- and down-regulated showed at age of 3
months old in the subcortical areas of 139 genes and the cortex with 26 genes (Figure
3.7). This result suggests that most transcriptional alterations take place at the stage
of 3M old. Heatmap analysis highlights that Grb10 is down-regulated in those stages
which confirmed the symptomatic manifestation of social dominance in the mutant
Grb10KO+/p mouse model where the behavioural onset appears at adult stages
(Garfield et al., 2011). pairwise comparisons between stages revealed that there is no
considerable amount of differentially expressed genes shared across the
developmental groups in both the subcortical areas (Figure 3.9A) and the cortex
(Figure 3.9B and Table 3.8) except 1-3 genes. Grb10 is one of the shared differentially
expressed gene at mature stages (3M and 6M) old mice in both the cortex and the
subcortical areas. GO enrichment for the overlapped genes in the subcortical areas
and the cortex showed no adjusted significant values.

To gain further knowledge into the functional coherence of the differentially expressed
genes and recognize their specific targets of biological processes and cellular
components, a potential enrichment of specific functional categories among the up- and
down-regulated genes was measured using specially written R-based scripts by
contrasting the number of annotated genes which obtained from the Ensembl Biomart
database version 87 (http://www.ensembl.org/biomart) to a relevant GO with the
expected representations of GO terms, with their standard deviations numerically
derived from Monte Carlo simulations using 10,000 equally-sized random samples of
genes from the list of Ensembl Gene IDs to specify a Z-score with their corresponding
p-value, and the p-values, were adjusted for multiple testing using Benjamini-Hochberg
correction. Overall GO enrichment clear that the module of down-regulated
differentially expressed genes in the subcortical areas targeted the biological process
associated with the social dominant behaviour in mutant Grb10KO+/p mice which is
occurred at age of 3M old mice where it showed highest number of gene expression
(Figure 3.7). These findings and future experiments following may shed light on the
neural mechanisms underlying social dominant behaviour in adult mice and more
broadly.
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Chapter IV.

Alternative splicing

alterations in the Grb10KO+/p
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Introduction
Alternative splicing in the brain
The transcriptome is the complete set of transcripts in a cell, and their quantity, for a
certain developmental stage or condition. It is essential for interpreting the functional
elements of the genome and detecting the molecular constituents of cells and tissues,
thus getting knowledge on certain stage development and conditions. Differential
splicing or alternative splicing which involves the generation of alternative
transcripts exons from different tissues is one of the regular processes by which
the exons of primary transcripts (pre-mRNAs) from genes can be spliced in different
arrangements during gene expression resulting protein diversity from a single gene
coding. It is also taken into consideration to be a key element underlying increased
cellular and functional complexity in higher eukaryotes organisms (Matlin et al., 2005;
Blencowe, 2006; Ben-Dov et al., 2008; Zhou et al., 2018). Due to its unique part in
evolution, as it can increase the rate of evolutionary change in specific exons (Modrek
& Christopher, 2003), Nilsson et al. (2010) hypothesised that alternatively spliced
transcripts present a new means of regulating gene expression which can probably
contribute to protein diversity.

In general, it has been estimated that more than 95% of multiple-exon pre-mRNAs in
humans undergo alternative splicing (Pan et al., 2008), also, it has been estimated
that 15% of mutations that cause human genetic disease affect splicing (Krawczak et
al., 1992). Furthermore, 70-90% of these alternative-splicing events alter the
resulting protein products (Kan et al., 2001; Modrek et al., 2001). The comparisons
of human and mouse alternative splicing reveal both conserved and speciesspecific events, with the balance between the two classes depending on the
methodology used (Modrek & Lee, 2003; Nurtdinow et al., 2003; Thanaraj et al.,
2003).

The brain displays the most complex pattern of alternative splicing compared with
other tissues. Several researchers indicated evidence that most frequent
alternative exons are neuron specific (Johnson et al., 2003; Modrek et al., 2001; Pan
et al., 2008; Watson et al., 2005; Xu et al., 2002; Yeo et al., 2004) as it is most complex
in the nervous system throughout vertebrate evolution (Yeo et al., 2004; Chen &
Manley, 2009; Barbosa-Morais et al. 2012; Merkin et al., 2012) which might be due to
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its contribution to the of brain function, anatomy and development.

Beffert et al. (2005) showed that deletion of a single, activity-dependent alternative
exon in the apolipoprotein E receptor 2 (Apoer2) gene, which is important for neuronal
cell migration during brain development and for long-term potentiation in adult mice,
leads to poor memory and learning tasks. As well, there are many examples of
regulated alternative splicing in the brain, which can be concerned in complex
processes such as the control of synaptic plasticity associated with cognition and
other neural processes (Lipscombe, 2005; Ule and Darnell, 2006).
Recent studies on neocortex suggested as the main site that alternative splicing
events that influence cortical development, cell fate, and layering (McKee et al., 2005;
Belgard et al., 2011; Zhang et al., 2014; Zhang et al., 2016). Maintaining of the brainspecific alternative splicing program is especially prominent in vertebrate evolution
suggesting functionality of spliced products (Barbosa-Morais et al., 2012; Merkin et
al., 2012). Dysregulation of this program can lead to neurological disease (Licatalosi
& Darnell, 2006). Hence, alternative splicing might be a key mechanism for producing
the range of protein activities that support complex brain functions, and targeting
certain alternative exons can lead to understanding the regulation of complex
biological processes.

Grb10 alternative splicing transcripts
Grb10 protein is expressed as multiple isoforms generated by alternative mRNA
splicing (Daly, 1998).

It is transcribed in neurons from a series of downstream alternative promoters,
exclusively from the paternal allele (Hikichi et al., 2003; Sanz et al., 2008) which is
conserved in the human brain (Arnaud et al., 2003). In mice brain, in the subcortical
areas, Grb10 transcribed paternally at age of E14.5 and are maintained in the adult
stage while it is excluded from the cortex (Garfield et al., 2011). Although, in situ
hybridization for Grb10 in the adult mouse brain has shown that biallelic expression
of Grb10 is limited to very few brain regions, suggesting that maternal glial expression
in the adult brain is rare (Garfield et al., 2011).

In human, Grb10 gene is located on chromosome 7 and occurs as six isoforms which
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are Grb10α (previously referred to as GRB-IR) found mainly in skeletal muscle and
pancreas, and in lesser quantities in brain, heart, liver, kidney, lung, kidney and
placenta (O’Neill et al., 1996), Grb10β

which is most widely and abundantly

expressed isoform in most tissues but raised more in skeletal muscle and pancreas
(Frantz et al., 1997), Grb10γ which is high in skeletal muscle and in some tumour cells
(Dong et al., 1997), Grb10δ, Grb10ε and Grb10ζ (Desbuquois et al., 2013; Morrione,
2003). In contrast, mouse Grb10 gene is located on chromosome 11, it has two main
Grb10 splice variants Grb10α (Ooi et al., 1995) and Grb10δ (predominant isoform)
(Laviola et al., 1997), in addition, two isoforms are predicted Grb10β1 and Grb10β2
both differ in the alternative splicing of exons 3 and 4 (Philippe et al., 2003). Ensemble
transcript identifiers represents 26 transcripts splice variants in human and 9 in mouse
(Table 1.1) (Ensembl.org, 2017).

Transcriptome analysis of alternative splicing events
RNA-Seq reads yield insights into the regulation of alternative splicing by way of
revealing the use of recognised or unrecognised splice sites in addition to the
expression level of exons which are located within highly expressed splicing junctions
(Schafer et al., 2015). The technology of Next-generation sequencing leads to detect
the mechanisms of genome regulation through sequencing and analysis of the cDNA
libraries which are generated from the transcriptome of certain RNA populations in
experimental tissues and cells (Kahvejian et al., 2008; Voineagu et al., 2011; Xiao et
al., 2012; Xue et al., 2009; Xue et al., 2013). Expressed sequence tags (ESTs) which
are derived from fully processed mRNA (after 5′ capping, splicing and
polyadenylation) and cDNA sequence databases provide a rich source of information
about splicing events occurring in the human and mouse transcriptomes.

The accessibility of large databases of sequenced transcripts and sequenced
genomes has provided a good source of information for the analysis and identification
of alternative splicing events via using various programs. Thus, Massive databases
of alternative splicing events have been established for numerous species such as
human, mouse, and rat (Modrek & Lee, 2002; Lee et al., 2003; Thanaraj et al., 2004;
Zheng et al., 2005) as well several studies have applied analyses of short cDNA
read (mRNA-Seq) data from high-throughput or next generation sequencing
technologies to survey alternative splicing in mouse tissues and in human and
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mouse cell lines (Bainbridge et al., 2006; Cloonan et al., 2008; Mortazavi et al., 2008,
Sultan et al., 2008).

The sequence- and microarray-based analyses have demonstrated that alternative
splicing events occur more frequently in transcripts from genes expressed in
functionally complex tissues with diverse cell types, for example the brain (Modrek et
al., 2001; Xu et al., 2002; Johnson et al., 2003; Yeo et al., 2004; Watson et al., 2005;
Pan et al., 2008) and testis (Yeo et al., 2004), or diverse functions as in the immune
system (Watson et al., 2005). The ratio between reads including or excluding exons
known as percentage spliced in the index (PSI) which is based on two read
populations within an RNA-Seq dataset (Wang et al., 2008). It also, suggests how
efficiently sequences of interest are spliced into transcripts (Schafer et al., 2015) and
the PSI values can be used as fact for comparison of the anticipated occasion
quantifications, as it considered to be the ground truth for comparison of the predicted
event quantifications (Kahles et al., 2016).

Tools for computational analyses of transcriptional alternative splicing
Understanding the biologic function of alternative splicing has been hindered by the
difficulty in systematically identifying and validating transcripts which are
coregulated by particular splicing factors (Shin & Manley, 2004). Microarrays using
exon-junction probes had been used first for genome-wide investigation in yeast
(Clark et al., 2002). In general mRNA-Seq data provide reliable measurements for
exon inclusion levels (Pan et al., 2009).

Alternative splicing of transcriptome has been identified, using a variety protocols of
analyses, and the availability of large databases of cDNA and expressed sequence
tag (EST) sequences enabled large-scale computational studies, which have
assessed the scope of alternative splicing in the mammalian transcriptome (Graveley,
2001; Modrek et al., 2001; Clark & Thanaraj, 2002; Kan et al., 2002). Therefore, the
availability of extensive transcript sequence data and alternative splicing profiling
technologies yields new insights into the nature of the splicing. Researchers follow
variable analysis methods related to their research goal and type of selected
organism. For instance, the organism such as human or mouse where their genome
sequence is available, then identifying transcripts by mapping RNA-Seq reads onto
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the sequenced genome should be possible. In contrast, if the sequenced genome of
the organism is not available, then quantification would be achieved by using de novo
transcriptome assembly method.

To estimate transcript expression and/or gene expression is primarily based on the
number of reads that map to each transcript sequence, in spite of the fact that, there
are computational tools such as Sailfish (Patro et al., 2014) that rely on k-mer counting
in reads without the need for mapping. However, the simplest way for quantification
is to sum raw counts of mapped reads using programs such as featureCounts (Liao
et al., 2014) or HTSeq-count (Anders et al., 2015). In order to handle the problem of
any related transcripts of reads, many sophisticated algorithms were developed.
Example of Algorithms that quantify expression from transcriptome mappings
includes eXpress (Roberts & Pachter, 2013), RSEM (Li & Dewey, 2011), Sailfish
(Anders et al., 2015) and Kallisto (Bray et al., 2016) among others.

Several other bioinformatics analyses methods of RNA-Seq data can be used for
Identification of novel transcripts such as Cufflinks (Roberts et al., 2011), iReckon
(Mezlini et al., 2013), StringTie (Pertea et al., 2015), SLIDE (Li et al., 2011),
Montebello (Hiller & Wong, 2013). Some methods have specific algorithms for
alternative splicing analysis which mainly based on two categories. The first category
integrates isoform expression estimation with the detection of differential expression
to reveal changes in the proportion of each isoform within the total gene expression
such as CuffDiff2 (Trapnell et al., 2013). The flow difference metric (FDM) (Singh et
al., 2011). rSeqDiff (Shi & Jiang, 2013).

The second category showed greater accuracy as it skips the estimation of isoform
expression and detects signals of alternative splicing by comparing the distributions
of reads on exons and junctions of the genes between the compared samples. The
examples for this category are DEXseq (Anders et al., 2012) and DSGSeq (Wang et
al., 2012). rMATS (Shen et al., 2014). rDiff (Drewe et al., 2013). DiffSplice (Hu et al.,
2013) and SplAdder (Kahles et al., 2016).
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Aim
Our objective is to determine the common alternative splicing transcripts in the
neocortex and the subcortical areas at different development stages related to the
Grb10KO+/p compared to WT.

Methods
Analyses of alternative splicing transcripts
RNA-Seq is a recently developed approach to transcriptome profiling that uses
sequencing technologies. It provides a far more precise measurement of levels of
transcripts and their isoforms. To check the alternative splicing events across
mouse brain in the subcortical areas and the cortex at different developmental
stages, two different softwares were employed. The first software employed was
SplAdder software (Kahles et al., 2016). The reads from RNA-Seq experiments
were first mapped to the Mus musculus reference genome (release 87) using the
HISAT2

(version

2.0.3)

software

(http://ccb.jhu.edu/software/hisat2).

Read

alignments were then processed with the SAMtools software package (Li et al.,
2009) to generate position sorted bam and bai file for each sample. For alternative
splicing analysis, I used SplAdder software (Kahles et al., 2016) and then for each
sample

the

percent

spliced

index

(PSI)

values

from

annotated

exon_skip_merge_graphs_C3. confirmed file was selected, which indicates the
efficiency of splicing a specific exon into the transcript population of a gene. With
PSI values of each sample, the differential expression analysis between WT and
mutant Grb10KO+/p mice for each developmental stage in the subcortical areas and
then the cortex was conducted using edgeR tool which supported in R (Robinson
et al., 2010).

The second software employed was Kallisto (Bray et al., 2016). Analysis using
Kallisto was obtained as mentioned in chapter III. The generated quantification
abundances of all annotated transcripts of the RNA-Seq for each sample was then
used. The edgeR tool supported in R (Robinson et al., 2010) was used for
differential expression analysis between WT and mutant Grb10KO+/p mice at the
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different developmental stage, in the subcortical areas and then the cortex.

Results
In order to identify alternative splicing events in the wild-type and KO mice, I used
two alternative pipelines. The SplAdder software generates several different output
files,

mainly

5

events

that

merge_graphs_alt_3prime_C3.
confirmed,

have

been

confirmed,

detected

by

namely:

merge_graphs_alt_5prime_C3.

merge_graphs_exon_skip_C3.

merge_graphs_intron_retention_C3.

SplAdder

confirmed,

confirmed,

and

merge_graphs_mult_exon_skip_C3. confirmed.

For each event type, 4 separate set of output files is also generated for an efficient
query or/and further analysis. For our purpose, I have chosen for each sample their
PSI values which considered ground truth for comparison of the predicted event
quantifications (Kahles et al., 2016) in merge_graphs_exon_skip_C3. confirmed file.
I found that in subcortical areas there are 5132 alternative splice events, with a
total of 1548 genes within it 4983 alternative splice events and 209 genes differ
from the cortex while 149 alternative splice events and 1339 genes are shared
(Table 4.1 and Figure 4.1). The alternative splice within a gene ranged between 133 events (Table 4.1). In contrast, the cortex showed 5229 alternative splice events,
with a total of 1540 genes in which within it 5080 alternative splice events and 201
genes differ from the subcortical areas (Table 4.1 and Figure 4.1), while the
alternative splicing events within a gene ranged between 1-37 (Table 4.1).
Also checking the total number of alternative splicing events, number of genes and
quantity of alternative splicing within a gene in the subcortical areas and the cortex in
each of the five developmental stages revealed very slight difference in each of those
stages in both brain tissue (Table 4.2) The highest alternative splicing events occurred
in the cortex at 6M (=6024), while the lowest occurred in the subcortical areas at E18.5
(=5633). Both the highest (=1717) and the lowest (=1667) number of genes appeared
in the subcortical areas at 1W and E18.5, respectively. Lastly, the highest number of
alternative splicing within a gene appeared in the cortex at 6M old mice (=43) (Table
4.2).

Differential expression analyses based on transcripts, using edgeR software showed
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no adjusted significant level of differential expression i.e. FDR-Adjusted P-value <
0.05 between the WT and mutant Grb10KO+/p mice at all the developmental stages.
Surprisingly Grb10 isoforms were not detected by any of the SplAdder generated
output files although several have been reported previously in the literature.
Table 4.1. Alternative Splicing using SplAdder. Total number of alternative splicing events,
number of genes and quantity of alternative splicing within a gene in the subcortical areas and
the cortex generated by SplAdder.

Differences

Subcortical areas

Cortex

5132

5229

Total number of genes.

1548

1540

Number of alternative

1-33

1-37

Total number of alternative
splicing events.

splicing within a gene.

Table 4.2. Alternative Splicing using SplAdder. Total number of alternative splicing events,
number of genes and quantity of alternative splicing within a gene in the subcortical areas and
the cortex in each of the five developmental stages generated by SplAdder.

Differences

Subcortical areas
E18.5 1W 1M

Total number of alternative

3M

6M

Cortex
E18.5 1W

1M

3M

6M

5633 5872 5870 5870 5875

5867 5762 5980 5978 6024

Total number of genes.

1667 1717 1701 1704 1712

1702 1677 1705 1706 1709

Number of alternative

1-33 1-34 1-33 1-33 1-33

1-41 1-38 1-42 1-42 1-43

splicing events.

splicing within a gene.
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A. Shared alternative splicing events

B. Shared genes

Figure 4.1. Overlapped alternative splice variants/genes between the subcortical areas and
the cortex. Number of shared alternative splice (A) and shared genes (B) between the
subcortical areas and the cortex.
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The second software used to identify alternative transcripts was Kallisto (which was
also used to carry out transcriptome annotation in the previous chapter) Output file of
abundances.tsv which is generated by Kallisto were analysed. This file generates all
transcripts from the RNA-Seq reads. Differential expression analysis comparing the
wild-type and the mutant Grb10KO+/p transcripts samples using the edgeR package
supported in R (Robinson et al., 2010) identified a total of 103215 transcripts (Table
3.7). Splice variants of Grb10 transcript appear at different developmental stages in
both brain tissue and only 3 Grb10 transcript splice variants have been detected out
of 9 common splice variants (Table 4.3). These are ENSMUST00000148254
(mGrb10-208) which consist of 351 bp, it has four exons and it is a non-coding
transcript, ENSMUST00000093321 (mGrb10-201) which consist of 5061 bp, it has 17
exons and its protein contains 596 amino acids, and ENSMUST00000109654
(mGrb10-203) which consist of 4755 bp, it has 16 exons and its protein contains 541
amino acids (Figure 4.2) (Ensembl.org, 2017).

In the subcortical areas the adjusted significant differential expression (FDR < 0.05)
result showed the highest number of gene transcripts at 3 months old mice (=256
transcripts), while the lowest number at 1week old mice (=115 transcripts) (Table 4.3).
The most common splice variant of Grb10 transcript with FDR < 0.05 is mGrb10-208,
it is detected at all the 5 developmental stages. However, at 3 months old mice 2 other
splice variants have been detected which are mGrb10-201, mGrb10-203, while at 6
months old mice besides the mGrb10-208 splice variant, mGrb10-201 has been also
detected (Table 4.3).
In the cortex, the adjusted significant differential expression (FDR) result showed the
highest number of gene transcripts at 1month old mice (=223 transcripts), while the
lowest number at 6 months old mice (=139 transcripts) (Table 4.3). Only 3 months
and 6 months old mice show splice variant of Grb10 transcript which is also mGrb10208, in addition, 6 months old mice also show mGrb10-201 Grb10 transcript splice
variant.
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Table 4.3. The edgeR result of transcripts using Kallisto’s output. A total number of
differentially expressed transcripts (FDR < 0.05), and detected Grb10 splice variants in the
subcortical areas and the cortex at different developmental stages of the mice obtained by
Kallisto, ENSMUST00000148254 (mGrb10-208), ENSMUST00000093321 (mGrb10-201),
ENSMUST00000109654 (mGrb10-203).

Figure 4.2. Detected Grb10 transcript splice. A schematic of the three major transcript splice
variants that have been detected in the brain tissue sample.

Discussion
Alternative splicing of the transcriptome is widespread in mammalian gene
expression, and variant splice patterns are often specific to different developmental
stages, specific tissues or a disease or a behaviour condition. The potential to identify
and characterize the regulated alternative splicing events and alternative variant
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transcripts will provide an entirely new view of how different processes and regulation
of the cells. In humans, more than half of the genes show alternative splicing (Lander
et al., 2001; Modrek et al., 2001; Johnson et al., 2003), and many mRNA isoforms
can be linked to specific diseases (Cooper & Mattox, 1997; Beck et al., 1999; GarciaBlanco et al., 2004). Therefore, understanding the regulation mechanism of
alternative splicing and mRNA isoforms is a major goal of the researcher.

My main aim in this chapter was to obtain an inventory of all genes and their
alternative splicing events along with their estimated expression levels in the cortex
and the subcortical areas at different developmental stages. The SplAdder software
has the ability to predict splicing changes and the quantification events, which has
been used to determine whether difference occurs in the proportions of these
alternative splicing events across mice brain tissues at different developmental
stages. I found that SplAdder software shows no big differences at a total number of
alternative splicing events, the total number of genes and the number of alternative
splicing events within a gene between the subcortical areas and the cortex (Table
4.1). Although the highest alternative splicing events found in the cortex at age of 6
months (=6024) (Table 4.2) this is because in developing cortex, inclusion of the
exon increases gradually (Weyn-Vanhentenryck et al., 2018). Also, there has been
no adjusted significance level of differential expression at all the developmental
stages. Surprisingly, the SplAdder output didn’t show alternative splicing events of
Grb10. Precise detection of the exons location in each gene is an important measure
of the performance of gene identification algorithms (Reese et al., 2000).

Difficulty in distinguishing Grb10 alternative splicing events from RNA-Seq data may
be due to a different algorithm that SplAdder tools used as different methods perform
best in different data sets or sources of error (Rapaport et al., 2013; Soneson &
Delorenzi, 2013). Failure to detect alternatively spliced forms of Grb10 may be due to
that some alternatively spliced mRNA forms are miscategorised as genomic DNA,
causing to be excluded by the procedure for analysing its splicing. The edgeR result
with Kallisto output showed that the highest number of significantly differentially
expressed (FDR < 0.05) splice variant transcripts appeared in the subcortical areas
at 3 months old mice with a total number of 256 (Table 4.3). This is may be due to the
highest number of gene expression appeared at 3 months old mice in the subcortical
areas (Figure 3.7), supporting the idea that tissue-regulated splice variant transcripts
plays important roles in the differentiation of the tissue at certain developmental
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stages leading to vast regulations of mRNA at that stage which may relate to the
unusual patterns of splicing-factor expression observed in the mature brain of the
mouse, suggesting aspects of developmental regulation of splice variant at the tissue
level.

Transcriptome level appears to have different regional distributions in the brain tissue
and at different developmental stages (Table 4.3), these differences reflect
developmental and functional differences between brain regions. This result also
can be supported by the transcriptomic study of brain microvessels in neonatal and
adult mice, showing the difference in expression level where adult brain exhibited the
highest mRNA expression levels for most genes (Porte et al., 2017). Another good
example is given by Han et al. (2009) who found substantial transcriptome splicing
variation between 2 developmental stages (embryonic day 18 and postnatal day 7) of
the same tissue of the brain (cortex) in the mouse. Furthermore, in the rat, whole
transcriptome sequencing of the brain reveals changes in transcript expression,
isoform usage, and non-coding RNAs with age (Wood et al., 2013). In addition to
that, Mouse CNS transcriptomes responded to age, energy intake and gender in a
regionally distinctive manner (Xu et al., 2007). This expression information suggested
critical functions for some of the regulatory genes and provided solid confirmation for
a highly dynamic transcriptome during mouse brain development.

Grb10 interacts differentially with different receptor (He et al., 1998). Absence of
certain domain of Grb10 can impact on its interaction as a study done by He et al.
(1998) showed that isolated BPS domain interacted less well (∼50%) with the IR
cytoplasmic domain than did BPS and SH2. This could be due to difficulty in folding
of the BPS to interact with the receptor in the absence of the SH2 domain. Therefore,
it is important to know the tissue-specific expression of the transcript splice variants
for understanding the social dominant roles of Grb10 in the central nervous system. I
found that in the subcortical areas where mutation of Grb10 leads to social dominant
behaviour, the most predominant differentially expressed splice variant of Grb10
transcript is mGrb10-208 which doesn’t translate into protein due to the lack of an
open reading frame (ORF). It is transcribed at all the 5 developmental stages, while
at 3 months old in addition of this splice variant two more are represented which are
mGrb10-201 and mGrb10-203. The last transcript splice variant is distinguished
specifically at this stage. This might suggest that specific splice variants are
characteristic of specific tissue/cell at a specific stage for a specific condition.
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In contrast, the presence of mGrb10-208 at only two developmental stages (3M & 6M
old mice) in the cortex confirmed that expression of the paternally inherited allele of
Grb10 is restricted to most subcortical areas which continue into adulthood (Garfield
et al., 2011). Presence of mGrb10-201 at 6 months old mice in both the subcortical
areas and the cortex suggest unusual patterns of splice variant expression in the
mature brain of the mouse.

Defining the set of alternative splicing events conserved in mouse is primary interest
in efforts to understand the biological importance of the social behaviour of splicing
regulation but the major goal will be to integrate this result into knowledge of
coordinated gene expression programs and networks that may be controlled at other
levels in addition to transcription which may require further study.
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Chapter V.

Changes in the

regulatory architecture of Grb10KO+/p
mice
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Introduction
Gene Co-expression network analysis
Gene expression levels can be used to assess the relevance of certain groups of
genes for a cell, group of cells or tissue at a specific time point. Differential gene
expression analyses comparing two conditions or genetic backgrounds can help us
to better understand the molecular functions of specific genes. The development of
high-throughput technologies such as microarrays and RNA sequencing along with
the data analysis methods, makes it easier to identify the gene function from a
genome-wide perspective (Carpenter & Sabatini, 2004; van Dam et al., 2015).

Proteins act in concert to carry out cellular functions, communicate with other cells
and react to the changing extracellular environment. In recent years, the interaction
and between molecular pathways and the plasticity of molecular cascades have been
better recognised (Monzon-Sandoval et al., 2016). Genes are increasingly
understood as part of regulatory networks where groups of genes contributing to
specific molecular functions are up- or down-regulated or even reorganised
depending on cell’s needs. As transcriptome profiling costs have decreased allowing
an increase in the number of biological replicas assessed, gene network analyses
based on assessment of co-expression have become possible (Oldham et al., 2006).
Co-expression gene networks are constructed based on similarity in gene expression
profiles (co-expression) in all possible gene pairs. This allows identification of which
genes tend to demonstrate a coordinated expression pattern over a group of samples.
In the resulting gene networks, every node symbolizes a gene and each edge
represents the presence and the strength of the co-expression relationship.

Weighted gene co-expression network analysis (WGCNA) is one of the methods used
to characterise gene function as well as gene-disease predictions from wide gene
expression of a genome. Highly interconnected genes within the network have been
found to share biological modules or pathways demonstrating an effectiveness at
assigning putative functions to genes based on the functional annotation of their coexpressed partners leading of improving the understanding of regulatory networks
(Stuart et al., 2003; Han et al., 2004). Thus, by reconstructing co-expression networks
we can associate genes of unknown function with biological processes (van Dam et
al., 2017). WGCNA can also provide information on the functional interactions among
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groups of genes and fundamental regulatory architecture associated to global
expression profile as co-expressed genes are possibly under the concerted control of
a common complement of transcriptional regulators (Yu et al., 2003; Marco et al.,
2009; Gaiteri et al., 2014). In general, WGCNA involves using expression data profiles
and then calculating pairwise correlation for each possible gene pair of genes (Figure
5.1). These pairwise correlations then represented as a hierarchal network where
each gene is represented as a node and correlations above a threshold are denoted
as lines. Clustering analysis is used to defined modules within the network. Modules
can then be characterised by establishing enrichment in cellular function annotation.
A.

↓

B.

↓
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C.

Figure 5.1. Steps of co-expression network analysis. A) each possible pairwise correlation of
gene expression is determined, B) These pairwise correlations can then be represented as a
network, C) clustering analysis used to define modules within the network, D) functional
enrichment identified from those modules.

Differential Co-expression network analysis
Differential co-expression analysis refers to the comparison of two or more gene coexpression networks reconstructed from samples in different conditions. Such
analyses can help to identify potential changes in the gene network regulatory
architecture (de la Fuente, 2010; Gaiteri et al., 2014; Monzon-Sandoval et al., 2016).
It is thought that genes that are differentially co-expressed between groups of sample
are more likely to be regulators and potentially more relevant to understanding
phenotypic variation (Kostka & Spang, 2004; Hu et al., 2009; Hudson et al., 2009;
Amar et al., 2013). Past studies have used differential co-expression network
analyses to identify genes underlying differences between different species (Gao et
al., 2012; Monaco et al., 2015), cellular changes (Choi et al., 2005), cell types
(Riquleme & Lubovac-Pilav, 2016; Zeisel et al., 2015), tissues (Pierson, 2015; Reznik
& Sander, 2015), healthy and disease samples (Amar et al., 2013; Hu et al., 2009;
Hudson et al., 2009; Kostka & Spang, 2004) or developmental states (MonzonSandoval et al., 2016).

Several programs have been developed to assess differential clustering analysis, and
the common ones are Weighted Gene Co-expression Network Analysis (WGCNA),
DiffCoEx and Differential Correlation in Expression for meta-module Recovery
(DICER), all of which first identify modules co-expressed across the full set of study
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samples (van Dam et al., 2017). GCNA is widely used, it performs well under different
conditions and purposes (Langfelder & Horvath, 2008) it determines the activity and
importance of each module in each subpopulation of samples (van Dam et al., 2017),
DiffCoEx (Tesson et al., 2010) focuses on modules that are differentially coexpressed with the same sets of genes as it groups genes based on their differential
co-expression behaviour (van Dam et al., 2017), DICER (Amar et al., 2013 ) may be
particularly useful for time series experiments in which co-expression changes are
gradual (van Dam et al., 2017).

Co-expression in the brain
Changes in gene expression profiles throughout various developmental stages are
controlled by a fundamental network of regulatory interactions between individual
genes. In human, the development of the central nervous system has an intricate
pattern regulated process that appears over a prolonged period of time in response
to transmuting needs for a variety of cellular functions relying on a strict temporal and
regional coordination of complex patterns of gene expression (Monzón-Sandoval et
al., 2016). High variation in gene expression is especially pronounced at a specific
stage of development. Stead et al. (2006) stated that in the rat brain the spectacular
changes in the level of gene expression for most genes occur at the early stage of
postpartum life at about 1-2 weeks and plateau thereafter.

Throughout the development, changes in gene expression profiles are underlined by
a fundamental network of precise regulatory interactions between individual genes
(Neph et al., 2012). The assembly complexity of genetic components and molecular
result majority of the cellular processes (Hartwell et al., 1999) depend on stable
regulatory interactions between groups of genes throughout development.
Furthermore, many of genes have the potential to participate in many separate and
sometimes unrelated biological functions (Harris et al., 2004) intimating the presence
of causal events of regulatory reassembly that leads to new functional associations.

Genes which are linked by regulatory interactions due to their functional association
tend to exhibit same expression patterns (Eisen et al., 1998; Homousz & Kudlicki
2013). This coordinated expression can be determined by observing the correlations
in expression levels between groups of genes of suitable samples. Analysis of
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clustering based on co-expression patterns used to describe modules or groups of
correlated genes which may from pathways, molecular complexes, common
signalling and regulatory circuits (Oldham et al., 2006; Oldham et al., 2008; Saris et
al., 2009; Usadel et al., 2009; Torkamani et al., 2010; Obayashi & Kinoshita, 2011;
Zhang et al., 2012A).

Co-expression of Grb10
Grb10 is an imprinted gene expressed from the paternal allele in the brain from foetal
life into adulthood and ablation of this expression causes increased social
dominance (Garfield et al., 2011). Several studies showed biological regulation of
Grb10 co-expression, in the regulation of apoptosis Nantel et al. (1998) reported that
expression mutants of Grb10 induced apoptosis of the cell while the co-expression of
wild-type Grb10 increases cell survival.

In yeast two-hybrid system co-expression of LexA DNA-binding domain fused to the
intracellular portion of the IGF-I receptor (LexA-IGFIR beta) with an activated domain
of Grb10 (Ad-Grb10) resulted in strong activation of two genes namely: LacZ and
LEU2 reporter genes (Dey et al., 1996). Nantel et al. (1998) stated that Raf1 and
MEK1 signalling pathway show co-expression with the SH2 domain of the Grb10
adapter protein, while Murdaca et al. (2004) showed that Grb10 acts as a positive
regulator in VEGF-R2 (Vascular endothelial growth factor receptor-2) signalling and
protects it from degradation by co-expression with Nedd4 (neural precursor cell
expressed developmentally down-regulated protein). Also, Vélez et al. (2016)
established that Nedd4-2 expression increased when Grb10 adaptor was coexpressed with the channel in HEK293 cells. Jahn et al. (2002) proved that coexpression of Grb10 and c-kit activate Akt in a synergistic way. Colley et al. (2009)
stated that during neurotrophic signalling pathway both nShc (neuronal Src homology
and collagen) and Grb10 adaptor protein expression is reduced when co-expressed
with Kv1.3 (Shaker voltage-gated potassium channel). Cook and Fadool (2002) also
reported that in HEK 293 cells (Human Embryonic Kidney 293 cells) the co-expression
of Kv1.3 with Grb10 causes a decrease in Kv1.3 tyrosine phosphorylation. Grb10
participate in the regulation of cardiac potassium (K+) channels by co-expression with
KCNQ1-KCNE1, hERG and other Kv (voltage-gated potassium) channel leading to
downregulation of these channels (Ureche et al., 2009).
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Co-expression gene network based analysis has yet to be carried out to uncover
potential molecular interactors of Grb10 in any tissue or developmental stage.
Carrying out a co-expression gene network could shed light on the function and
molecular interactors of Grb10 in the brain.

Aim
To plan to carry out differentially co-expressed genes network analysis to detect any
relation between sets of genes and gene regulatory networks in the subcortical areas
and the cortex triggered by a mutation of Grb10KO+/p which might provide valuable
insight into the genetic basis for understanding the social dominance behaviour.

Methods
Statistical analysis of co-expression
All the measurable examinations were completed in R. The Differential co-articulation
examination content was acquired from Tesson et al. (2010) which is already carried
out in R. The result of all gene expression counts for all the 60 samples of the WT and
mutant Grb10KO+/p mice at the 5 developmental stages (E18.5, 1W, 1M, 3M and 6M
old) in both the subcortical areas (30 samples that includes 15 WT and 15 mutant
Grb10KO+/p mice) and the cortex (30 samples that includes 15 WT and 15 mutant
Grb10KO+/p mice) obtained from Kallisto (referred in chapter III) have been used. All
genes displaying zero variance across samples were removed from the analysis.
Protein-coding genes were selected only and downloaded from Ensembl version 80
annotations (http://www.ensembl.org/index.html).

Co-expression structure clustering analysis
Similarity of expression profiles across all the samples between the WT and mutant
Grb10KO+/p mice was assessed in subcortical and neocortex areas. Pearson
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correlation coefficient was obtained between the normalized average expression
values for each gene of all possible pairs of expression profiles. Co-expression
matrices (defined as the Pearson correlation matrix between all possible pairs of
genes) were obtained for both brain regions pooling all samples across
developmental stages in WT and mutant Grb10KO+/p.

Differential Co-expression network analysis
To quantify changes in the global pattern of co-expression between the conditions
(WT and mutant Grb10KO+/p) at different developmental stages, differential coexpression analysis was performed as described by Tesson et al. (2010) which builds
on the commonly used WGCNA framework for co-expression analysis by calculating
correlation coefficients for all possible gene pairs separately for the WT and mutant
Grb10KO+/p, resulting a correlation matrix for each stage. Then the adjacency
difference matrix between the conditions using the soft threshold parameter beta =6
was computed to achieve a scale-free degree distribution with fitting index R2 >=0.80.
Hierarchical clustering was performed using the Topological Overlap of the adjacency
difference as input distance matrix. The dynamic tree cut function (implemented in R)
was used to identify gene modules with a minimum cluster size of 100 genes. Each
module is assigned a colour and the modules were merged when the module’s
eigengenes correlation was higher than r =0.8.
In Addition to that, the co-expression between Grb10 and all the remaining genes was
calculated in the subcortical areas corresponding to WT mice. The top 30 coexpressed genes (including Grb10) with a correlation value of 0.8 or higher then
selected. The co-expression among these 30 genes was calculated both for WT and
mutant mice samples and a co-expression network for the subcortical areas was
generated with the R package 'igraph' taking into account both conditions WT and
mutant. The same set of genes were used to calculate and generate the coexpression values in the cortex and its network.

Bar plots and Heatmap
Bar graph was used in the R software to represent the individual size of the cluster
89

(module) represented in the cortex and the subcortical areas. Heatmap package
endured in the R software proposed by Ploner A. (2015) was performed to portray the
graphical portrayal of the modules in the cortex and the subcortical regions.
Significance permutation analysis and Adjusted p-value (Bonferroni)

This function computes the dispersion value that quantifies the change in correlation
between two conditions to determine the statistical significance of the observed
correlation changes in each module, I performed a permutation analysis as described
and implemented by Tesson et al. (2010) where 1000 permutations are executed on
the expression values per module and the proportion of changes in correlation higher
than the one observed is determined (Tesson et al., 2010). Finally, the p-value
calculated from the data is then compared to this distribution to determine an empirical
adjusted p-value where the adjustment method of the Bonferroni correction
("Bonferroni") was used in R to run the adjusted p-value in each of those cluster
modules in the subcortical areas and the cortex.

Gene Ontology enrichment analysis
Gene ontology biological process (GO) annotation was downloaded from Ensembl
Biomart version 87 (http://www.ensembl.org/index.html) and chose just those GO
terms containing 10 categories with at least 2 genes for which expression data was
available. Enrichment analysis for each of the modules identified through differential
co-expression analysis was carried out and the threshold of 10 genes related to the
GO term was made as described earlier (referred in chapter III) concisely; statistically
significant overrepresentation of GO terms was assessed based on a Z-score test.
Mean and standard deviation for the expected number of genes annotated to each
GO term per module was estimated based on 10,000 equally-sized random samples
drawn from the background gene population. P-values were adjusted for multiple
testing using Benjamini-Hochberg correction and GO enrichments were regarded
significant when FDR < 0.05.
Furthermore, GO enrichment analysis was carried out for the 30 co-expressed genes
(including Grb10) with correlation value of 0.8 or higher and which were used to
calculate and generate the co-expression network in the WT and its corresponding in
the mutant in the subcortical areas and the cortex.
90

Results
Significant changes in regulatory architecture associated with the Grb10KO+/p

Examining of all gene expression counts for all the 60 samples of the WT and mutant
Grb10KO+/p mice at the 5 developmental stages (E18.5, 1W, 1M, 3M and 6M old) in
both the subcortical areas (30 samples that includes 15 WT and 15 mutant
Grb10KO+/p mice) and the cortex (30 samples that include 15 WT and 15 mutant
Grb10KO+/p mice) obtained from Kallisto resulting in a total of 22114 genes after
removing from the analysis all genes displaying zero variance across the samples in
order to maximize the number of genes included.
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Differential co-expression network dendrogram and gene modules in the subcortical
areas.

Figure 5.2. Differential co-expression network dendrogram and gene modules. Dendrogram
showing hierarchical clustering based on the topological overlap of the adjacency matrix based
on co-expression differences (see methods) in the subcortical areas and the corresponding
gene modules indicated in different colours underneath.

To characterize the pattern of regulatory changes occurring during the developmental
stages, differential co-expression analysis was conducted as described by Tesson et
al. (2010) in the subcortical areas and the cortex samples. This method groups genes
together when their correlations with the same sets of genes change between different
conditions. Hierarchical clustering used to describe the strength of the relationship
between all genes in the data, where it identifies modules of differentially coexpressed genes in the subcortical areas (Figure 5.2) and the cortex (Figure 5.3).
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Differential co-expression network dendrogram and gene modules in the cortex.

Figure 5.3. Differential co-expression network dendrogram and gene modules. Dendrogram
showing hierarchical clustering based on the topological overlap of the adjacency matrix based
on co-expression differences (see methods) in the cortex and the corresponding gene
modules indicated in different colours underneath.

The clustering of the subcortical areas was merged when their eigengene correlations
were high (R > 0.8). The same procedure repeated for cortex resulting in a total of 22
differential co-expression modules ranging in size from 50 to 6353 genes (Figure 5.4).
Subcortical areas showed a similar number of differential co-expression modules (22)
ranging in size from 53 to 5636 genes (Figure 5.5). However, the module where the
Grb10 is presented in the subcortical areas (dark red module) showed less number
of genes (52) compared with the module (yellow module) in the cortex which showed
2289 genes.
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Differential co-expression gene modules in the subcortical areas.

Figure 5.4. Differential co-expression gene modules. Histogram showing cluster sizes
(number of genes) per module in the subcortical areas. Gene modules are denoted in different
colours.
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Differential co-expression gene modules in the cortex.

Figure 5.5. Differential co-expression gene modules. Histogram showing cluster sizes
(number of genes) per module in the cortex. Gene modules are denoted in different colours.

A close inspection of the correlation heat-maps of the resulting clusters confirms
pronounced changes in the correlated structure of each module in the transition
between mutant Grb10KO+/p and WT in both subcortical areas (Figure 5.6) and cortex
(Figure 5.7). Performing permutation analysis to determine the statistical significance
of the observed correlation changes in all modules revealed that the observed
changes had been significant for all 22 modules in both the subcortical areas and the
cortex.
Running Bonferroni adjusted differential co-expression p-values for each cluster
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module in the subcortical areas showed nine significant modules namely: salmon,
cyan, light yellow, midnight blue, light green, dark green, royal blue, light cyan and
dark red. While in the cortex, 10 modules out of 22 have significant adjusted p-values
namely: tan, midnight blue, salmon, light cyan, light green, grey60, dark green, dark
red, light yellow and royal blue (Table 5.1). The module where the Grb10 is presented
in the subcortical areas (dark red) shows significant Bonferroni adjusted differential
co-expression p-value =0, while in the cortex (yellow colour) shows no significant
Bonferroni adjusted differential co-expression p-value =1 (Table 5.1).
Heat maps of the Pearson correlation coefficients between all individual gene pairs
contained within each module in the subcortical areas.

Figure 5.6. Heat maps of the Pearson correlation coefficients between all individual gene pairs
contained within each module in the subcortical areas. Each heat map shows mutant
Grb10KO+/p and WT co-expression separately (upper and lower diagonal respectively). Colour
scale for correlation coefficients is shown at the bottom right corner of this panel.
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Heat maps of the Pearson correlation coefficients between all individual gene pairs
contained within each module in the cortex.

Figure 5.7. Heat maps of the Pearson correlation coefficients between all individual gene pairs
contained within each module in the cortex. Each heat map shows mutant Grb10KO+/p and
WT co-expression separately (upper and lower diagonal respectively). Colour scale for
correlation coefficients is shown at the bottom right corner of this panel.

Distinct cellular functions are enriched in differentially co-expressed clusters
To define the set of biological functions targeted by those modules which have
adjusted p-value less than 0.05, the number of GO terms is determined within the
biological process category, statistically overrepresented within those modules. The
total list of GOIDs for the biological process had revealed n =3550 after selective of
the threshold of 10 genes related to the GO term.
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Table 5.1. Bonferroni results. Adjusted differential co-expression p-value (Bonferroni) result
from lower to higher in each module in the subcortical areas and the cortex.
subcortical areas

Bonferroni-

Cortex

Bonferroni-

module

adj. p

module

adj. p

dark green

<0.001

dark green

<0.001

dark red

<0.001

dark red

<0.001

light cyan

<0.001

light cyan

<0.001

light green

<0.001

light green

<0.001

light yellow

<0.001

light yellow

<0.001

midnight blue

<0.001

royal blue

<0.001

salmon

<0.001

salmon

<0.001

cyan

0.022

tan

<0.001

midnight
royal blue

0.022

blue

0.022

black

0.066

grey60

0.022

pink

0.066

cyan

0.11

grey60

0.088

green yellow

0.528

yellow

0.154

purple

0.572

Tan

0.22

magenta

0.968

green yellow

0.242

turquoise

1

magenta

0.33

yellow

1

green

0.572

brown

1

purple

0.616

pink

1

Red

0.902

red

1

turquoise

1

blue

1

blue

1

green

1

brown

1

black

1

Gene ontology enrichment analysis in the subcortical areas reveals that the
differentially co-expressed modules are enriched in a distinct set of biological
processes. Three modules are of particular interest as they show significant
enrichment in genes associated with neuronal functions and or development. The
salmon colour module in the subcortical areas associated with pituitary gland
development, it also plays important role in regulation of cellular protein processes
such as regulation of protein localization, establishment of protein localization to
plasma membrane, protein heterotetramerization, proteasome binding, positive
regulation of cellular protein catabolic process, negative regulation of cyclindependent protein serine/threonine kinase activity, ephrin receptor activity, protein
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K48-linked deubiquitination (degradation of protein-protein interactions), aggresome
& synaptonemal complex assembly. It is as well associated with transcription factor
activity, RNA polymerase II distal enhancer sequence-specific binding, RNA
polymerase II repressing transcription factor binding, negative regulation of
sequence-specific DNA binding transcription factor activity & negative regulation of
DNA damage response. Furthermore, this module is associated with embryonic
morphogenesis as embryonic skeletal system morphogenesis, embryonic forelimb
and hindlimb morphogenesis, hair follicle morphogenesis, cilium morphogenesis &
heart morphogenesis (Figure 5.8).
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GO enrichment of differentially co-expressed for clustered module (salmon colour) in
the subcortical areas.
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negative regulation of tumor necrosis factor…
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Figure 5.8. Bar plot showing the number of significantly enriched GO terms in the clustered
module (salmon colour) in the subcortical areas. Statistical significance in the enrichment of
biological process GO terms (=44) was numerically assessed by comparing with 10 000
equally sized random samples of genes. The most significantly enriched categories retrieved
are shown in order of importance from top to bottom. Significance threshold (Adjusted P-value
< 0.05) was adjusted for multiple testing by Benjamini-Hochberg correction.
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The cyan colour module in the subcortical areas mostly associated with the
developmental functions such as development of epidermis, endoderm and
embryonic digestive tract, regulation of cell proliferation, cell migration, apoptosis and
peptidyl-tyrosine phosphorylation, receptor tyrosine kinase binding. In the nervous
system, it is associated with positive regulation of neuroblast proliferation, negative
regulation of interleukin-6 production, oligodendrocyte differentiation, neuron fate
commitment. Association with some signalling pathway is also presented such as
Notch, extrinsic apoptotic, insulin receptor and protein kinase B signalling as shown
in Figure 5.9.

The light yellow colour module in the subcortical areas plays role in CNS as it is
associated with neural crest cell development, neurotransmitter transport,
neurotransmitter: sodium symporter activity & hindbrain development. Moreover, it is
associated with skeletal system development such as ossification, positive regulation
of bone mineralization, BMP signalling pathway which is a group of protein signalling
molecules that belong to growth factors beta and induce bone formation, positive
regulation of osteoblast differentiation & transforming growth factor beta receptor
binding. It also mediates intracellular signalling initiated by extracellular stimuli, for
instance, SMAD protein signal transduction, positive regulation of pathway-restricted
SMAD protein phosphorylation, regulation of MAPK cascade, Wnt-protein, cellular
response to an extracellular stimulus, coupled to transmembrane movement of
substances, transmembrane transport & transmembrane transporter activity. In
addition, this module is associated with transcriptional activator activity, RNA
polymerase II transcription regulatory region sequence-specific binding. Beside those,
this module associated with meiotic cell cycle for example synapsis (fusion of
chromosome pairs at the start of meiosis), reciprocal meiotic recombination
(separation of chromosomes) & synaptonemal complex assembly (aligned pairs of
homologous chromosomes during meiosis) (Figure 5.10).
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GO enrichment of differentially co-expressed for clustered module (cyan colour) in the
subcortical areas.

Figure 5.9. Bar plot showing GO enrichment of differential co-expressed. Clustered module
(cyan colour) in the subcortical areas. Statistical significance in the enrichment of biological
process GO terms (=45) was numerically assessed by comparing with 10 000 equally sized
random samples of genes. The most significantly enriched categories retrieved are shown in
order of importance from top to bottom. Significance threshold (Adjusted P-value < 0.05) was
adjusted for multiple testing by Benjamini-Hochberg correction.
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Grb10 is part of the dark red colour module in the subcortical areas with a significant
difference in co-expression in the KO compared to the WT co-expression profile
(Table 5.1). This cluster is significantly enriched in metabolic functions including
insulin-like growth factor receptor signalling pathway, G-protein coupled acetylcholine
receptor signalling pathway & GTPase activator activity, lipid catabolic process, Rho
guanyl-nucleotide exchange factor activity and regulation of Rho protein signal
transduction (Figure 5.11).

Examining functional enrichment in modules of differentially expressed genes in the
neocortex, three modules are of particular interest. The tan colour module is enriched
in associations with neuronal development including, positive regulation of dendritic
spine development, positive regulation of axonogenesis & pituitary gland
development. In addition, it is associated with the immune response such as positive
regulation of isotype switching to IgG isotypes and positive regulation of B cell & T
cell differentiation. It also shows a significant association in the Notch signalling
pathway (Figure 5.12). The midnight blue colour module in the cortex is significantly
enriched in associations also related to neuronal development including synapse
organization, positive regulation of neuron apoptotic process. With extracellular
region, it shows association with extracellular space, extracellular matrix, extracellular
matrix organization, proteinaceous extracellular matrix & cell-matrix adhesion.
Besides its association with positive regulation of protein binding, protein processing
and MHC class II protein complex (Figure 5.13). The light green module colour in the
cortex associated with neurotransmitter transport, beta-amyloid binding, Moreover,
the module is associated with cellular protein catabolic process, ubiquitin-dependent
protein catabolic process & proteolysis (Figure 5.14).

Grb10 is found in the yellow colour module in the cortex but this cluster is not
significantly different when comparing WT and KO matrices which is consistent with
the fact that Grb10 is only marginally expressed in the neocortex and therefore we
don’t expect a significant shift in co-expressed partners in the KO mice (Figure 5.15).
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GO enrichment of differentially co-expressed for clustered module (light yellow colour)
in the subcortical areas. *Only top 50 categories are represented.

Biological categories of the
cluster

-log(Adjusted P-value (BH)
0

1

2

3

4

5

6

7

8

ossification
cellular response to retinoic acid
anion transmembrane transport
stem cell differentiation
extracellular region
Wnt-protein binding
embryonic forelimb morphogenesis
growth
chondrocyte differentiation
transmembrane transport
positive regulation of bone mineralization
integral component of plasma membrane
hydrolase activity, acting on glycosyl bonds
branching involved in ureteric bud morphogenesis
cartilage development
transforming growth factor beta receptor binding
transmembrane transporter activity
neurotransmitter transport
brush border membrane
ATPase activity, coupled to transmembrane…
positive regulation of pathway-restricted SMAD…
immune system process
extracellular space
regulation of MAPK cascade
somitogenesis
myosin complex
symporter activity
innate immune response
transporter activity
carbohydrate metabolic process
catalytic activity
SMAD protein signal transduction
cell fate commitment
growth factor activity
positive regulation of osteoblast differentiation
serine-type endopeptidase inhibitor activity
cellular response to mechanical stimulus
peptidase inhibitor activity
filopodium
negative regulation of peptidase activity
BMP signaling pathway
meiotic cell cycle
motor activity
cytoplasm
transcriptional activator activity, RNA polymerase…
negative regulation of endopeptidase activity
calmodulin binding
skeletal system development
single organismal cell-cell adhesion
extracellular exosome

Figure 5.10. Bar plot showing the number of significantly enriched GO terms in the clustered
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module (light yellow colour) in the subcortical areas. Statistical significance in the enrichment
of biological process GO terms (=67) was numerically assessed by comparing with 10 000
equally sized random samples of genes. The most significantly enriched categories retrieved
are shown in order of importance from top to bottom. Significance threshold (Adjusted P-value
< 0.05) was adjusted for multiple testing by Benjamini-Hochberg correction.

GO enrichment of differentially co-expressed for clustered module (dark red colour) in
the subcortical areas where Grb10 is presented.
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GTPase activator activity
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Figure 5.11. Bar plot showing the number of significantly enriched GO terms in the clustered
module where Grb10 is presented (dark red colour) in the subcortical areas. Statistical
significance in the enrichment of biological process GO terms (=9) was numerically assessed
by comparing with 10 000 equally sized random samples of genes. The most significantly
enriched categories retrieved are shown in order of importance from top to bottom.
Significance threshold (Adjusted P-value < 0.05) was adjusted for multiple testing by
Benjamini-Hochberg correction.
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GO enrichment of differentially co-expressed for clustered module (tan colour) in the
cortex.
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Figure 5.12. Bar plot showing the number of significantly enriched GO terms in the clustered
module (tan colour) in the cortex. Statistical significance in the enrichment of biological process
GO terms (=33) was numerically assessed by comparing with 10 000 equally sized random
samples of genes. The most significantly enriched categories retrieved are shown in order of
importance from top to bottom. Significance threshold (Adjusted P-value < 0.05) was adjusted
for multiple testing by Benjamini-Hochberg correction.
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GO enrichment of differentially co-expressed for clustered module (midnight blue) in
the cortex.
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Figure 5.13. Bar plot showing GO enrichment of differential co-expressed (Bonferroni
adjustment) clustered module (midnight blue colour) in the cortex. Statistical significance in
the enrichment of biological process GO terms (=30) was numerically assessed by comparing
with 10 000 equally sized random samples of genes. The most significantly enriched
categories retrieved are shown in order of importance from top to bottom. Significance
threshold (Adjusted P-value < 0.05) was adjusted for multiple testing by Benjamini-Hochberg
correction.
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GO enrichment of differentially co-expressed for clustered module (light green colour)
in the cortex.
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Figure 5.14. Bar plot showing GO enrichment of differential co-expressed (Bonferroni
adjustment) clustered module (light green colour) in the cortex. Statistical significance in the
enrichment of biological process GO terms (=34) was numerically assessed by comparing with
10 000 equally sized random samples of genes. The most significantly enriched categories
retrieved are shown in order of importance from top to bottom. Significance threshold
(Adjusted P-value < 0.05) was adjusted for multiple testing by Benjamini-Hochberg correction.
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GO enrichment of differentially co-expressed for clustered module (yellow colour) in
the cortex where Grb10 is presented.
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Figure 5.15. Bar plot showing the number of significantly enriched GO terms in the clustered
module where Grb10 is presented (yellow colour) in the cortex. Statistical significance in the
enrichment of biological process GO terms (=6) was numerically assessed by comparing with
10 000 equally sized random samples of genes. The most significantly enriched categories
retrieved are shown in order of importance from top to bottom. Significance threshold
(Adjusted P-value < 0.05) was adjusted for multiple testing by Benjamini-Hochberg correction.
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Co-expression network of the 30 genes in the subcortical areas.

Figure 5.16. Co-expression network of the 30 genes in the subcortical areas. The nodes
represent the group of genes most co-expressed with Grb10 in the subcortical areas in WT
mice. Red colour nodes represent significantly down-regulated genes and white colour
represent genes with no significant changes. The edges represent co-expression between the
pairs of genes with a threshold of 0.8 or higher, black edges represent co-expression in WT
and mutant conditions, grey edges represent co-expression only in WT mice, and orange
edges represent co-expression only in mutant mice.
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Co-expression network of the 30 genes in the cortex.

Figure 5.17. Co-expression network of the 30 genes in the cortex. The nodes represent the
same group of genes which are most co-expressed with Grb10 in the subcortical areas in WT
mice. Red colour nodes represent significantly down-regulated genes, yellow colour represent
significantly up-regulated genes and white colour represent genes with no significant changes.
The edges represent co-expression between the pairs of genes with a threshold of 0.8 or
higher, black edges represent co-expression in WT and mutant conditions, grey edges
represent co-expression only in WT mice, and orange edges represent co-expression only in
mutant mice.
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Table 5.2. GO categories of the 30 co-expressed genes (including Grb10) with correlation
value of 0.8 or higher in the WT and its corresponding in the mutant in the subcortical areas
and the cortex.

GOID
GO:0042711
GO:0007625
GO:0030819
GO:0019228
GO:0007612
GO:0007631
GO:0007626
GO:0060291
GO:0007189
GO:0008542
GO:0034220
GO:0006811
GO:0006813
GO:0034765
GO:0071805
GO:0014070
GO:0055085
GO:0007166
GO:0006810
GO:0045944
GO:0008284
GO:0007165

GO Term
maternal behaviour
grooming behaviour
positive regulation of cAMP biosynthetic process
neuronal action potential
learning
feeding behaviour
locomotor behaviour
long-term synaptic potentiation
adenylate cyclase-activating G-protein coupled receptor signalling pathway
visual learning
ion transmembrane transport
ion transport
potassium ion transport
regulation of ion transmembrane transport
potassium ion transmembrane transport
response to organic cyclic compound
transmembrane transport
cell surface receptor signalling pathway
transport
positive regulation of transcription from RNA polymerase II promoter
positive regulation of cell proliferation
signal transduction

Discussion
The development of the nervous system is a highly complex process and gene
expression patterns vary widely depending on the specific developmental trajectories
of different neural structures (Stead et al., 2006; Sterner et al., 2012). The use of
genomics tools has revolutionized the field of behavioural genetics by providing tools
to measure the dynamic nature of brain gene expression in relation to behaviour.

Mutant paternal Grb10KO causes social dominance in mice, this might provide a good
platform for investigating the relationship between brain gene expression and social
behaviour which is a complex phenotype that is developmentally labile. Changes in
gene expression profiles during development are entirely determined by an underlying
network of precise regulatory interactions between individual genes. I asked about
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Adj.P-value
1.36E-106
3.84E-56
3.18E-53
3.95E-44
7.47E-26
3.78E-25
3.75E-24
2.20E-22
6.84E-18
4.08E-16
1.39E-12
5.10E-08
7.06E-07
1.18E-06
1.34E-06
2.78E-06
1.23E-05
0.0013354
0.00322723
0.01044046
0.01770826
0.04444254

the type of gene regulatory network and the correlation between sets of genes at
different developmental stages in WT and mutated Grb10KO+/p mice in the subcortical
areas and the cortex. To address this problem, I focused on the co-expression
structure of the transcriptome as a measure of its regulatory network at defined stages
of the development (E18.5, 1W, 1M, 3M and 6M). I used existing expression data
derived from the mutant Grb10+/p and WT at different developing stages of mice brain
mainly the subcortical areas and the cortex and examine the relationship between
changes in gene expression profiles and the underlying correlation structure
developmental transcriptome.

To distinguish between these two regions of the brain I compared the co-expression
structure of the transcriptome between WT and mutant Grb10KO+/p. Analysis of gene
co-expression has been used extensively to get knowledge about the functional
organization of transcriptomes throughout species, tissues and conditions (Yu et al.,
2003; Oldham et al., 2006; Oldham et al., 2008; Marco et al., 2009; Saris et al., 2009;
Usadel et al., 2009; Torkamani et al., 2010; Kang et al., 2011; Obayashi & Kinoshita,
2011; Zhang et al., 2012A; Zhang et al., 2013; Gaiteri et al., 2014), and the
transcriptome of the developmental brain showed distinct co-expression networks
which are presumed to act as single expression units consisting of coherent groups
of coregulated genes (Kang et al., 2011) and expected to have a constant feature of
the normal developmental programme.
Hence, changes in the gene co-expression network have been linked to regulatory
dysfunctions which are related to the progression or onset of different pathological
and disease conditions such as neurodegeneration and neuropsychiatric disorders,
cancer, obesity and possible genome instability associated with age-related functional
decline (Miller et al., 2008; Saris et al., 2009; Southworth et al., 2009; Torkamani et
al., 2010; Voineagu et al., 2011; de Jong et al., 2012; Ponomarev et al., 2012; Chen
et al., 2013; Zhang et al., 2013). This link between pathological dysfunctions and
changes in the global network of regulatory interactions suggest that the stability of
the co-expression structure of the transcriptome is an essential condition for the
normal function of cells and tissues.

Therefore, under the constant network of regulatory interactions, a little difference in
the co-expression structure across those two regions of the brain between WT and
mutant Grb10KO+/p was predicted. Our result reveals 22 modules in each of the
subcortical areas (Figure 5.6) and the cortex (Figure 5.7). Nine of these modules in
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the subcortical areas and ten modules in the cortex showed adjusted differential coexpression p-value (Bonferroni) less than 0.05 (Table 5.1) between the WT and
mutant Grb10+/p. The module where Grb10 is presented showed significant adjusted
p-value in the subcortical areas but not in the cortex. This result may be due to the
fact that in the cortex Grb10 is less expressed and that’s why not supporting the Grb10
as a part of a cluster showing no significant difference in the cortex.

Nevertheless, several modules of co-expressed genes in the cortex were shown to
be altered. Gene ontology enrichment analysis conducted to gain insight into the
functional coherence of those observed significant modules of clusters and whether if
they focused particular biological functions. The result revealed that each module
targets a discrete set of biological functions with little functional overlap between
modules. this result shows that the transcriptome in the subcortical areas and the
cortex are organized into discrete clusters each involved in the regulatory defined sets
of biological functions. This transition is organized into separate sets of biological
functions suggests new functional associations involved in the normal transition in
different developmental stages of the brain. In addition, the fact that the transcripts in
some of the significantly differential co-expression modules of the subcortical areas
and the cortex are enriched in the brain, suggesting that these genes function mainly
in the central nervous system. Nonetheless, the fact that they fall into particular
modules indicates that their specific functions differ, or that they are differentially
regulated in a temporally or spatially specific manner.

In the modules of both region of the brain, the correlation for growth factor activity had
been determined however insulin-like growth factor (IGF) receptor signalling pathway
(GO:0048009) has been specified in the dark red module of the subcortical areas. this
is confirming that Grb10 is more prominently expressed in the subcortical areas than
the cortex where Grb10 plays important role in plays a functional role in IGF (O’Neil
et al.1996; Morrione et al., 1997; Dufresne & Smith, 2005; Li et al., 2013; Yang et al.,
2016). Finally, the adjusted differential co-expression p-value indicated 5 out of 9
modules in the subcortical areas and 6 out of 10 modules in the cortex showed
biological processes related with the CNS suggesting that Grb10 is one of the
architect network in the subcortical areas in the CNS.

To understand further Grb10 functionally related genes, we integrated co-expression
network between 30 co-expressed genes (including Grb10) that has correlation value
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of 0.8 or higher in the WT and its corresponding in the mutant in both brain tissue,
thus complementary information to understand Grb10 function network. The result
showed completely different layer of regulation in between both brain tissue. In the
subcortical areas the correlation is obvious with dynamic network between Grb10 and
all those genes (Figure 5.16) while in the cortex Grb10 showed a network among 9
genes only (Figure 5.17). This is maybe because Grb10 is mainly expressed in the
subcortical areas and that knocking out of Grb10 affect its expression in the cortex
and or it has a very slight effect or expression in the cortex. With these results, we
can conclude that the phenotypic variability associated with social dominant in these
genotypes is mostly determined by genotypic variability.

Enrichment analysis for those 30 correlated genes (Table 5.2) reveals their
association with behaviours such as maternal behaviour, grooming behaviour,
feeding and others. they also associated with signal transduction, ion transport such
as potassium and with CNS such as long-term synaptic potentiation and neuronal
action potential. They are also associated with growth such as positive regulation of
cell proliferation as the growth factors play important roles in regulating cell
proliferation (Rozengurt, 1992; Bhora et al., 1995; Li & Lu, 2005).
This association indicates the main function of Grb10 in controlling the growth and
social dominant that showed in co-expression network in the subcortical areas (Figure
5.16) where it is mainly expressed.
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Chapter VI

Comparing maternal and

paternal Grb10KO
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Introduction
Grb10 (growth factor receptor-bound protein 10) is an imprinted gene which encodes
an intracellular signalling adaptor protein. When expressed from the maternal allele,
Grb10 acts to restrict foetal growth and is permissive for adipose deposition in
adulthood as maternal Grb10 knockout mice exhibit overgrowth in numerous organs
and tissues (Charalambous et al., 2003), whilst the paternal allele expressed Grb10 in
neurons mainly the subcortical areas and it plays an important role in social
dominance behaviour in mice in adulthood (Garfield et al., 2011).

In mice, Grb10 gene expression is imprinted with maternal expression observed in all
tissues except the brain. Grb10 influences foetal and placental growth, where the
maternal Grb10 allele acts as an inhibitor of both foetal and placental growth
(Charalambous et al., 2003; Garfield et al., 2011; Cowley et al., 2014). Disruption of
Grb10 gene expression in peripheral tissues leads to significant overgrowth of the
mice, indicating a role for endogenous Grb10 as a growth suppressor (Wang et al.,
2007). In adult WT mice, Grb10 expression could be detected in tissues, including
brain, heart, pancreas, fat, muscle, lung, and spleen (Wang et al., 2007) while in the
liver, Grb10 could be detected in embryonic mouse stage (Charalambous et al., 2003)
where Grb10m/+ mice showed persistent overgrowth of the liver during embryonic
stage (Charalambous et al., 2003; Garfield et al., 2011; Cowley et al., 2014) and at
birth (Charalambous et al., 2003; Garfield et al., 2011) but has no (Gruppuso et al.,
2000) or little (Wang et al., 2007) effect in adult stage. Grb10m/+ mice had no effect on
Grb10 expression in the brain (Wang et al., 2007) with the paternal allele found to be
expressed in subcortical areas from embryonic stages up to adulthood (Garfield et al.,
2011). Maternal Grb10 expression in the brain has been found only marginally.

The molecular interactors of Grb10 have been better characterised for the maternal
knockout. Grb10 is an adaptor protein that inhibits tyrosine phosphorylation of the
insulin, EGF (Ooi et al., 1995), growth hormone (Moutoussamy, 1998) and other
growth factor receptors (Morrione, 2003; Nantel et al., 1999; Kabir and Kazi, 2014). It
has role in apoptosis signalling (Hu et al., 2010), and has an effect on cell survival
(Holt & Siddle, 2005) by binding with cell molecules affecting cell survival such as
the IGF-1 receptor (Vecchione et al., 2003; Holt & Siddle, 2005; Cao et al., 2008; Des
buquois et al., 2013), RAF-1 (Nantel et al., 1998; Nantel et al., 1999; Kebache et al.,
2007), MEK1 (Nantel et al., 1998; Nantel et al., 1999), AKT kinases (Jahn et al., 2002;
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Wick et al., 2003; Urschel et al., 2005), the 14-3-3 adaptor protein (Urschel et al.,
2005) and NEDD4 ubiquitin ligase (Vecchione et al., 2003; Cao et al., 2008).

In the previous chapters, I have obtained and analysed brain transcriptome data for
the paternal Grb10 knockout. The results obtained revealed a series of potential
interactors of the paternal Grb10 allele. In this chapter, I compare these results to
those obtained in liver tissue comparing wild-type and maternal Grb10KO m/+ in order
to gain insights into the similarities and differences in the molecular interactions of
both alleles.

Aim
The main aim of this chapter is to compare patterns of differential gene expression of
Grb10KO of the paternal copy in the brain with the changes observed associated with
the maternal KO transcriptome profiles in the liver. For this, I annotated liver
transcriptomes of Grb10KOm/+ and wild-type mice at E18.5 developmental stage,
carried out differential gene expression analyses of maternal mutant by comparing
the wild-type and the mutant mice Grb10KOm/+ and finally, contrast these results to
the paternal mutant Grb10KO+/p mice.

Methods
Sample collection and genotyping
To identify potential gene interactors of maternal Grb10. Mice liver samples at age of
E18.5. were collected. In this chapter, I describe the methods used for collecting the
samples, RNA preparation, RNA sequencing and bioinformatic analyses for
annotation, differential expression and GO to contrast these results with the results
found in paternal mutant Grb10KO+/p mice. For this study, three maternal mutant
Grb10KOm/+ and 3 WT male mice were used. The knockout line used in these mice is
that reported by Garfield et al. (2011). Mice were dissected and the liver organ was
immediately kept in a separate Eppendorf tube filled with RNAlater to maintain RNA
integrity during storage of the samples. Please refer to chapter II, for protocol used
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for genotyping.

RNA extraction
For RNA extraction Nucleospin RNA kit (Macherey-Nagel) extraction method was
used according to the manufacturer's protocol.

RNA Quality Control
For RNA quality control (purity and concentration) the following procedures were
used. First, using a NanoDrop™ spectrophotometer to check A260/280 absorption
values, where lower values indicate contamination. Then the samples ran on an
Agarose Gel Electrophoresis to check the intact 18S and 28S bands of RNA that can
be clearly seen. The samples then purified using the Nucleospin RNA Clean-Up XS
protocol and finally stored at -80 °C.

Library preparation and RNA Sequencing
Samples that were selected were sent to collaborators: Kings College London School
of Medicine BRC Genomics Core Facility (Guy's and St Thomas' NHS Foundation
Trust). Department of Medical and Molecular Genetics 7th Floor, Tower Wing, Guy's
Hospital London SE1 9RT. For library preparation and sequencing transcriptome
(paired-end reads) Illumina-HiSeq 2500 platform was performed.

Transcriptome profile analyses of the Grb10 maternal KOm/+
Quality analysis using FASTQC, transcriptome annotation, analysis of transcriptome
splice variants, differential expression analysis, pairwise comparison, and functional
enrichment analysis all these methods have been carried out as described in
Chapters III and IV.
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Results
Transcriptome annotation of Grb10 maternal KOm/+ and wild-type controls
The FastQC application of the Galaxy version 0.67 had shown all the paired-end reads
samples have a sequence length of 101 bp with zero poor quality sequences. The
quality scores in Phred scale for all samples were all above 23 (more than 99% base
accuracy). All the sequencing adapters if found had been clipped using a Cutadapt tool
from the Python packaging index. Kallisto program had been used for annotation of
the transcripts. Output file of abundances.tsv was used for further analysis. A total
number of 111462 transcripts and 35274 genes were obtained (Table 6.1). Bash
command line was used to detect the total number of reads ranged from 61717238 to
67271182 (Table 6.1). Splice variants of Grb10 transcript in the liver showed a total
of 240 of three types which are mGrb10-201, mGrb10-203 and mGrb10-206 (Figure
6.1). They are highest and different in comparison with Grb10 transcript in the
subcortical areas (mGrb10-208) and the cortex (none) at the stage of E18.5 (Table
6.2).
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Figure 6.1. Detected Grb10 transcript splice variants. A schematic of the 3 transcript splice
variants that have been detected in the liver.

Table 6.1. Annotation. A total number of annotated genes and transcripts using Kallisto and
the total number of reads (paired-end reads) in the liver of WT and mutant E18.5 mice (=3 for
each).
Total no. of Transcripts

=111462

Total no. of Genes

=35274

Total no. of reads (Forward

n1 =67271182

Total no. of reads (Forward &

n1 =65119546

& Reverse) in WT E18.5

n2 =61717238

Reverse) in Mutant E18.5

n2 =65983318

replica (=3) in the liver.

n3 =62844560

replica (=3) in the liver.

n3 =62132034

Table 6.2. The edgeR result of transcripts using Kallisto’s output. A total number of
differentially expressed transcripts (FDR < 0.05), and detected Grb10 splice variants in the
liver at E18.5 and its comparison with the subcortical areas and the cortex obtained by Kallisto,
ENSMUST00000143386

(mGrb10-206),

ENSMUST00000148254

(mGrb10-208),

ENSMUST00000093321 (mGrb10-201), ENSMUST00000109654 (mGrb10-203).
Different type of Tissue

Subcortical areas

liver

Cortex

FDR_total nos. of transcript at
E18.5

214

240

146

Grb10 transcript type

mGrb10-208

mGrb10-201, mGrb10-203 &
mGrb10-206

Maternal Grb10KOm/+ leads to differential expression of over 100 genes
The differential expression analysis was carried out using the edgeR package
supported in R software (Robinson et al., 2010). The analysis was performed on
Kallisto’s output and the number of down and up-regulated differentially expressed
transcriptome and genes obtained (FDR < 0.05) were quantified (Figure 6.2). As
expected, Grb10 was detected as differentially expressed in the samples and showed
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the highest FDR value (=7.18198335462268E-28) among the down-regulated genes.
Overall, the total number of differentially expressed genes (FDR =0.05) is 279 in which
146 genes are up-regulated and 133 genes are down-regulated while the total number
of differentially expressed transcripts (FDR =0.05) is 240 (Table 6.2) in which 132
transcripts are up-regulated and 108 transcripts are down-regulated (Figure 6.2).

Figure 6.2. Bar chart for the number of differentially expressed genes/transcripts in the liver
of E18.5 mice. The bar chart shows the actual size of up- and down-regulated differentially
expressed genes/transcripts at E18.5 represented in the liver.

Maternal and paternal KO show distinct transcriptional signatures
In order to assess whether the transcriptional signatures associated with the Knocking
out of the paternal allele in the brain tissue are specific to the tissue context or instead
a systemic consequence of the decreased Grb10 expression sets of differentially
expressed genes in the brain and liver samples were compared. The pairwise
comparisons of samples corresponding to E18.5 stage showed two predicted genes
(Gm10800 & Gm10722) which were down-regulated in both the liver and the
subcortical areas (Figure 6.3 and Table 6.3). No common genes were found to be
differentially expressed in the liver and the cortex (Figure 6.3) which is expected as
Grb10 paternal copy is only expressed in the subcortical areas with differential gene
expression in the cortex for the paternal Grb10KO+/p likely to be a byproduct of the
effects of a dearth of Grb10 in the subcortical areas.
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Figure 6.3. Venn diagram summarising the overlap of differentially expressed genes in the
liver with a comparison to the subcortical areas (A) and the cortex (B). Pairwise comparison
of differentially expressed genes found between the liver & the subcortical areas (A) and
between the liver & the cortex (B) in E18.5.

Comparing the differentially expressed genes in E18.5 stage in the liver with the pool
of differentially expressed genes in the subcortical areas of the brain across the five
developmental stages showed a total of 10 shared differentially expressed genes
(Grb10, Slc47a1, Rgs16, Lhx6, Itih2, Ramp3, Gm10800, Gm10722, Gm3375, and
Gm15920) in both tissues and 4 shared differentially expressed genes (Grb10,
Gm6505, Gm10721, and Gm15920) when comparing the liver and neocortex in which
Grb10 and most of the shared genes are down-regulated in all the tissue (Figure 6.4
and Table 6.3).
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Figure 6.4. Venn diagram summarising the overlap of differentially expressed genes in the
liver with a comparison to all the developmental stages in the subcortical areas (A) and the
cortex (B). Pairwise comparison of differentially expressed genes found between the liver at
E18.5 & all the developmental stages in the subcortical areas (A) and between the liver at
E18.5 & all the developmental stages in the cortex (B). The duplicated genes within all the
developmental stages were removed.
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Table 6.3. Direction of pairwise differentially expressed genes between the liver and brain
tissues. The direction of overlapped differentially expressed genes (down- or up-regulated)
between the liver and subcortical areas at E18.5, and between the liver at E18.5 and all the
developmental stages in the subcortical areas and the cortex.

Tissue/Gene name
Liver and Subcortical areas at E18.5
1- Gm10800 (predicted gene 10800)
2- Gm10722 (predicted gene 10722)
Liver at E18.5 and Subcortical areas
of all stages
1- Grb10 (Growth factor receptorbound protein 10)
2- Slc47a1 (Multidrug and toxin
extrusion protein 1)
3- Rgs16 (regulator of G-protein
signalling 16)
4- Lhx6 (Mus musculus LIM
homeobox protein 6)
5- Itih2 (inter-alpha-trypsin inhibitor,
heavy chain 2)
6- Ramp3 (Receptor activitymodifying protein 3)
7- Gm10800 (predicted gene 10800)
8- Gm10722 (predicted gene 10722)
9- Gm3375 (predicted gene 3375)
10- Gm15920 (predicted gene 15920)
Liver at E18.5 and Cortex of all
stages
1- Grb10 (Growth factor receptorbound protein 10)
2- Gm6505 (predicted gene 6505)
3- Gm10721 (predicted gene 10721)
4- Gm15920 (predicted gene 15920)

Down- or Up-regulated differentially expressed genes
Down-regulated
Down-regulated

Down-regulated
Down-regulated

Liver at E18.5

Subcortical areas at all stages

Down-regulated

Down-regulated

Down-regulated

Down-regulated

Down-regulated

Down-regulated

Down-regulated

Down-regulated

Down-regulated

Down-regulated

Up-regulated
Down-regulated
Down-regulated
Down-regulated
Up-regulated

Down-regulated
Down-regulated
Down-regulated
Down-regulated
Up-regulated

Liver at E18.5

Cortex at all stages

Down-regulated
Up-regulated
Down-regulated
Down-regulated

Down-regulated
Down-regulated
Up-regulated
Up-regulated

Maternal and paternal Grb10 associated with distinct functional categories
The GO enrichment analysis for biological processes category targeted to E18.5 liver
which has Bonferroni adjusted p-value less than 0.05 revealed a total of 175 lists of
GOIDs, 73 of them are related to down-regulated differentially expressed genes while
102 are related to up-regulated differentially expressed genes.

Gene ontology enrichment analysis reveals that down-regulated differentially
expressed genes in the liver targeted the biological processes mostly associated
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excretion, digestion, tissue regeneration, cell differentiation, development of organs
skeletal muscle, camera-type eye & kidney, some of the metabolic processes such
as fatty acid, lipid, lipoprotein, cellular amino acid, triglyceride, steroid (Figure 6.5 and
supplementary Figure S6.1). They are associated with biosynthesis processes,
metabolic processes, catabolic processes. In addition, genes are associated with
response to nutrient, regulation of growth and cell maturation (Figure 6.5 and
supplementary Figure S6.1).

The biological process for up-regulated differentially expressed genes in the liver
showed GO categories associated with transport such as lipid transport, sodium ion,
calcium ion transmembrane transport, inorganic anion transport, organic acid
transmembrane transport (Figure 6.6 and supplementary Figure S6.2). They are also
associated with some neuronal categories, for example, neuron differentiation,
axonogenesis, dendrite development, myelination, regulation of postsynaptic
membrane potential and negative regulation of neuron apoptotic process (Figure 6.6).
Furthermore, it has shown to be associated with immune response such as neutrophil
chemotaxis, response to molecule of bacterial origin, positive regulation of T cell
migration. In addition, with some signalling and pathways such as epidermal growth
factor receptor signalling pathway, protein kinase B signalling and chemokinemediated signalling pathway (Figure 6.6 and supplementary Figure S6.2).

There was no significant (Adjusted P-value < 0.05) shared GO term has been found
between the liver and each of the brain tissue (the subcortical areas and the cortex)
at age of E18.5. However, number of GO terms have been detected among downregulated differentially expressed genes between the liver and the subcortical areas
of all the developmental stages n =14 (Table 6.4). Moreover, only one overlap GO
term has been detected among up-regulated differentially expressed genes between
the liver and the subcortical areas of all the developmental stages (Table 6.4). In
contrast, up-regulated differentially expressed genes in the cortex of all the
developmental stages has been shown three shared GO terms with the liver and none
of the GO term has been detected with down-regulated differentially expressed genes
between the cortex of all the developmental stages and the liver (Table 6.4). All the
shared GO term with GOIDs are listed in Table 6.5.
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Significantly enriched GO terms of biological process for down-regulated differentially
expressed genes in the liver. *Only top 50 categories are represented.

-log(Adjusted P-value (BH)

GO categories
0

1

2

3

4

5

6

7

8

actin filament polymerization
digestion
negative regulation of smooth muscle cell…
fatty acid metabolic process
lipid metabolic process
triglyceride homeostasis
cellular amino acid biosynthetic process
one-carbon metabolic process
lipid transport
response to estradiol
transmembrane transport
metabolic process
biosynthetic process
sodium ion transmembrane transport
response to mechanical stimulus
steroid metabolic process
response to nutrient
sodium ion transport
triglyceride metabolic process
response to zinc ion
transport
ion transport
multicellular organism growth
negative regulation of cell growth
glucose homeostasis
lipid catabolic process
glutathione metabolic process
cell maturation
animal organ regeneration
response to hormone
blood coagulation
steroid biosynthetic process
regulation of growth
insulin receptor signaling pathway
response to nutrient levels
response to estrogen
response to drug
fatty acid biosynthetic process
camera-type eye development
cellular oxidant detoxification
wound healing
cell differentiation
aging
positive regulation of apoptotic process
exocytosis
skeletal system development
negative regulation of peptidase activity
nucleic acid phosphodiester bond hydrolysis
negative regulation of cell proliferation
kidney development

Figure 6.5. Bar plot showing the number of significantly enriched GO terms. Statistical
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significance in the enrichment of biological process GO terms (=73) was numerically assessed
by comparing with 10 000 equally sized random samples of genes for down-regulated
differentially expressed genes in the liver. The most significantly enriched categories retrieved
are shown in order of importance from top to bottom. Significance threshold (Adjusted P-value
< 0.05) was adjusted for multiple testing by Benjamini-Hochberg correction.
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Significantly enriched GO terms of biological process for up-regulated differentially
expressed genes in the liver. *Only top 50 categories are represented.

-log(Adjusted P-value (BH)

GO categories
0

0.5

1

1.5

2

2.5

3

3.5

negative regulation of peptidase activity
cellular response to cAMP
long-term synaptic potentiation
regulation of postsynaptic membrane potential
protein heterooligomerization
regulation of inflammatory response
skin development
myelination
positive regulation of interleukin-6 production
response to activity
learning
learning or memory
epidermal growth factor receptor signaling…
negative regulation of cell adhesion
cholesterol homeostasis
lipid transport
sodium ion transmembrane transport
cellular response to lipopolysaccharide
neutrophil chemotaxis
memory
negative regulation of neuron apoptotic process
positive regulation of protein kinase activity
positive regulation of protein binding
lipid metabolic process
cellular response to drug
positive regulation of proteasomal ubiquitin-…
cellular response to interleukin-1
negative regulation of endopeptidase activity
cellular response to interferon-gamma
negative regulation of protein phosphorylation
negative regulation of inflammatory response
positive regulation of neuron differentiation
wound healing
positive regulation of peptidyl-serine…
spermatid development
response to hypoxia
positive regulation of MAPK cascade
extracellular matrix organization
receptor-mediated endocytosis
apoptotic process
axonogenesis
negative regulation of cell migration
intracellular signal transduction
cellular response to hypoxia
response to estradiol
neuron differentiation
sodium ion transport
ion transmembrane transport
protein phosphorylation
calcium ion transmembrane transport

Figure 6.6. Bar plot showing the number of significantly enriched GO terms. Statistical
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significance in the enrichment of biological process GO terms (=102) was numerically
assessed by comparing with 10 000 equally sized random samples of genes for up-regulated
differentially expressed genes in the liver. The most significantly enriched categories retrieved
are shown in order of importance from top to bottom. Significance threshold (Adjusted P-value
< 0.05) was adjusted for multiple testing by Benjamini-Hochberg correction.

Table 6.4. Shared GO terms between the liver and each of the subcortical areas and the cortex
of all the developmental stages. * has one same identical GO term.
Differentially

Tissues

Number of shared GO term

expressed genes
Down-regulated

Subcortical areas and liver

14*

Up-regulated

Subcortical areas and liver

1

Up-regulated

Cortex and liver

3*

Down-regulated

Cortex and liver

0

Table 6.5. GOIDs and GO term. Shared GO term and GOIDs between the liver and the
subcortical areas in significantly differentially expressed down- and up-regulated genes and
between the liver and the cortex in significantly differentially expressed up-regulated genes.
* GO:0008285 is identical GO term.
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Discussion
Grb10 is an imprinted gene in human and mice with a tissue-specific manner
expression (Arnaud et al., 2003; Hikichi et al., 2003; Monk et al., 2009). In the mouse,
maternal allele expressed in most of the tissue while paternal allele expressed in
certain parts of the brain (Garfield et al., 2011). Mutation of Grb10 from maternal side
leads to overgrowth of the embryo including disproportion at the level of tissues and
organs (Smith et al., 2007) while from paternal side leads to dominant behaviour in
adult mice (Garfield., 2011).

In this chapter, I compared differentially expressed gene sets of maternal mutant
Grb10KOm/+ mice and paternal mutant Grb10KO+/p when compared to corresponding
wild-type in order to assess whether changes in transcriptional profiles in subcortical
areas are specific to the brain or instead part of a systematic effect of the depletion of
Grb10.
FastQC analysis showed good quality of the reads which facilitate the annotation and
quantification of all genes in the samples. The overall observation on the amount of
differentially expressed genes of both up- and down-regulated in the liver of E18.5
has been detected 279 which are higher than what have been detected in the
subcortical areas and the cortex in all the developmental stages (139 genes, 26
genes, respectively). This is may be due to molecular changes in brain in these mutant
mice might be more subtle than those seen in tissues with maternal allele expression.
However, it may also be the case that more generally, transcriptional shifts might be
generally more extreme in the liver compared to the brain. For example, Masuo et al.,
2009 found that in adult alcoholic rat the differential gene expression in liver was
higher than the brain. Similar result was observed in hypoxia-exposed medaka (Ju et
al., 2007).

As in the case of the brain, analyses of the Grb10KO liver samples showed residual
presence of Grb10 transcripts, although with a significant reduction in expression
compared to the wild-type. This suggests that β-geo insertion does not completely
prevent Grb10 expression. Whether functional proteins are translated from these
transcripts is unknown. Assessment of the overlap in the sets of differentially
expressed genes when comparing liver and the subcortical brain tissue, as well as
the neocortex (Figure 6.3 and Figure 6.4), suggests that most of the differentially
131

expressed genes are specific for single tissue and only few genes are downregulated
in both the maternal and the paternal KO mice.

Gene ontology enrichment analysis conducted to gain further knowledge into the
functional coherence of the differentially expressed genes by recognizing specific
targets of biological processes. Identifying few shared GO terms among the liver and
the brain tissue (Table 6.4) suggest that most of the differentially expressed genes
are regulated in a spatially specific manner, while few might share the same function.

I further examined alternative splicing variants in the liver samples (Table 6.2). I was
able to detect these splice variants of Grb10 transcript in which one of them mGrb10206 has been specifically transcript in the liver of E18.5 mice as the other 2 transcripts
(mGrb10-2034 and mGrb10-201) have been detected in the brain tissue at certain
developmental stages other than E18.5 which confirm a tissue-specific manner
transcription of Grb10 (Charalambous et al., 2003; Garfield et al., 2011). It also
suggests that certain splice variant of Grb10 might have parental-specific manner
transcription. tissue-specific expression of the transcript splice variants. Furthermore,
it confirmed that Grb10m/+ had no effect on Grb10 expression in the brain (Wang et
al., 2007).
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Chapter VII

Final Discussion
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Introduction
Several studies of the human brain transcriptome have shed light on how the different
brain structures, ages, gender and cell types differ in their specific gene expression
patterns (Oldham et al., 2008; Weickert et al., 2009; Kang et al., 2011; Darmanis et
al., 2015). The brain structure networks of vertebrate species show a high level of
similarity in regulating the social behaviour (Newman, 1999; Goodson, 2005) that
shows a common conserved pathway (O’Connell & Hofmann, 2011) and the variation
of gene expression in the brain may play a critical role in determining behavioural
phenotypes.

Grb10 has to date a somewhat unique imprinted expression pattern with a tissuespecific manner expression (Arnaud et al., 2003; Hikichi et al., 2003; Monk et al.,
2009) it has been detected in almost every tissue in the mouse embryo including the
brain, as the maternal allele expressed in most peripheral tissues while paternal allele
expressed in certain parts of the brain (Charalambous et al., 2003; Hikichi et al., 2003;
Garfield et al., 2011) which contribute to the behaviour (social dominant in mice)
(Garfield et al., 2011) and brain growth (Garfield, 2007).

To study the molecular basis of this social behaviour, I started by examining existing
variations of Grb10 expression profiles across different developmental stages (E18.5,
1W, 1M, 3M, 6M) in the subcortical areas and the cortices. The knockout line used for
these samples is that reported by Garfield et al. (2011).

Grb10 was detected in all those stages, however, knocking line for these mice was
not successfully established it didn’t cease or suppress Grb10 expression due to
presence of Grb10 in the subcortical areas of mutant mice with lower level expression
compared with WT (Table 3.1 and Table 3.3). Besides, this gene also detected in the
cortex of mutant mice with lower level compared to the subcortical areas (Table 3.2
and Table 3.4) which confirm that knocking line for these mice didn’t cease Grb10
expression. In addition, it shows that Grb10 also expressed in the cortex but in much
more lower levels.

Another possibility of detecting Grb10 is that those were maternal Grb10 as in late
embryonic development limited expression of maternal allele was found in ventricular
ependymal layers, epithelium of choroid plexus and meninges of the brain (Garfield
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et al., 2011), it might also have expressed in other developmental stages. Although
the expression of Grb10 in the cortex is undetectable or expressed weakly (Cowley,
2009).

Cowley et al. (2014) also described two mouse models of Grb10 ablation, which are
generated by the integration of a LacZ reporter gene-trap cassette in different loci of
Grb10KO+/p (Garfield et al., 2011) and Grb10Δ2-4+/p (Charalambous et al., 2003).
That shows identical phenotypic consequences but differ in expression site of the
brain. Further investigations must be performed to elucidate the type of the Grb10
allele has been detected as the paternal allele arises from a different promoter region
than the maternal (Arnaud et al., 2003; Plasschaert & Bartolomei, 2015).

In order to comprehensively interpret and shed light on the potential molecular
interactors of the paternal Grb10 allele in the brain during development and adult
stages the transcriptome profile analyses of the Grb10 paternal KO+/p using raw RNASeq datasets was made.

Analysis of subcortical areas and cortex through a series of developmental stages
showed transcriptional alterations pattern differs in each developmental stage as the
differentially expressed genes of both up- and down-regulated can be high in one
developmental stage and less in other. Most transcriptional alteration n =256 (Table
4.3), highest number of differentially expressed genes =139 (Figure 3.7 and Figure
3.8) and GO enrichment targeted the biological process associated with the social
dominant behaviour in mutant Grb10KO+/p mice (GO:0007625) (Figure 3.11A and
supplementary Figure S3.1) appeared in module of down-regulated differentially
expressed genes in the subcortical areas confirmed that mutation of Grb10 which
leads to social dominant can play a role in those alterations.

Most of the cellular, physiological and developmental functions are the result of gene
groups interacting and cooperating instead of individual genes acting in isolation
(Hartwell et al., 1999). Clusters of genes involved in the same pathway, biological
process tend to display correlated expression patterns reflecting their functional
associations (Eisen et al., 1998; Homouz & Kudlicki, 2013; Marco et al., 2009).

For this study, common alternative splicing transcripts across 2 different tissues of the
brain (subcortical areas and cortex) at different stages were analysed. My results by
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using SplAdder shows difficulty in distinguishing Grb10 alternative splicing events
from RNA-Seq data may be because of its algorithm or due to that some alternatively
spliced mRNA forms are miscategorised as genomic DNA, causing to be excluded by
the procedure for analysing its splicing. Cross-hybridization in which RNA hybrids by
complementary base pairing between two molecules that are not identical in
sequence could also give false result when sequence similar genes have strong
tissue-specific regulation (Relógio et al., 2005). However, using the edgeR software
with Kallisto output showed that highest number of significantly differentially
expressed (FDR < 0.05) splice variant transcripts appeared in the subcortical areas
at age of 3 months old mice (Table 4.3) which may be due to highest number that
appeared at this stage (Figure 3.7). Different transcript splice variant at different
stages may be due to regulatory reorganization model where the developmental gene
expression programme undergoes an overall reassembly of gene regulatory
interactions (Monzón-Sandoval et al., 2016).

The development of the nervous system is an extremely dynamic, elaborated and
complex process and coordination of the gene expression is crucial. In this study, I
asked whether the architecture of the underlying regulatory network in Grb10 mutant
mice in the subcortical areas and the cortex at different stages is a constant or variable
feature of the developmental programme. Changes in gene co-expression effectively
reveal events of deregulation and dysfunction affecting specific certain biological
processes (Choi et al., 2005) and changes in co-expression have been described in
the context of age-related changes (Southworth et al., 2009).

Gene network approaches have been used to study a variety of biological system by
exploring the observed relationships between gene products. Furthermore, gene coexpression analysis can be used to identify genes with similar expression patterns. It
can establish a wide range of biological information such as biological pathways, cell
type expression and shared gene functions (Kang et al., 2011; Hawrylycz et al., 2012;
Grange et al., 2014).

Differentially co-expressed genes network analysis was carried out to detect any
relation between sets of genes and gene regulatory networks in the subcortical areas
and the cortex triggered by a mutation of Grb10KO+/p. The gene network revealed that
the transcriptome in the subcortical areas and the cortex are organized into discrete
clusters each involved in the regulatory defined sets of biological functions.
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The results revealed differentially co-expressed gene clusters integrated by genes
preferentially associated to particular biological processes in which each of the
clusters consists of genes involved in specific with rare or very few functional overlap
between modules sets of functions. However, the cluster module where the Grb10 is
presented has been shown in the subcortical areas (dark red module) and the cortex
module (yellow module) but Bonferroni adjusted differential co-expression p-value <
0.001 has been observed only in dark red cluster module (Table 5.1) this can suggest
that Grb10 is predominant in the subcortical areas where it interact with other
molecular regulators or substances to govern the gene expression levels of mRNA
mediating the phenotype such as the social dominance.
Maternal mutant Grb10KOm/+ mice have been used to compare their results to the
paternal mutant Grb10KO+/p mice. The most interesting finding was that the
transcriptome level appears to have different regional distributions in the brain tissue
and at different developmental stages (Table 4.3) and the liver of E18.5 (Table 6.1),
these differences reflect developmental and functional differences between in brain
regions (paternal allele) and other tissue organs as liver (maternal allele).
Furthermore, shared GO term was highest (=14) in the subcortical areas with
differentially expressed down-regulated genes (Table 6.4) although this could be
because the highest number of genes was detected at 3 months old mice.

In additional of that at E18.5 mice specifically different Grb10 transcript splice variants
were detected in the liver and the subcortical areas while no Grb10 transcript splice
variant was detected in the neocortex. which is obvious because of the impact of a
maternal and paternal allele on specific tissue. Also, since Grb10 gene is expressed
with different splice variants, it is possible that depending on the tissue-specific
abundance of the different splice variants, Grb10 regulates receptor downstream
signalling differentially. Moreover, differential gene expression in the module of the
biological process showed several GO terms associated with behaviour including
grooming behaviour (GO:0007625) which distinctly related to the Grb10KO brain
region in the subcortical areas rather than in the cortex or the liver.

137

Future work:
It will be desirable to carry out the tube test as a behavioural test of dominance.
In this test as described by Garfield et al. (2011) is carried out between socially
isolated unfamiliar adult knock-out mice with WT mice both matched for body size.
The tube test was first described in 1961 as a measure of social dominance (Lindzey
et al., 1961) and consists of placing mice at either end of a clear tube and then
observed which mice backs off from the tube during these forced encounters. The
paternal mice Grb10KO+/p will significantly less likely to back down than WT.

The sample size is an important element in the design of research projects, it is not
clear an exact number of biological replicates are needed to assure valid biological
interpretation of the results. The larger sample size is more representative of the
population and provides enough statistical power for meaningful analysis that can
produce artefactual data. It limits the influence of outliers or extreme observations and
produces results among variables that are significantly different, although the
economics may play roles in it.

The common misconception about sampling in qualitative research is that numbers
are unimportant in ensuring the adequacy of a sampling strategy (Sandelowski,
1995).
In any experiment requiring human or animal, the sample size is the main issue for
ethical reasons, in addition, the sample size is not always the main issue; it is only
one aspect of the quality of a study design (Lenth, 2001). Bioinformatic tools also
important for judging the sample size. For instance, Schurch et al. (2016) found that
due to failure of some of bioinformatic tools using RNA-Seq data to control their FDR
adequately for detecting medium to high fold change of differential expressed genes
he suggested at least six biological replicates instead of three which is a minimum
number used to have a standard deviation.

In my opinion, the RNA-Seq data of replicates (=3) which had been used although
showed a significant number of differentially expressed genes that expressed
widely in tissues when, in reality, their profile may be much more limited. Having
additional replicates might make it clearer and purposefully. On top of that in the
present study, I used 5 developmental stages and the last stage was 6 months old
mice having elder stages than that for instance 12 months old mice will give more
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noticeable information.

Initially, it will be important to ascertain if the transcriptional terminator is confirmed
that this mouse is truly knocked out that’s why it will be desirable to generate further
Grb10 knock mice targeted ES cell line to ascertain that Grb10 will not be detected in
RNA-Seq data. For example, the researchers cannot assure the exact moment when
the microorganism (e.g. virus) develops; they can just determine is that the virus
developed before or after the test.
To assure that Grb10 is completely knock out at all the developmental stages not only
during the dominant phenomena has been observed at a certain stage, a new
technique called Conditional gene knockout can be used. This technique allows much
more sophisticated experiments than traditional knockout, it used to eliminate a
specific gene in a certain tissue at specific times rather than being deleted from the
beginning of life. Researchers use certain enzymes at site-specific recombinase
systems (the enzymes catalysing site-specific recombination) such as Cre-loxP
(Hoess et al., 1982; Orban et al., 1992), Flp-FRT (Sternberg et al., 1981), and ΦC31
(Thyagarajan et al., 2001) within particular nucleotide sequences that specifically
cleaves DNA at consensus sequences to engineer tissue-specific knockout mice.
These conditional knockout mice enable researchers to analyse the effect of the
gene’s absence in a specific lineage of cells (Clarke, 2000; Guan et al., 2010; Friedel
et al., 2011; Zhang et al., 2012B). Moreover, generating samples from different stages
of maternal knock-out mice Grb10KOm/+ to understand the regulation mechanism of
transcripts alternative splicing with other genomic analysis at each stage and compare
them with paternal knock-out mice Grb10KO+/p.
Obviously, the bioinformatic method is a powerful tool, but it does have its limitations.
These limitations are based on the fact that a result must be testable and falsifiable,
and that experiments and observations be repeatable.

Understanding the limitations of RNA-Seq is critical for accurate biological
interpretations, as one important limitation of the widely used RNA-Seq approaches
for studying RNAs particularly small RNAs is their inability to provide an absolutely
quantitative view of these transcripts as the longer transcripts are broken into more
fragments than are shorter ones resulting in a biased estimation of expression levels
(Ozsolak & Milos, 2011; Tandonnet & Torres, 2017). According to Oshlack
& Wakefield (2009) to minimize this bias, the levels of expression can be corrected
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by the size of the transcript or by using the contig size from the de novo reconstruction
of the transcript. Nevertheless, this correction does not entirely solve the problem
owing to the transcript size, as the sampling is higher for longer transcripts. Other
limitation of using one set RNA-Seq can be Transcript quantitation can be affected by
biases introduced during cDNA library construction and sequence alignment in
addition to lack of standardization between sequencing platforms and read depth,
equivalent to the percentage of total transcripts sequenced, can compromise
reproducibility (Whitley et al., 2016). In addition to biocomputational parametric
programs and algorithm limitations.
In spite of these limitation, the current applications and information provided by RNASeq are enough to make it valuable those are determination of transcriptome profile
and gene expression levels.

To further verify the RNA-Seq results of assessing Grb10 expression in different
tissue and developmental stages different methods can be conducted such as a
quantitative polymerase chain reaction (qPCR) which is based on the analysis of RNA
to quantify gene expression and identify biodegradation activity. Also, in
situ hybridization can be conducted to check the presence of primers specific to Grb10
and the inserted β-geo gene-trap cassette at different developmental stages that gain
information of expression pattern of Grb10 by visualizing the target-specific probe
within the brain tissue samples. In addition, paternal allele arises from a different
promoter region than the maternal (Arnaud et al., 2003; Plasschaert & Bartolomei,
2015), therefore, performing in situ hybridization can detect the presence of primers
specific to maternal Grb10 which can give us an idea if the maternal allele is
expressed in those brain regions.

In conclusion:
Grb10 is a unique imprinted gene in human and mice with a tissue-specific manner
expression. It plays role in growth and dominant behaviour in adult mice.

In this project, I aimed to uncover the potential molecular interactors related to the
Grb10KO+/p compared to WT in the subcortical areas and the cortex of the mice at
five developmental stages (E18.5, 1 week old, 1 month old, 3 months old and 6
months old mice) and compare the patterns of differential gene expression with the
140

changes observed associated with the maternal Grb10KOm/+ transcriptome profiles in
the liver.

For this, I obtained whole genome transcriptional profiles using Illumina RNA-Seq
technology on these samples, using bioinformatic tools to annotate the genes and
their alternative splicing events and analyses of differential gene expression. I
identified a set of genes altered in the paternal mutant Grb10KO+/p and how these
sets of genes change over time. I also, carry out differentially co-expressed genes
network analysis to detect any relation between sets of genes and gene regulatory
networks in the subcortical areas and the cortex triggered by a mutation of
Grb10KO+/p.

I found that the highest number of differentially expressed genes appeared at adult
stage of 3 months old mice where Grb10 is down-regulated in the subcortical areas.
The GO categories confirmed the dominant behaviour in biological process for downregulated differentially expressed genes in the subcortical areas. However, GO
enrichment for the overlapped genes in the subcortical areas and the cortex showed
no adjusted significant values. Moreover, no considerable amount of differentially
expressed genes shared across the developmental groups in both brain tissue except
1-3 genes. In addition, no big differences found at a total number of alternative splicing
events, and the number of alternative splicing events within a gene between the
subcortical areas and the cortex.
Co-expression network analyses revealed significant shifts in gene to gene
relationships in the KO context.
Finally, different parental alleles are associated with different sets of genes in different
tissues which is confirmed by distinct gene expression profile changes in the
Grb10KO in the brain from gene expression in the liver.
Although the significance of this study is clear, more research is required as discussed
earlier in the future work.
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Appendix S2.1.
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Appendix S2.2.

DISSECTION RECORD (1wk old) / (1 month old) / (3 months old) / (6 months old)
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Table S2.3. Information of dissected mice. Details of mice used for this project such as their
type (WT, mutant), date of birth, age, parental identity number and their date of birth. * F1 (first
generation): the exact number and their date of birth were not provided.

No.

Mouse
type

1

Grb10KO+/p

2

+/p
+/p

3

Grb10KO
Grb10KO

Paternal
I.D.&BirthDate

Maternal
I.D.&BirthDate

02/04/2015 18.5

KO 3 (19/12/2014)

WT 4 (19/12/2014)

20/05/2015 18.5

KO 5 (09/01/2015)

WT 4 (02/02/2015)

20/05/2015 18.5

KO 5 (09/01/2015)

WT 4 (02/02/2015)

Birth Date

Age

4

WT

02/04/2015 18.5

KO 5 (18/12/2014)

WT 3 (19/12/2014)

5

WT

02/04/2015 18.5

KO 5 (18/12/2014)

WT 3 (19/12/2014)

6

WT

20/05/2015 18.5

KO 5 (09/01/2015)

WT 4 (02/02/2015)

7

Grb10KO+/p

03/05/2015
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KO 4 (19/12/2014)

WT 1 (19/12/2014)

8

+/p

06/05/2015
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KO 6 (09/01/2015)

WT 3 (08/01/2015)

+/p

06/05/2015

1W

KO 6 (09/01/2015)

WT 3 (08/01/2015)

9

Grb10KO
Grb10KO
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WT

06/05/2015

1W

KO 4 (19/12/2014)

WT 2 (08/01/2015)

11

WT

06/05/2015

1W

KO 4 (19/12/2014)

WT 2 (08/01/2015)

12

WT

20/06/2015

1W

KO 5 (09/01/2015)

WT 2 (03/04/2015)

13

Grb10KO+/p

09/05/2015

1M

KO 4 (09/01/2015)

WT 2 (08/01/2015)

14

+/p

09/05/2015

1M

KO 4 (09/01/2015)

WT 2 (08/01/2015)

+/p

09/05/2015

1M

KO 4 (09/01/2015)

WT 2 (08/01/2015)

15

Grb10KO
Grb10KO

16

WT

16/03/2015

1M

KO 5 (27/09/2014)

WT F1

17

WT

16/03/2015

1M

KO 5 (27/09/2014)

WT F1

18

WT

09/05/2015

1M

KO 4 (09/01/2015)

WT 2 (08/01/2015)

19

Grb10KO+/p

02/10/2014

3M

KO 4 (11/05/2014)

WT F1

20

+/p

02/10/2014

3M

KO 4 (11/05/2014)

WT F1

+/p

02/11/2014

3M

KO 3 (05/06/2014)

WT F1

21

Grb10KO
Grb10KO

22

WT

02/10/2014

3M

KO 4 (11/05/2014)

WT F1

23

WT

11/10/2014

3M

KO 3 (05/06/2014)

WT F1

24

WT

02/11/2014

3M

KO 3 (05/06/2014)

WT F1

25

Grb10KO+/p

16/08/2014

6M

KO 1 (04/04/2014)

WT 3 (17/03/2014)

26

+/p

Grb10KO

23/11/2014

6M

KO 2 (05/06/2014)

WT F1

27
28
29
30

Grb10KO+/p
WT
WT
WT

23/11/2014
16/08/2014
27/10/2014
23/11/2014

6M
6M
6M
6M

KO 2 (05/06/2014)
KO 1 (04/04/2014)
KO 4 (11/05/2014)
KO 2 (05/06/2014)

WT F1
WT 3 (17/03/2014)
WT F1
WT F1
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Figure S3.1. Bar plot showing the number of significantly enriched GO terms. Gene
ontology enrichment analysis of biological processes for down-regulated differentially
expressed genes in the subcortical areas.
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Figure S3.2. Bar plot showing the number of significantly enriched GO terms. GO
categories of biological process for down-regulated differentially expressed genes in the
subcortical areas at 3 months old mice.
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Figure S3.3. Multidimensional scaling plot of the normalised data samples of WT mice. Red
colour represents tissue samples of the subcortical areas while blue colour represents tissue
samples of the cortex. Different developmental age group of WT mice represented by certain
symbols: E18.5

, 1W

, 1M

, 3M

and 6M
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Table S3.1. Shared GO terms of biological process (A1, A2) and cellular component (B)
between the subcortical areas and the cortex for both up- and down-regulated differentially
expressed genes.

*Shared GO terms are in bold colour.

A1. Biological process
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A2. Biological process
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B. Cellular component
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Figure S6.1. GO terms for down-regulated differentially expressed genes in the liver (=73).
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Figure S6.2. GO terms for up-regulated differentially expressed genes in the liver (=102).
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