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Abstract
Introduction: Focal cortical dysplasia (FCD) is a malformation of cortical development
that is a frequent cause of multidrug resistant paediatric epilepsy. FCD type IIb (FCDIIb) is
characterised by a population of unique abnormally enlarged cells known as balloon cells
(BCs). The understanding of the molecular abnormalities underlying FCDIIb is poor. It is
unclear if BCs are the key pathological cell or if there are other types of cells that are
important in the pathogenesis of the disease. Interactions between such cell types are also
unknown.
Methods: Bioinformatic analyses of gene expression data were used to identify
networks of genes that could characterise FCD and to identify putative diagnostic
biomarkers. These markers were validated at the protein level by immunohistochemistry.
Furthermore, various techniques allowed for the investigation of possible signalling between
different cell types in FCDIIb.
Results: Several of the gene networks and biomarkers were differentially expressed
between FCDIIb and control. Analysis of one particular network showed that some
components were expressed in BCs but others were expressed in a potentially novel cell
population that was only present in FCDIIb. The importance of cellular heterogeneity of
FCDIIb was further supported by the finding that BCs may have a unique senescenceassociated secretome that could be involved in cell-to-cell communications.
Conclusion: A genomic characterisation of FCD has provided a better understanding
of the cellular abnormalities in FCDIIb from a molecular perspective. In addition to the
identification of several differentially expressed gene networks, the results also provide an
interesting insight into cell-to-cell communications between different cell types in FCDIIb,
which could be important in driving the pathogenesis of the disease.
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Chapter 1 Introduction to Focal Cortical Dysplasia
Epilepsy is a complex neurological disorder. It has recently been redefined by the
International League Against Epilepsy (ILAE) as any of the following conditions: (1) At least
two unprovoked (or reflex) seizures occurring more than 24 hours apart; (2) one unprovoked
(or reflex) seizure and a probability of further seizures similar to the general recurrence risk
(at least 60%) after two unprovoked seizures, occurring over the next 10 years; (3) diagnosis
of an epilepsy syndrome (Fisher et al. 2014). A study, in 2013, estimated the annual incidence
of childhood epilepsy recorded in UK primary care to be in the range of 71 to 116/100,000
(Meeraus et al. 2013). Thus, epilepsy is considered as the commonest severe neurological
disease of children. Antiepileptic drugs (AEDs) are the first-line medical treatment for
epilepsy. Despite optimal management with AEDs, a significant proportion of paediatric
patients continue to have frequent intractable seizures (Berg et al. 2001).

Malformations of cortical development (MCD)
Structural abnormalities during brain development are an important cause of childhood
epilepsy (Berg et al. 2009). Malformations of cortical development (MCD) are abnormalities
disrupting the normal processes of cortical development. MCD is a common structural
abnormality to cause of intractable epilepsy in children. Leventer et al. have reported that
up to 40% of intractable childhood epilepsy is associated with MCD and that the majority
(75%) of patients with MCD will have epilepsy (Leventer et al. 2008).

In order to study the molecular pathogenesis of MCD, it is important to understand the basics
of the normal development of the human cerebral cortex. The human cerebral cortex forms
roughly between human gestation week 7 and 20; the development of which is complex and
influenced by various genes and environmental input. The development of the cortex
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involves the generation of neural stem cells, their differentiation into neurons and macroglia,
migration to the cortex, and organisation into functional layers. The neocortex is on the outer
surface of the brain and composed of 6 layers. It consists of two main cell types: neurons and
glial cells. The former composed mainly of excitatory pyramidal neurons and inhibitory
granule (stellate) cells (small interneurons), and the latter includes astrocytes and
oligodendrocytes.

During early corticogenesis, neural progenitor cells are generated at the ventricular zone (VZ)
which differentiate to form different types of neurons (e.g. pyramidal neurons or
interneurons). Newborn neural progenitor cells leave the VZ and migrate into the cortical
plate by a largely “inside-out” manner whereby the innermost layer (layer VI) is formed first
and the outermost (layer I) is formed last. There two main types of migration during
neurogenesis: the radial and the non-radial (tangential) migration. Excitatory neurons
generally follow the radial pathway to the cortical plate from the VZ, whereas inhibitory
interneurons generally follow the tangential pathway. After arriving at their destined cortical
layer, the neurons develop more specific gene expressions and projections, and make
connections with other neurons (Crino 2009). In the developing central nervous system
(CNS), mature neurons appear first, which is followed by mature astrocytes and subsequently
mature oligodendrocytes.

Disruption to any of the major steps of corticogenesis can lead to MCD. There are several
types of MCD, ranging from focal abnormalities (i.e. focal cortical dysplasias) to diffuse or
multifocal

cortical

abnormalities

such

as

tuberous

sclerosis,

lissencephaly,

hemimegalencephaly, and polymicrogyria. The various types of MCD have some common
features, such as abnormal cortical architecture, heterotopias or the presence of “giant”
cells. A discussion of each of MCD is beyond the scope of this thesis. Instead, the reader is
referred to three well-covered review articles (Leventer et al. 2008; Sisodiya 2004; Pang et
17

al. 2008). The focus of this thesis is on focal cortical dysplasia and a closely related genetic
form of the disease, tuberous sclerosis.

Focal cortical dysplasia (FCD)
Classifications of FCD
Of the several types of MCD, the most common is focal cortical dysplasia (FCD) in paediatric
patients undergoing surgery. This observation was reflected in a study by Harvey et al., (2008)
who found that the most frequent aetiology in paediatric epilepsy surgery patients was
cortical dysplasia (at 42%) (Harvey et al. 2008). FCD was originally characterised, by Taylor
and colleagues (1971), as a separate neuropathological entity following the examination of
10 patients with drug resistant epilepsy. They described distinctive abnormalities of cortical
structure with large bizarre neurons and, in some patients, enlarged cells (now known as
balloon cells). Hence, FCD was classified into two subtypes (‘Taylor’ and ‘non-Taylor’ types)
according to the presence or absence of these cells. FCD was later recognised as a more
diverse heterogeneous group of cortical lesions with cortical architecture and cytological
abnormalities. The heterogeneity of FCD lesions meant an improved classification system
was required. The histopathological classification by Palmini and colleagues, which was
classified FCD into two types each with two subtypes (FCDIa, Ib, IIa, and IIb), was the most
widely accepted for several years (Palmini et al. 2004). This classification system was later
modified by an ad hoc Task Force of the ILAE (Blümcke et al. 2011) which introduced FCD
type III. Therefore, FCD is currently classified into three main types, FCDI-III (Table 1)
(Blümcke et al. 2011).
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Type
I

II
III

Subtype
a
b
c
a
b
a
b
c
d

Characteristic features
FCD with abnormal radial (vertical) cortical lamination
FCD with abnormal tangential (horizontal) 6 layer cortical lamination
FCD with abnormal radial and tangential cortical lamination
FCD with dysmorphic neurons
FCD with dysmorphic neurons and balloon cells
Cortical lamination abnormalities in the temporal lobe associated with HS
Cortical lamination abnormalities adjacent to a glial or glioneuronal tumour
Cortical lamination abnormalities adjacent to vascular malformations
Cortical lamination abnormalities adjacent to other lesions acquired in early
childhood such as trauma, ischaemic event, encephalitis

Table 1 The International League Against Epilepsy (ILAE) Task force classification of focal cortical
dysplasia (FCD). Adapted from Blümcke et al. (2011).

The current three-tiered ILAE classification of FCD describes subgroups with different
aetiology, clinical and neuroimaging characteristics, localisation and extent of lesion, and
surgery outcome (Lawson et al. 2005; Krsek et al. 2008; Blümcke et al. 2011; Urbach et al.
2002; Tassi et al. 2002; Widdess-Walsh et al. 2005; Yao et al. 2014). This thesis focuses on
FCD type II which is the most common cause of intractable epilepsy in children undergoing
surgery (Palmini et al. 2004; Sisodiya et al. 2009; Blümcke et al. 2009). FCD type II an is
isolated lesion defined by the presence of dysmorphic neurons (DNs) (Blümcke et al. 2011).
FCD type II can be further divided into two subtypes: FCDIIa and FCDIIb, depending on the
presence or absence of balloon cells (BCs). BCs are a unique population of abnormal cells
found only in FCDIIb, and thus can be used to distinguish FCDIIb from the other types of FCD.
The diagnosis of FCDIIb relies on the presence and detection of these BCs.

The clinical presentation associated with FCD type II is influenced by the size (Palmini et al.
1995) and location (Wyllie et al. 1994) of the lesion. While epilepsy is the main symptom,
many patients have cognitive abnormalities. According to a study from Widdess-Walsh and
colleagues, 60–70% of patients with FCD type II have lower than average IQ (Widdess-Walsh
et al. 2005). Although FCDIIa and FCDIIb are clinically similar, FCDIIb can be associated with
a better prognosis following surgery (Urbach et al. 2002; Widdess-Walsh et al. 2005; Lawson
et al. 2005; Yao et al. 2014).
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Treatment options for FCD
The current therapeutic options for FCD primarily target the symptoms. Given that seizures
are the most common symptom of FCD, AEDs are the first-line medical treatment. Seizures
remain resistant to AEDs in most FCD patients (Fauser et al. 2006; Go & Snead 2008).
Consequently, these patients often require epilepsy surgery, whereby the dysplastic lesion is
resected. The complete resection of dysplastic lesion appears to be a significant factor
affecting postsurgical seizure outcome in paediatric patients with FCD (Krsek et al. 2009).
Depending on the type of FCD, age of onset and type of resection, surgery results in seizure
freedom in about 50–80% of the patients (Otsuki et al. 2013; Cohen-Gadol et al. 2004; Tassi
2002). Unfortunately, a significant proportion of patient with FCD-associated epilepsy
continue to have seizures despite both medical and surgical treatments. This suggests that,
at least in these patients, the epileptogenic zone may not be contained within the lesion or
that the lesion was not fully identified on the magnetic resonance imaging (MRI). Therefore,
the identification of novel therapeutic targets would be of paramount importance for FCD in
general but in particular for the latter category of patients.

Non-drug treatments such as the ketogenic diet (a high fat, low carbohydrate, moderate
protein diet) and vagus nerve stimulation therapy have shown promising results as additional
treatment options for refractory seizures in children (Alexopoulos et al. 2006; Jung et al.
2008). mTOR inhibitors such as everolimus and rapamycin (the role of mTOR in FCD is
discussed in Chapter 1.5.1) have also shown potential as future therapeutic options (Guerrini
et al. 2015).

Biomarkers of FCD
FCD requires histopathological diagnosis, which is currently done in accordance with the ILAE
classification system. The hallmark for the diagnosis of FCDIIb is the presence of DNs and BCs.
Although various markers can be used to identify these cell types, DNs are readily identified
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using

NeuN

and/or

immunohistochemistry

neurofilament
and

BCs

(SMI-32;

are

typically

a

non-phosphorylated
identified

using

form)
vimentin

immunohistochemistry and H&E staining (Blümcke et al. 2011).

Key features from magnetic resonance imaging (MRI) of FCDIIb are reported to include focal
cortical thickening, blurring of the grey-white matter interface, increased cortical white
matter signal (corresponding to hypomyelination), and a tail of increased signal from the
cortex to an underlying ventricle (known as the “transmantle sign”). Originally reported in
1997 by Barkovich and colleagues, this transmantle sign is mainly found in FCDIIb (Barkovich
et al. 1997). Given that the transmantle sign on MRI extends from the cortex (where the
neurons are located) to the ventricular surface (where the progenitors reside during
development), it has been suggested the transmantle sign arises from a disruption in
neuronal migration (Wang et al. 2013). Although it is often stated that brain MRI can
distinguish between FCD subtypes (Blümcke et al. 2011; Sisodiya et al. 2009), MR diagnosis
of FCDIIb remains difficult. Up to 30% of FCDIIb cases reported MRI-negative (Colombo et al.
2003; Tassi 2002; Widdess-Walsh et al. 2005; Krsek et al. 2008).

Lastly, the ILAE Task Force suggest that FCDIIb has a characteristic interictal intralesional
electrical activity (Blümcke et al. 2011). Intracerebral recordings can show distinctive
patterns such as a repetitive, high amplitude, fast spikes, followed by high amplitude slow
waves, with flat periods (Tassi et al. 2002).

Causes of FCD
FCD is considered a primarily sporadic condition; however, as discussed below, genetic and
environmental aetiologies have been suggested.
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Genetics
It has long been hypothesised that FCD, in particular FCD type II, is a sporadic disorder caused
by de novo somatic mutations (i.e. not in the germline) in affected areas of the brain (Crino
2009). However, recent studies show that FCD can be familial (Leventer et al. 2014). Although
the molecular genetic aetiology remains poorly understood, there is increasing evidence to
support the involvement of genetic factors in the development of the disease.

Mutations in key genes of the mTOR signalling pathway can lead to the activation of mTOR
signalling and thus FCD type II pathology. Two recent studies have identified brain somatic
mutations in the MTOR gene. Significant upregulation of phospho-S6, a downstream target
of mTOR and a marker of mTOR activation, was seen in FCDIIb brain tissues with MTOR
mutations compared to control samples (Lim et al. 2015; Nakashima et al. 2015).

Mutations in mTOR regulatory genes have also been identified as a cause of FCD. Of these,
mutations in the DEPDC5 (dishevelled, Egl-10 and Pleckstrin domain containing protein 5)
gene were the most recently discovered. DEPDC5 protein is part of the GATOR1 (GAP Activity
Towards Rags 1) complex, a negative regulator of mTORC1 (Bar-Peled et al. 2013). Given that
DEPDC5 is a repressor of mTOR activity, mutations in this gene would result in the
hyperactivation of the mTOR pathway. In 2013, Dibbens et al. and Ishida et al. independently
identified mutations in the DEPDC5 gene and showed these mutations to cause familial focal
epilepsies (Dibbens et al. 2013; Ishida et al. 2013). A recent study has reported both germline
and somatic DEPDC5 mutations in FCDIIa (Baulac et al. 2015). Patients with DEPDC5
mutations present with similar clinical features as patients with other mTORopathies, such
as FCD and TS. These features include dysplastic lesions, focal epilepsy, autism spectrum
disorders, and intellectual disability. No multisystem involvement has been reported in
patients with DEPDC5 mutations (Scheffer et al. 2014). Like DEPDC5, NPRL2 (nitrogen
permease regulator-like 2) and NPRL3 (nitrogen permease regulator-like 3) are subunits of

22

the GATOR1 complex. Two recent studies have suggested mutations in the NPRL2 and NPRL3
genes can be a genetic cause of familial focal epilepsies, including FCDIIa (Sim et al. 2015;
Ricos et al. 2015).

Tuberous sclerosis proteins 1 and 2 (TSC1 and TSC2) are key upstream regulators of the mTOR
complex. In this regard, mutational analysis of TSC1 and TSC2 genes in patients with FCDIIb
found sequence alterations in the TSC1 gene in 66.7% of the patients (Becker et al. 2002).
Eleven (out of 24 patients) exhibited loss of heterozygosity. Polymorphisms of the TSC1 gene
also were noted in 6 of these patients. This suggests a role of this gene in the pathogenesis
of FCDIIb. A subsequent study by the same group found distinct allelic variants of the TSC1
and TSC2 genes in FCDIIa (Majores et al. 2005).

Phosphatidylinositol 3-kinase (PI3K), which is composed of a regulatory and a catalytic
subunit, is an upstream component of the mTOR pathway. The PIK3CA gene encodes the
catalytic subunit of PI3K. Jansen and colleagues have reported a mutation in the PIK3CA gene
in patients with FCDIIa (Jansen et al. 2015). Another key upstream component of the mTOR
pathway is AKT; a somatic duplication of the AKT3 gene has been described in focal dysplasia
of cerebral cortex (Conti et al. 2014). Further to this, Schick et al. have reported a somatic
mutation of PTEN (which encodes PTEN, another upstream component of PI3K/AKT/mTOR
pathway) in FCDIIb patients.

While mutations in components of the mTOR pathway are clearly crucial in the development
of FCD, the importance of other pathways is beginning to emerge. It has been proposed a ‘2hit’ mutational model is likely to be required for cortical lesions (Baulac et al. 2015).
Activation of the ERK pathway is a plausible candidate for a 2nd hit. BRAF, a member of the
RAF family of serine/threonine kinases, is a key mediator of the ERK pathway. The BRAF gene
is activated by oncogenic mutations, most commonly missense mutations at position 600
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(referred to as BRAFV600E). In this regard, Marucci et al. found FCD type IIa cases with the BRAF
V600E mutation (Marucci et al. 2014).

Together, these findings reinforce the role of genetic pathways in the pathogenesis of FCD,
and have promising therapeutic, diagnostic and prognostic implications.

Infections
Besides the putative genetic aetiologies of FCD, viral infections during brain development has
been to be involved in the pathogenesis of the disease. The role of in utero infection of the
human papillomavirus type 16 (HPV16) as a possible aetiology for FCD, and the subsequent
epilepsy, has been the centre of a recent controversy.

HPV16 is a common cause of cervical cancer; cytopathological effects of HPV16 in cervical
epithelial cells include enlarged cells with multi-lobulated nuclei, which are similar to BCs in
FCD (McLeod 1987). The HPV16 E6 oncoprotein has been shown to activate mTORC1
signalling by promoting the degradation of TSC2 as well as activating PDK1 and AKT (Lu et al.
2004; Spangle & Münger 2010; Zhou et al. 2007), suggesting a possible mechanism behind
the enlarged cells.

A study by Chen et al. showed a 100% association of HPV16 infection with FCDIIb; DNA and
mRNA of HPV16 E6 were found in all of their FCDIIb samples (50 out of 50) but in none of the
control samples (0 out of 36) (Chen et al. 2012). This hypothesis was supported by a
subsequent study from Liu and colleagues who found evidence for HPV16 in the majority of
their FCDIIb samples (18 out of 20). In their report, Liu et al. also suggested that HPV16 was
not the only virus present in FCD. They showed the expression of cytomegalovirus, human
herpes virus 6B, and herpes simplex virus 1 by immunohistochemistry in BCs and dysmorphic
neurons from patients with FCDIIb (Liu et al. 2014). This proposed role of HPV16 in the
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aetiology of FCDIIb has been questioned by two independent groups who failed to find
conclusive evidence of HPV in any of their samples (Coras et al. 2015; Shapiro et al. 2015).

Overall, it seems unlikely HPV16 E6 infection is an important cause of FCDIIb given that
clinical features of HPV infections are not consistent with that of FCDIIb. For example, there
has been no reports of malignant transformation of FCDIIb into cancer despite the known
carcinogenicity of HPV16 infections. There are also no reports on FCDIIb patient mother’s
with HPV infections, questioning the transmission of HPV16 into the brain (Blumcke & Sarnat
2016). However, if HPV16 E6 is indeed involved, it is unclear whether it contributes to all
features of FCDIIb or just the development of BCs, and whether HPV16 E6 contributes to a
particular mutation or epigenetic change that gives rise to FCDIIb (Gilliam 2014).

Epileptogenicity of FCD
While several studies clearly support the high epileptogenicity of FCD (Morioka et al. 1999;
Bast et al. 2004; Palmini et al. 1995), the mechanisms contributing to this remains unclear.
The abnormal cytoarchitecture and altered properties of abnormal cell types are likely to be
key contributors to the epileptogenesis associated with FCD. Altered expression of glutamate
receptors (ionotropic glutamate N-methyl-d-aspartate [NMDA] and α-amino-3-hydroxyl-5methyl-4-isoxazole-propionate [AMPA] receptors, and metabotropic glutamate receptors)
which is known to contribute to the increased excitability and epileptogenicity of lesions has
been shown in FCD. For example, an upregulation of some glutamate subunit proteins (NR1,
NR2A/B, GluR1-5) have been reported in BCs and dysplastic neurons in FCD (Oh et al. 2008;
Aronica et al. 2003; Crino et al. 2001). Furthermore, the expression of drug resistance
proteins P-glycoprotein and multidrug resistance-associated protein 1 in BCs and dysplastic
neurons might provide an explanation for the medically refractory epilepsy nature of FCD
(Oh et al. 2008; Aronica et al. 2003; Sisodiya et al. 2002). Despite these data, the role of BCs
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in epileptogenicity of FCD has been met with controversy. BCs have been shown to be
electrically silent and lacking synaptic input (Cepeda et al. 2003; Cepeda et al. 2005). Some
have suggested that BCs do not contribute to the epileptogenesis and may even have a
protective effect given that areas containing BCs appear to be less epileptogenic compared
to other dysplastic areas (Boonyapisit et al. 2003; Cepeda et al. 2005). Epilepsy is also
associated with forms of FCD where there are no BCs, suggesting that these cells may not be
the major contributor to the epileptogenicity of FCD. Cepeda and colleagues suggested it is
cytomegalic neurons, but not BCs, that are the main epileptic generators. Using whole-cell
patch clamp recordings, they showed BCs exhibited very high input resistance and lacked
voltage-gated Na+ and Ca2+ currents. However, cytomegalic neurons exhibited very high
membrane capacitance, very low input resistance, and showed signs of hyperexcitability,
such as repetitive, slowly inactivating Ca2+ spikes when depolarised (Cepeda et al. 2005). An
interesting study from Boer et al. showed that activated microglia correlated with the
duration of epilepsy, and the frequency of seizures in FCD type II samples, suggesting a role
of inflammatory response and pro-inflammatory molecules in the epileptogenicity of FCD
(Boer et al. 2006). Despite all of the above data, it may be possible that the formation of the
FCD lesion and the development of the associated epilepsy involve different mechanisms. It
is also unclear whether the epileptogenic zone originates from with the FCD lesion or from a
normal-appear surrounding cortex. Some studies have suggested that cortical malformationrelated seizures may arise from non-lesional or peri-lesional regions (Chassoux et al. 2008;
Major et al. 2009; Tanaka et al. 2005). This can be supported by the findings that a significant
proportion of FCD patients continue to have seizures despite epilepsy surgery.

Tuberous sclerosis (TS)
Tuberous sclerosis complex (or simply known as tuberous sclerosis; TS) is a multisystem,
autosomal dominant, disorder caused by mutations in either TSC1 or TSC2. TS has an
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estimated live birth incidence of 1 in 6,000 (Webb & Osborne 1995), making cortical tubers
one of the most common causes of MCD associated intractable epilepsy in children (Crino
2009). Approximately one-third of TS cases are familial whereas two-thirds are sporadic and
caused by de novo mutations (Sampson et al. 1989; Osborne et al. 1991). Several large cohort
studies have analysed TSC mutations (Niida et al. 1999; Dabora et al. 2001; Au et al. 2007;
Sancak et al. 2005; Hung et al. 2006) and have, overall, reported a significantly higher
frequency of mutations in TSC2 compared to TSC1. However, no mutations are identified in
10-30% of TS cases (Dabora et al. 2001; Au et al. 2007; Camposano et al. 2009; Sancak et al.
2005). The TSC1 and TSC2 genes encode the proteins hamartin and tuberin, respectively,
which form a TSC complex that inhibits mTOR (Young & Povey 1998; Crino et al. 2006). TS is
characterised by the formation of benign tumours (hamartomas) and focal dysplasias in
multiple organs systems. In the brain, TS manifests as cortical tubers, subependymal nodules,
and subependymal giant cell astrocytomas (Crino et al. 2006). The clinical features of TS
depend on the organs involved, and the location of and severity of involvement within the
affected organs. TS that caused by mutations in the TSC2 gene is associated with a more
severe phenotype than those caused by mutations in the TSC1 gene (Dabora et al. 2001; Au
et al. 2007). Epilepsy is the most common feature of TS, affecting 60-80% of sufferers in
population-based studies (Joinson et al. 2003; Vignoli et al. 2013; Yates et al. 2011). Other
symptoms include cognitive abnormalities, autism and hyperactivity (Crino et al. 2006).
Histopathologically, cortical tubers are identical to focal lesions of FCDIIb and are
characterised by cortical dyslamination, presence of dysmorphic neurons and giant cells (also
known as BCs) (Crino et al. 2006; Mackay et al. 2003; Becker et al. 2002). Therefore, the
cortical tubers of TS can be regarded as a genetic disease that can mimic the pathology of
FCDIIb. Figure 1.1 shows a cartoon comparison of the histopathological nature of FCDIIb and
TS. The BCs found in FCDIIb and cortical tubers are considered to be histopathologically
identical. FCDIIb mainly differs from cortical tubers in that it is 1) usually only associated with
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a single lesion, whereas cortical tubers can be multi-focal, and 2) not typically associated with
other brain abnormalities or abnormalities with any other organ (Taylor et al. 1971).
Following surgery, FCDIIb is considered to have the best prognosis of any epilepsy associated
MCD, including cortical tubers (Widdess-Walsh et al. 2005). Any subsequent reference to TS
in this thesis is in the context of cortical tubers.

Figure 1.1 Cortical architecture of normal cortex and cortex from FCDIIa, FCDIIb, and TS. A) Normal
cortex: normal neurons (small triangular shapes) and six distinct layers. (B) FCDIIa: dysmorphic
neurons (large triangular shapes), abnormal cortical layering, and neurons in the white matter. (C)
FCDIIb: FCDIIa architecture plus balloon cells (oval red shape). (D) Cortical tubers of TS: same cortical
architectural and cytological appearance as FCDIIb Image adapted from Sebire et al. (2010), with
permission from the authors.

Known pathological cell types in FCD
Balloon cells (BCs)
Histopathological characteristics of BCs
BCs, the histopathological hallmark of FCDIIb, are readily identified based on their distinctive
cellular morphology (Figure 1.2). BCs have large cell bodies and opalescent glassy eosinophilic
cytoplasm which lack Nissl substance. They frequently contain more than one nucleus. BCs
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are often in the cortical layer 1 or the subcortical white matter (WM) (Blümcke et al. 2011;
Lamparello et al. 2007).

Figure 1.2 Balloon cells (BCs). Haematoxylin and eosin staining of BCs in a patient with focal cortical
dysplasia type IIb (FCDIIb).

Origin and lineage of BCs
Whether BCs have a key pathological role in FCD remains unclear. As suggested earlier, BCs
may play a role in the epileptogenicity of FCD. BCs may also contribute to the pathogenesis
of FCD directly as stem cells (as an origin of other abnormal cells) or indirectly by influencing
the differentiation/ stem cells/progenitor cells (in a non-cell autonomous manner). However,
it is also possible that BCs exists as bystanders and that the dysplastic cortex developed prior
or independent to the development of BCs. To further understand the role of BCs in FCD, a
greater understanding of the origin and lineage of BCs would be of paramount importance.
There are three widely accepted lineages of BCs: neuronal, glial and stem cell/progenitor.
Immunohistochemical staining have been used to study a myriad of lineage markers. A
review of several studies investigating the staining patterns of a selection of these markers
is summarised in Table 2 with varying ways of reporting the findings. Additionally, the
expression of cortical layer markers in BCs could provide an insight on the origins of BCs
(Table 2). In summary, the majority of BCs have been shown to express progenitor markers
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with a small subpopulation expressing normal or glial markers. The few studies investigating
cortical layer markers in BCs showed expression of different layer markers, regardless of their
laminar location, indicating a defect in the migration of these cells.

Name of
marker

Description of
marker

Proportion of BCs reported as
positive/negative

Neuronal
nuclear antigen
(NeuN)

Nuclear marker of
mature neurons
(Mullen et al. 1992;
Wolf et al. 1996).





Microtubule
associated
protein 2
(MAP2)

Neuronal
cytoskeletal
protein. Expressed
primarily in neurons
(Cassimeris &
Spittle 2001).







Neuronal markers

Neurofilament
(NF)

Intermediate
filament. Expressed
in mature neurons
(Trojanowski et al.
1986).








Synaptophysin
(SYN)

Doublecortin
(DCX)

Neuronal synaptic
vesicle
glycoprotein.
Expressed in
neurons, some
neuroendocrine
cells, and their
neoplasms (Gould
et al. 1986)
DCX is a
microtubuleAssociated protein
and is expressed
widely by migrating
neurons (Gleeson et
al. 1999).
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NeuN expressed in BCs (Englund et al.
2005).
The expression of NeuN was almost nil
among BCs (0.2%) (Ying et al. 2005).
BCs showed no immunoreactivity to NeuN
(Han et al. 2011).
MAP2 immunoreactivity in the BCs in 4 of 9
cases (Han et al. 2011).
27% of BCs expressed MAP2 (Ying et al.
2005).
BCs exhibited mild to moderate
immunopositivity for MAP2 (Oh et al.
2008).
BCs expressed MAP2 (Mizuguchi et al.
2002; Englund et al. 2005).
Occasional NF staining in BCs (Urbach et al.
2002).
NF staining of BCs was observed in only 3 of
22 patients (Fauser et al. 2004).
NF-M/H immunoreactivity in the in 5 of 9
patients (Han et al. 2011).
BCs exhibited mild to moderate
immunopositivity for NF-M/H (Oh et al.
2008).
NF immunolabeling of BCs (Yao et al. 2014).
BCs were negative for NF (Yasin et al.
2010).
Occasional SYN staining in BCs (Urbach et
al. 2002).
Immunostaining of BCs ranged from
positive to negative (Lazarowski et al.
2004).
SYN immunoreactivity in the BCs in 5 of 9
patients (Han et al. 2011).

BCs showed immunopositivity for DCX with
varying intensity from weak to strong
(Mizuguchi et al. 2002).
A proportion of BCs showed strong
labelling with DCX (Srikandarajah et al.
2009).

Neuronal class
III β-tubulin
(TuJ-1)

Glial markers

Glial fibrillary
acidic protein
(GFAP)

Neuronal stem cell
marker. Expressed
by immature
postmitotic
neurons,
differentiated
neurons, and some
mitotically active
neuronal precursors
(Von Bohlen Und
Halbach 2007).
Class III
intermediate
filament. Expressed
by virtually all
reactive astrocytes.
Also expressed by
immature astrocyte
precursors, NSCs,
and radial glial cells
(Liu et al. 2010;
Casper & McCarthy
2006; Sofroniew &
Vinters 2010).



10% of BCs were found to be
immunoreactive to TuJ-1 (Ying et al. 2005).



Most BCs were immunoreactive for GFAP
(Mizuguchi et al. 2002; Englund et al.
2005).
67% of BCs showed moderate to strong
immunopositivity for GFAP (Oh et al. 2008).
GFAP immunoreactivity in the BCs in 6 out
9 patients ((Han et al. 2011).
BCs showed variable immunoreactivity for
GFAP with a population of BCs reported as
faint as background staining (Sugiura et al.
2008).
GFAP immunoreactivity was found in some
BCs with consistently weak staining (Lurton
et al. 2002).
A minor population of BCs expressed GFAP
(Fauser et al. 2004).
14% of the BCs were found to be
immunoreactive to GFAP (Ying et al. 2005).
15% of BCs isolated in vitro expressed GFAP
(Yasin et al. 2010).
BCs expressed S100β (Englund et al. 2005).










S100β

CD68

Stem/progenitor cell markers

Nestin

Ca2+ binding
protein. A marker
for radial glial
progenitors. (Patro
et al. 2015).
Microglial activation
marker





CD68 labelled a small proportion of BCs
(Yao et al. 2014).

Class VI
intermediate
filament protein
expressed in neural
progenitor cells
(Lendahl et al.
1990)



Nestin immunoreactivity in the BCs of 9 out
of 9 patients (Han et al. 2011).
57% of BCs showed moderate to strong
immunopositivity for nestin (Oh et al.
2008).
BCs consistently exhibited
immunoreactivity for nestin (Urbach et al.
2002).
Nestin immunopositivity was seen in 28%
(Ying et al. 2005) and 18% (Tassi et al.
2001) of BCs.
Many of the BCs were positive for nestin
(Mizuguchi et al. 2002).
100% of BCs isolated in vitro expressed
nestin (Yasin et al. 2010).
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Vimentin

Sex
Determining
Region Y-Box 2
(SOX-2)
CD34

Intermediate
filament protein. In
the CNS, VIM is
expressed by neural
stem cells, neural
progenitor cells,
radial glia and
immature
astrocytes (Seri et
al. 2001; Von
Bohlen Und
Halbach 2011; Ara
et al. 2010).
Expressed by neural
stem cells (Ellis et
al. 2004)





100% of BCs isolated in vitro expressed
SOX-2 (Yasin et al. 2010).

Hematopoietic
progenitor cell
marker. Expressed
in neural stem cells
(Lin et al. 1995).



CD34-immunoreactive balloon cells were
identified in 25 out of 43 specimens (58%)
obtained from patients with balloon cell
pathology (FCD type IIb, TSC or HME).
(Fauser et al. 2004).
CD34 immunoreactivity in the BC in only
two patients with FCD (Han et al. 2011).
7.5% of BCs showed immunopositivity for
CD34 (Oh et al. 2008).
Occasional immunopositivity for CD34 seen
in BCs (Urbach et al. 2002).
BCs expressed CD34 (Hadjivassiliou et al.
2010).
CD133 immunoreactivity in the BC of 6 out
of 9 patients (Han et al. 2011).
14% of the BCs were found to be
immunoreactive to CD133 (Ying et al.
2005).
88% of BCs isolated in vitro expressed
CD133 (Yasin et al. 2010).
GFAPδ immunopositivity was seen in 78%
(Boer et al. 2010), 82% (Martinian et al.
2009) and 42% (Lamparello et al. 2007) of
BCs.
Strong nuclear labelling of BCs was noted
for Pax6 in 4 of 9 cases (Hadjivassiliou et al.
2010).
58% of BCs expressed Pax6 (Lamparello et
al. 2007).
BCs contain varying levels of MAP1B
(Englund et al. 2005).











CD133

Hematopoietic
progenitor cell
marker. Also
expressed in NSCs
(Uchida et al. 2000).





GFAPδ

Paired box
protein Pax-6
(Pax6)

Expressed in radial
glia and NSCs
(Middeldorp et al.
2010)
Transcriptional
factor expressed in
radial glial cells.





Cortical layer markers


MicrotubuleAssociated
Protein 1B
(MAP1B)
Orthodenticle-1
(Otx1)

Expressed in a
subset of layer V
projection neurons
(Hevner 2007).
Expressed in a
subset of layer V
projection neurons
(Hevner 2007).
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Vimentin immunoreactivity in the BCs of 8
out of 9 patients (Han et al. 2011).
63% of BCs showed moderate to strong
vimentin immunopositivity (Oh et al. 2008).
Vimentin immunopositivity was seen in
41% (Ying et al. 2005), 68% (Tassi et al.
2001) and 83% (Lamparello et al. 2007) of
BCs.
Most of the BCs were immunoreactive for
vimentin (Mizuguchi et al. 2002).
100% of BCs isolated in vitro expressed
vimentin (Yasin et al. 2010).

Labelling of the cytoplasm of BC for Otx1
was striking in the majority of cases
(Hadjivassiliou et al. 2010).
88% of BCs expressed Otx1 (Lamparello et
al. 2007).

Cut-Like
Homeobox 1
(Cux1)
Mammalial
achaete-scute
homolog-1
(MASH1)

Distaless-1 and
-2 (Dlx1/2)

Expressed in the
superficial layers (IIIV) (Hevner 2007).
Expressed by
ventricular zone
progenitors
(Hadjivassiliou et al.
2010; Letinic et al.
2002).
Expressed by
inhibitory neurons
with origins in the
medial ganglionic
eminence
(Anderson et al.
1997)



Majority of BCs were Cux1 positive
(Hadjivassiliou et al. 2010).



34% of BCs were MASH1 labelled
(Lamparello et al. 2007).
MASH1 was not expressed by BCs
(Hadjivassiliou et al. 2010).





None of the BCs expressed Dlx1 or Dlx2
(Lamparello et al. 2007).

Table 2 The expression of various lineage markers in balloon cells (BCs). There are three widely
accepted lineages of BCs: neuronal, glial and stem cell/progenitor. Cortical layer markers could provide
an insight on the origins of BCs. The terminology used to describe the expression patterns of these
markers varies between papers.

Co- expression of different lineage markers has been shown in subpopulations of BCs. Several
studies have reported the co-expression of neuronal and glial markers, for example the coexpression of neurofilament proteins (neuronal marker) and GFAP (glial marker) (Tassi et al.
2001; Crino et al. 2002; Englund et al. 2005). Likewise, S-100 (glial marker) is also coexpressed with neurofilament proteins and MAP2 (neuronal markers) (Englund et al. 2005).
Other studies demonstrate the simultaneous expression of stem cell/progenitor and glial
markers. Hadjivassiliou and colleagues showed that BCs co-expressed Pax6 and GFAP but
were negative for NeuN. Furthermore, GFAP (glial marker) was co-expressed with CD34
(stem cell marker) (Hadjivassiliou et al. 2010). A proportion of BCs have also been shown to
co-label doublecortin with nestin and with GFAP-δ; some of these BCs were positive for the
conventional glial marker, GFAP (Martinian et al. 2009). Ying et al. found a co-localisation of
CD133 (stem cell marker) in GFAP positive BCs, but were unable to detect the co-expression
of CD133 and MAP2 (neuronal marker) (Ying et al. 2005). Interestingly, CD133-positive BCs
were reported to express other stem cell markers (nestin and vimentin) and GFAP; a few of
these cells also expressed neuronal markers (MAP2 and synaptophysin) (Han et al. 2011).
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Although BCs are morphologically identical, the literature indicate that there are possibly
three distinct subpopulations, those from a neuronal, glial or stem cell/progenitor lineage.
Therefore, there is currently no single immunological marker that can confidently identify all
BCs (Blümcke et al. 2011). The expression of several stem cell/progenitor markers and both
neurons and glial markers suggest that BCs are immature cells of uncommitted cellular
differentiation, which may have arisen from failure in cellular differentiation during
development. Given that they are often found in the cortical layer 1 and the white matter
underlying the dysplastic cortex, BCs could be associated with migratory arrest during
development. The heterogeneity seen in BC populations may be explained by failed
differentiation at various stages of development, thus subpopulations of BCs express more
primitive markers than others. Alternatively, the heterogeneous BC populations may reflect
the type and timing of the initial insult, pathogenesis of the FCD lesion, and/or the
subsequent epileptogenesis. The various expression patterns of BCs may also depend on the
location of the BCs. For example, Fauser and colleagues reported they only observed NFpositive BCs and CD34-positive BCs in the white matter and not in any of the neocortical
layers, whereas GFAP-positive BCs were found in both the white or grey matter (Fauser et al.
2004). It is also important to bear in mind that a degree of variability may also be due to the
study design and interpretation of results of the studies investigating the markers of BCs
(Toering et al. 2009). There will inevitably be differences in the number of cases used in
different studies and the number BCs in the cases. The definition of a BC and what to consider
as significant, moderate, strong or positive staining can also vary between studies.

Dysmorphic neurons (DNs)
In addition to BCs, another important neuropathological cell type found in FCD is dysmorphic
neurons (DNs; Figure 1.3). The ILAE Task Force have characterised DNs by the following
morphological abnormalities: enlarged cell size, enlarged cell nucleus, abnormal Nissl
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substance distribution, and accumulation of neurofilament (SMI-32) in the cytoplasm
(Blümcke et al. 2011). Blümcke et al. state that cell shape is not a defining feature of DNs, as
they can have pyramidal or interneuronal phenotypes. DNs can be found within the cortex
and the WM (Blümcke et al. 2011). DNs are distinct from BCs in that they have a clear
neuronal phenotype, morphologically or immunohistochemically. Several studies have
shown DNs to express neuronal markers: neurofilaments (Sugiura et al. 2008), synaptic
vesicle protein 2A (Toering et al. 2009) and glutamate receptors (Oh et al. 2008).

Figure 1.3 Dysmorphic neurons (DNs). Haematoxylin and eosin staining of DNs in a patient with focal
cortical dysplasia type IIb (FCDIIb).

Other neuropathological cell types
The heterogeneous cell populations in FCD also include other cellular abnormalities. Amongst
these are dysplastic oligodendroglial cells, inflammatory cells, and increased heterotopic
neurons (normal neurons in abnormal locations). Studies on these cell types are limited. The
putative dysplastic oligodendroglia, as described by Sugiura and colleagues, are oval to
irregular-shaped and resemble the morphology of astrocytes. The nuclei of these cells
expressed oligodendrocyte transcription factor 2 (Olig2), a marker of cells from the glial
lineage, expression of which was not seen in BCs. These cells do not express the typical
marker of astrocytes, GFAP (Sugiura et al. 2008). Activated components of innate and
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adaptive immunity have been reported in FCD. These include activated microglial cells and T
lymphocytes (Sisodiya et al. 2009; Iyer et al. 2010). According to a study by Iyer et al., the
latter are often found clustered around BCs (Iyer et al. 2010).

Signalling pathways in FCD
Although histopathological and immunohistochemical analyses are crucial in the
understanding FCDIIb pathogenesis, the molecular basis could help identify potential
therapeutic targets. This section of the thesis addresses signalling pathways that have been
implicated in the disease.

mTOR pathway
The mammalian target of rapamycin (mTOR) pathway is the most important signalling
pathway implicated in the pathogenesis of several cortical malformations, in particular that
of FCD and TS cortical lesions, whereby the activity of this pathway is significantly
upregulated.

mTOR, a serine/threonine kinase protein, serves as a molecular sensor that integrates
various external stimuli, such as nutrients, hormones, and growth factors to regulate several
cellular functions, such as cell growth and proliferation, metabolism, autophagy, and cellular
survival and death (Laplante & Sabatini 2012). During the developing CNS, the mTOR pathway
regulate processes that contribute to normal neuronal growth, neurite elongation and
branching, and synaptic formation (Takei & Nawa 2014).

mTOR signalling pathway
The mTOR protein kinase forms part of two, related but different, complexes: mTORC1 and
mTORC2. The two mTOR complexes differ in their downstream targets (Figure 1.5) and their
sensitivity to rapamycin. mTORC1 is negatively regulated by rapamycin, whereas mTORC2 is
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mainly insensitive to rapamycin (Wong 2013). The mTOR complexes are composed of several
proteins and have two proteins in common; the first is mLST8 (mammalian lethal with Sec13
protein 8, also known as GβL), which functions as a positive regulator of the complexes; the
second is DEPTOR (DEP-domain containing mTOR-interacting protein), which functions as a
negative regulator of the complexes (Peterson et al. 2009; Kim et al. 2003). The mTORC1 is
completed by two additional specific proteins: RAPTOR (regulatory-associated protein of
mTOR), an activator; and PRAS40 (proline-rich AKT substrate of 40), an inhibitor of the
complex. Similarly, mTORC2 has three further specific proteins: RICTOR (rapamycininsensitive companion of mTOR), a direct activator; mSIN1 (mammalian stress-activated
protein kinase interacting protein), which is required for the assembly of the complex; and
PROTOR-1 (protein observed with RICTOR-1) (Russo et al. 2012). Another core protein
complex of the mTOR pathway is the TSC1-TSC2 complex. This is a crucial upstream negative
regulator of both mTOR complexes, which functions through Rheb (Ras-homolog expressed
in brain) to inhibit the mTORC1-mTORC2 complex. Several kinases can phosphorylate (thus
activate) TSC1 and TSC2, such as the ERK (extracellular signal-regulated kinase), Akt (also
known as protein kinase B [PKB]), AMP-activated protein kinase (AMPK), glycogen synthase
kinase 3 (GSK3) and inhibitor of nuclear factor kappa-B kinase subunit beta (IκKβ) (Ma et al.
2005; Lee et al. 2007; Potter et al. 2002; Hahn-Windgassen et al. 2005).

The mTOR signalling pathway is illustrated in Figure 1.5. The mTOR pathway, particularly
mTORC1, can be activated a number of upstream signalling mechanisms in response to
environmental stimuli. The most commonly studied signalling mechanism is the
phosphoinositide 3-kinase (PI3K)/Akt pathway. Briefly, ligands bind to membrane bound
growth factor or insulin receptors that activates PI3K. Activated PI3K phosphorylates PIP2 to
generate membrane-bound PIP3, which activates phosphoinositide-dependent kinase-1
(PDK1). PDK1 promotes the activation of Akt and subsequently the phosphorylation of TSC2
(which is the functional component of TSC1-TSC2 complex). Phosphorylated TSC2 converts
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Rheb-GDP to Rheb-GTP which then activates mTORC1. mTORC1 can also be activated
through the AMPK pathway, whereby elevated cellular AMP:ATP ratio induces the
phosphorylation of AMPK, which in turn phosphorylates TSC2, and activates mTORC1.
mTORC1 phosphorylates downstream targets that directly promote protein synthesis, such
as the p70 ribosomal protein S6 kinase (p70S6K) which activates ribosomal subunit protein
S6. mTORC1 also phosphorylates the translation inhibitor 4E-BP1, allowing eIF4E to be
released for translation. Thus the phosphorylation of p70S6K, S6, and 4E-BP1 leads to protein
translation. The mTORC2 signalling pathway is poorly understood, particularly its upstream
components. Activated mTORC2 phosphorylates and activates Akt, SGK (serum
glucocorticoid-induced kinase), and PKC isoforms which have been suggested to regulate
cytoskeleton organisation, cell survival, and lipid metabolism.

mTORopathies: FCDIIb and TS
Overactivation of mTOR pathway in the brain induces enlargement and dysmorphism of
neurons and glia (or their progenitors), similar to those seen in FCDIIb and TS. As mentioned
earlier, TS is caused by mutations in TSC1 or TSC2 genes which leads to a loss or decrease in
function of the TSC1-TSC2 complex. This results in an overactive mTOR pathway
(phosphorylation of mTOR, p70S6kinase, ribosomal S6, and 4EBP-1) and subsequently
abnormal cell growth and proliferation (Figure 1.4). Different mutations in the TSC genes
appear to affect the mTOR pathway in different ways; the effects on different cell types may
also vary. Overactive mTOR pathway has been demonstrated by the immunohistochemical
detection of phosphorylated downstream targets of both the mTORC1 (phospho-p70S6K1
and phospho-S6) and mTORC2 (phospho-PKCα, phospho-Akt, and phospho-SGK1) in
pathologically abnormal enlarged cells of fetal TS (Tsai et al. 2014; Prabowo et al. 2013).
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Figure 1.4 Role of the mTOR pathway in pathogenesis and epileptogenesis of cortical malformations.
A) During normal brain development, the mTOR pathway regulates various cellular processes, such as
cell growth, proliferation, ion channel expression, and synaptic plasticity. B) In malformations of
cortical development, the mTOR pathway can become hyperactive (thick lines) due to mutations in
genes such as TSC1 and TSC2. The leads to abnormal cell growth and proliferation as well as altered
expression of ion channel and neurotransmitters, which can account for the cellular abnormalities and
epileptogenesis, respectively, in these disorders. Adapted from Wong (2013).

Consistent with the hypothesis that FCDIIb represents a (most likely sporadic) form of TS, the
expression of hamartin and tuberin have been shown to be markedly reduced or absent in
FCDIIb samples. A study by Grajkowska et al. found BCs to be negative for both hamartin and
tuberin, whereas the majority of cell types were positive for both hamartin and tuberin in
normal-appearing neocortex tissue (Grajkowska et al. 2008). Activated (i.e. phosphorylated)
mTOR has been shown in cortical tubers and FCDIIb (Miyata et al. 2004). Interestingly,
polymorphisms in the TSC1 gene have been reported in FCDIIb samples resected during
epilepsy surgery, suggesting a role of the TSC1 gene in the development of FCDIIb (Becker et
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al. 2002). Inactivation of the TSC1 and TSC2 proteins may also occur at the post-translational
level (Schick et al. 2007). While not all types of FCD appear to activate the mTOR pathway
(Orlova et al. 2010), there is a large body of evidence for activated upstream and downstream
components of the mTOR pathway in FCDIIb. Hyperphosphorylated ribosomal protein S6,
eIF4G (a target of 4EBP1; phosphorylated eIF4G is indicative of active 4EBP1), and Akt has
been demonstrated in cytomegalic neurons in FCD tissue (Ljungberg et al. 2006). Abnormal
neuroglial cells were positive for phospho-S6 and phospho-eIF4G (Miyata et al. 2004). Lastly,
phospho-p70S6K, phospho-S6, phospho-4EBP1 and phospho-Akt have been observed in BCs
(Baybis et al. 2004; Schick et al. 2006; Schick et al. 2007; Yasin et al. 2013; Liu et al. 2014).
Some studies have suggested that the activation of the mTOR pathway in TS and FCD is similar
but not identical. This is based on differences in the activation of various, largely
downstream, mTOR components (Schick et al. 2007; Miyata et al. 2004; Baybis et al. 2004).
Of particular interest are expression patterns in BCs. Schick and colleagues showed the
expression of phosphorylated forms of PDK1, Akt, tuberin, and p70S6K in BCs from FCD;
whereas BCs from TS were found to only express tuberin and p70S6K (Schick et al. 2007).
Another study found that BCs from TS expressed phosphorylated forms of p70S6K, S6, and
4EBP1; however BCs from FCD only expressed phospho-S6 (Baybis et al. 2004). Therefore,
activation of the mTOR pathway can potentially distinguish cortical tubers from FCDIIb.
Differences in p4EBP1 and p70S6K expression patterns can possibly be explained the
activation of two different, but convergent or concurrent, pathways. For instance, the mTOR
pathway alone may account for a subpopulation of BCs, while the ERK pathway can account
for another a subpopulation of BCs. Interestingly, it has been shown that p70S6K can be
phosphorylated independently of mTOR (Lehman et al. 2003). Despite these observations,
the functional role of enhanced mTOR activity in the pathogenesis of FCDIIb is not clear.
There has been one suggestion that overactivation of mTOR contributes directly to an
inhibition of autophagy in FCDIIb (and TS). Yasin et al. showed that BCs contain components
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of the autophagy pathway, including the two major lysosomal glycoproteins (LAMP1 and
LAMP2), ATG5, LC3/ATG8, ATG12 and Beclin-1/ATG6. BCs also showed accumulation of the
autophagy cargo protein, p62. Interestingly, this defect of p62 accumulation in autophagy
was reversed following the inhibition of mTOR (Yasin et al. 2013).

The role of the mTOR pathway in FCDIIb and TS is further supported various animal models
of knockout mTOR genes (as discussed in Chapter 1.8). For example, several conditional cellspecific or brain region-specific deletions of Tsc1 or Tsc2 have been shown to express
markers of overactive mTOR pathway, including increased phosphorylation of mTORC1, S6K1
and S6, and morphological changes, such as cytomegaly, astrocytosis, laminar
disorganisation (Onda et al. 2002; Uhlmann et al. 2002; Meikle et al. 2007; Way et al. 2009;
Tavazoie et al. 2005).

There is an increasing evidence for a role of the mTOR pathway in cortical dysplasia
associated epilepsy. Some studies suggest that mTOR inhibitors have an anti-epileptogenic
effects, while other studies indicate anti-epileptic effects (Citraro et al. 2016). These findings
may have important implications for FCD.

The mTOR inhibitor rapamycin has been shown to prevent the development of epilepsy (i.e.
have anti-epileptogenic effects) in mouse model of TS. For example, Zheng and colleagues
reported that rapamycin inhibited the abnormal activation of the mTOR pathway, astrogliosis
and neuronal disorganisation (Zeng et al. 2008). Similarly, Goto et al. showed postnatal
rapamycin rescued mice from epilepsy and premature death (Goto et al. 2011). Mouse model
studies also support anti-epileptic effects of mTOR inhibitors. Conditional Tsc1 deletion in
astrocytes (Uhlmann et al. 2002) or neurons (Meikle et al. 2007) exhibit seizures in postnatal
mice. Postnatal treatment with rapamycin in such conditional knockout mice significantly
improves survival, and supresses seizures and cellular hypertrophy (Ljungberg et al. 2009;
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Meikle et al. 2008; Zeng et al. 2008). In recent years, mTOR inhibitors (rapamycin and
everolimus) have been used in clinical studies and have shown some promising results as
anti-epileptics. Table 3 shows a summary of such studies.

Reference

Study type

Drug and dose

Treatment
duration

Clinical result

Muncy et al.
(2009)
Perek-Polnik
et al. (2012)
Wheless
(2015)
Wiegand et al.
(2013)
Krueger et al.
(2010)

Case report

Rapamycin;
0.15mg/kg/day
Everolimus;
4.5mg/m2/day
Everolimus; 5mg/day

10 months

Everolimus; 5-7
mg/day
Everolimus; 4.75.6mg/m2/day

36 weeks

Reduction in seizure
frequency
Complete cessation
of epileptic seizures
Reduction in seizure
frequency
Reduction in seizure
frequency
Reduction in seizure
frequency

Franz et al.
(2013);
Krueger et al.
(2013)
Cardamone et
al. (2014)

Case report
Case report
Case study
series
Prospective
open-label,
phase I-II
Prospective,
multicentre,
open-label,
phase I/II
Open-label,
single centre
case series

Everolimus;
5mg/m2/day, then
titrated to a serum
trough level of 515ng/ml
Rapamycin;
1mg/m2/day, then
adjusted trough blood
levels of 4-10 ng/ml

12 months
18 months

21.5 months
(median
duration)
12 weeks

18 months
(median
duration)

Reduction in seizure
frequency; 7 (out 20)
patients had >90%
reduction
Reduction in seizure
frequency; 1 (out 7)
patient had >90%
reduction

Table 3 Clinical studies with mTOR inhibitors in tuberous sclerosis associated epilepsy. Adapted from
Citraro et al. (2016).

Evidence for a role of mTOR in cortical dysplasia associated epilepsy is not limited to mTOR
inhibitor studies. The overactivation of the mTOR pathway has been suggested to contribute
to the inflammatory changes seen in the epileptogenesis of FCD lesions (Weichhart &
Säemann 2009; Iyer et al. 2010; Schmitz et al. 2008). In addition, mutations in key genes
involved in the mTOR pathway have been reported to cause human focal epilepsies (as
discussed in Chapter 1.2.4.1), further supporting the role of the mTOR pathway in
epileptogenesis of cortical dysplasias.
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ERK pathway
ERK (extracellular signal-regulated kinase) is a MAPK (mitogen-activated protein kinase) that
serves as a key effector of the Ras oncoprotein. The ERK pathway is one of four MAPK
pathways, the remaining three are the p38MAPK, c-Jun N-terminal kinase and ERK5 pathways
(Wortzel & Seger 2011). Each MAPK pathway consists of a small GTP-binding protein and
three protein kinases. The signalling cascade of MAPK pathways can be summarised as
following. The GTP-binding protein activates (i.e. phosphorylates) a GTPase (guanosine
triphosphatase)-regulated kinase (MAPKKK), which activates an intermediate kinase
(MAPKK), which in turn activates an effector kinase (MAPK) (Mendoza et al. 2011).

ERK signalling pathway
In the ERK pathway, the GTP-binding protein is Ras; the MAPKKK is Raf; the MAPKK is MEK;
and the MAPK is ERK. The ERK pathway is illustrated in Figure 1.5. This pathway is largely
initiated by the binding of ligands (such as growth factors, hormones, neurotransmitters, and
chemokines) to membrane receptors (such as receptor Tyr kinases [RTKs], G protein–coupled
receptors [GPCRs], ion channels). These receptors transmit activating signals by recruiting
adaptor proteins (such as Grb2 [growth-factor-receptor-bound-2]) and exchange factors
(such as SOS [son of sevenless]) that, in turn, activate a member of the Ras family (commonly
H-Ras or K-Ras). Activated Ras subsequently activates the MAPKKK Raf, which phosphorylates
the MAPKKs MEK1/2, which in turn phosphorylates the MAPKs ERK1/2. Due to their high
similarity, ERK1/2 have largely similar functions. Activated ERK1/2 phosphorylates the p90
ribosomal S6 kinase (RSK), not to be confused with p70 ribosomal S6 kinase (p70S6K) from
the mTOR pathway. ERK1/2 and RSK can subsequently translocate into the nucleus and
activate several transcription factors, including c-myc and c-FOS. This ultimately leads to
changes in cell proliferation and survival. ERK1/2 also feedback to negatively regulate the
pathway by inactivating MEK1/2, SOS, and possibly Raf (Wortzel & Seger 2011; Mendoza et
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al. 2011). The downstream effects of ERK1/2 are diverse, complex and, can occasionally
appear paradoxical. Therefore, the precise effects are often determined by temporal and
spatial factors, such as the subcellular localisation of ERK1/2 and the availability of the
substrates.

Cross-talk between the mTOR and ERK pathways
The mTOR and ERK pathways can regulate one another through cross-inhibition and crossactivation (Figure 1.5). While some kinases (such as Raf, MEK, mTORC1) involved in these
pathways have specific substrates, others (such as ERK, Akt, p70S6K) can phosphorylate
multiple substrates including key components from various signalling pathways. It is through
these latter kinases that cross-talk occurs between the mTOR and ERK pathways. Two main
examples of cross-inhibition between the two pathways are that: 1) Akt can phosphorylate
inhibitory sites on Raf, thus inhibiting ERK activation; and 2) ERK can phosphorylate the
scaffolding protein GAB (GRB2-associated binding protein), a protein that is required for
recruitment of PI3K to the receptor, thus inhibiting the recruitment of PI3K. Components of
the ERK pathway (Ras, Raf, and ERK) can cross activate the mTOR pathway. For example, RasGTP can directly activate PI3K (an upstream component of the mTOR pathway). ERK can
phosphorylate (and inhibit) the TSC2 (Mendoza et al. 2011). ERK can also phosphorylate (and
activate) the mTORC1, promoting the phosphorylation of p70S6K and 4EBP1 in a PI3K-Akt
independent manner (Carriere et al. 2011; Lee et al. 2010). Components of both the mTOR
and ERK pathways also converge (i.e. act on) the same downstream substrates to promote
the same effects on cellular processes, such as cell survival, proliferation, metabolism, and
motility. These downstream substrates include the FOXO (forkhead box O) and c-Myc
transcription factors, pro-apoptotic proteins BCL-2 interacting mediator of cell death (BIM)
and BCL2-associated agonist of cell death (BAD), GSK3 (glycogen synthase kinase) and the
cyclin-dependent kinase inhibitor 1B (p27kip1). For example, ERK and Akt phosphorylate
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FOXO3A (Mendoza et al. 2011). From all of these convergent substrates of the ERK and mTOR
pathways, only the expression of c-Myc has been investigated in BCs so far, where the
majority of BCs in FCDIIb have been found to expressed c-Myc (Orlova et al. 2010).

Role of ERK pathway in cortical dysplasia
Given its diverse roles in several cellular functions, there are many possible ways in which
the ERK pathway can contribute to the phenotype seen in FCDIIb (and TS). These ways can
be summarised by two main mechanisms: the direct interaction with the mTOR pathway
and/or the activation of key downstream targets. It has been suggested that posttranslational inactivation of the TSC protein complex, rather than a complete loss of TSC
genes, is responsible for the development of cortical dysplasia. In this regard, the activation
of the ERK pathway, particularly ERK1/2, can serve as 2nd hit of the mTOR pathway. Notably,
hyperactivation of ERK has been noted in patients with TS cortical tubers (Govindarajan et al.
2003; Han et al. 2004). Furthermore, increased expression of activated ERK1/2 has been
reported in BCs and DNs in TS samples (Maldonado et al. 2003). Another study showed that,
in cortical tubers, TSC2 protein can be phosphorylated by ERK leading to the activation of
mTOR and subsequently hyperphosphorylated S6. The expression of downstream targets of
ERK activation has also been reported in FCDIIb and TS. One such example is the increased
expression of c-FOS in BCs from TS (Onda et al. 2002) and FCDIIb (Picker et al., unpublished
data) cases. Another downstream target of ERK activation is STAT3, another transcription
factor. Like c-FOS, increased levels of phosphorylated (activated) STAT3 is associated with
activation of ERK (Lo et al. 2003). Expression studies from our lab have shown pSTAT3 to be
highly upregulated in BCs of FCD and TS (Picker et al., unpublished data). These studies
support a role for ERK-mediated mTOR activation in cortical dysplasias.

The ERK pathway has also been shown to directly phosphorylate the Kv4.2 potassium channel
in the CNS (Schrader et al. 2006; Adams et al. 2000; Lugo et al. 2008). Increased Kv4.2
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phosphorylation leads to decreased channel function and increased excitability (Bernard et
al. 2004; Lugo et al. 2008). Thus, the ERK pathway may also play a role in the epileptogenesis
of cortical dysplasias.

Wnt pathway
Although the mTOR and the ERK pathways are considered as the major pathways underlying
the pathology of FCD, other pathways are also likely to be involved. The Wnt signalling
pathway is known to play a critical role in brain development, and its disruption can lead to
cortical malformation (Munji et al. 2011). This pathway comprises of several secreted
glycoproteins which interact with frizzled receptors causing the phosphorylation and
activation of the dishevelled proteins (Logan & Nusse 2004). This, in turn, inhibits glycogen
synthase kinase-3β (GSK-3β) and results in the stabilisation and accumulation of cytoplasmic
β-catenin, which translocates into the nucleus (Figure 1.5). Nuclear β-catenin forms
complexes with the nuclear transcription factor TCF, which regulate the transcription of
various genes including those involved in neuronal fate, neuronal migration, cell proliferation
and cell shape. However, active GSK-3β interacts with the protein adenomatous poliposis coli
(APC) and leads to the breakdown of cytoplasmic β-catenin. The Wnt signalling can be
inhibited by the binding of Notch to dishevelled proteins (Cotter et al. 1999).

The Wnt signalling has been shown to regulate the differentiation of cortical neural precursor
cells (Hirabayashi et al. 2004; Munji et al. 2011). Activation of this pathway promotes neural
precursor cells to commit to the neuronal lineage. Similarly, the inhibition of this pathway
prevents neuronal differentiation. However, these effects of Wnt signalling appear to be
dependent on the stage of neural development (Hirabayashi et al. 2004). Munji et al. showed
that excessive and prolonged activation of the Wnt pathway resulted in cortical dysplasia
associated with the formation of large neuronal heterotopias and features similar to those
found in patients with cortical malformations (Munji et al. 2011). This study supports a role
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for the Wnt pathway in human cortical malformations, such as FCD. Cotter and colleagues
investigated the potential role of Wnt signalling in FCD and found that the subcellular
localisation Wnt pathway proteins in FCD and normal cortex were different. They also noted
variations within FCD lesions. For example, BCs, which have been associated with poor
neuroglial differentiation, expressed increased levels of cytoplasmic dishevelled protein,
reduced cytoplasmic Notch-1, increased APC, altered cytoplasmic β-catenin, and reduced
nuclear β-catenin. DNs in FCDIIb presented with a contrasting expression pattern, whereby
increased Notch-1, increased GSK-3β, and normal APC were noted (Cotter et al. 1999). These
observations support a role of the Wnt pathway in neuroglia differentiation and suggest a
potential role of this pathway in the pathogenesis of FCDIIb. Interestingly, the Wnt pathway
has also been shown to interact with the mTOR pathway. Wnt can stimulate the mTOR
pathway by inhibiting GSK3 phosphorylation of TSC2 in a β-catenin-independent manner
(Inoki et al. 2006).
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Figure 1.5 Key signalling pathways implicated in the pathogenesis of focal cortical dysplasia (FCD).
The mTOR pathway (blue), the ERK pathway (green) and the Wnt pathway (red) have been shown to
be involved pathogenesis of FCD in different ways. The pathways are highly interrelated. Please see
text for details.

Cell cycle arrest/defects in FCD
Proliferative potential of BCs
A greater understanding of proliferation of key cell types in FCD would provide more
information on the cellular kinetics of these cortical lesions. Several studies have addressed
the proliferative potential of BCs. BCs are rarely labelled with Ki-67 and PCNA (proliferating
cell nuclear antigen), widely accepted markers of cell proliferation, indicating a low
proliferative activity (Crino et al. 2002; Thom et al. 2005; De Rosa et al. 1992). However,
Thom and colleagues have reported that the majority of BCs in FCD to express strong nuclear
staining of mini-chromosome maintenance protein 2 (MCM2) (Thom et al. 2005). Similarly,
Yasin et al. showed that 28% of BCs in vitro expressed MCM2 (Yasin et al. 2010). MCM2 is a
DNA replication licensing factor and is expressed at all phases of the proliferative cell cycle,
but its expression is down-regulated in the quiescent and senescent cells (Stoeber et al. 2001;
Harada et al. 2008; Chen et al. 2004) The expression of MCM2 can identify cycling cells as
well as those with proliferative potential (Stoeber et al. 2001) compared to Ki-67 which can
only detect the former. Therefore, MCM2 is considered as a more sensitive marker of
proliferative capacity than Ki-67. The strong expression of MCM2 in the majority BCs and the
occasional labelling of BCs with Ki-67 suggests that these cells are capable of cell division
(Thom et al. 2005). Thom and colleagues have suggested that the difference in MCM2 and
Ki-67 expression indicates that only a small proportion of BCs successfully progress through
the cell cycle. These data suggest the BCs may be immature cells with proliferative capacity
but have arrested in at a certain stage in the cell cycle during cortical development. This could
explain the high levels of MCM2 (proliferative capacity) and the lack of Ki-67 expression
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(proliferative activity) seen in BCs. A subsequent study from the same group looked at the
expression of cell cycle proteins in BCs. BCs only occasionally expressed the cell cycle protein
geminin, which is expressed at the S, G2, and M phases, but not the G1 phase. This suggests
that only a small limited number of BCs progress through the S phase and complete the cell
cycle. Furthermore, the phosphorylated form of the retinoblastoma protein (pRb), which is
required for progression through the G1 phase, was only occasionally seen in BCs. The
complex cyclin E-CDK2 (cyclin-dependent kinase 2) is required for the progression from early
to late G1 phase; the expression of both of these proteins in BCs were low. The complex
cyclin D1-CDK4 is required for the phosphorylation of pRb and thus the progression from G1
phase to S phase. The expression of cyclin D1 was found to be low in BCs; however, strong
nuclear expression of CDK4 was noted in BCs. This suggests a failed attempt by BCs to
undergo G1-S progression given that cyclin D1 is considered as the rate-limiting step (Thom
et al. 2007). The expression of the cyclin A2-CDK1 complex, which is required for S phase
progression, has also been reported to be low in BCs (Schick et al. 2007). Furthermore,
cultured BCs from FCDIIb and TS failed to incorporate BrdU, an indicator of active DNA
replication, even in the presence of various growth factors (Yasin et al. 2010). Collectively,
these results suggest an early G1 arrest in BCs (Figure 1.6).
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Figure 1.6 Progression through G1 phase of the cell cycle, potential points of cell arrest, and
observations in balloon cells in focal cortical dysplasia (FCD). Image reused with permission from the
authors (Thom et al. 2007) and publisher (Oxford University Press).

Arrested cells can enter a reversibly arrested state termed quiescence (G0 phase), where
they are able to resume proliferation in response to appropriate stimuli. Alternatively,
arrested cells undergo apoptosis or senescence. Apoptosis is a form of programmed cell
death, whereas senescence refers to irreversible cell cycle arrest. Whether an arrested cell
undergoes apoptosis or senescence appears to depend on the factors such as cell type, and
intensity and nature of insult. Many senescent cells resist apoptosis by expressing antiapoptotic proteins. However, the destiny of cells can be influenced by altering the expression
of pro-apoptotic and anti-apoptotic proteins (Rebbaa et al. 2003; Seluanov et al. 2001;
Crescenzi et al. 2003). This suggests that there is communication between the apoptosis and
senescence regulatory pathways, most likely through components common between both
(such as p53). The relevance of apoptosis and senescence in BCs is discussed in the
subsequent two sections.
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Apoptosis and BCs
Apoptosis can be triggered by both physiological and pathological stimuli. Apoptosis occurs
normally during development (including that of the CNS). After development, apoptosis
serves as a 1) homeostatic mechanism to maintain cell populations in tissues, 2) defence
mechanism, and 3) way of removing damaged cells (Elmore 2007). It is important to note
that all cells do not die in response to the same stimuli. Cells undergoing apoptosis are
characterised by morphological features (such as cell shrinkage and pyknosis). Apoptosis is
regulated by members of the Bcl-2 protein family. There are more than 20 members of this
family, some of which have anti-apoptotic functions such as Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bclw, and BAG, whereas other have pro-apoptotic functions such as Bcl-10, Bax, Bak, Bid, Bad,
Bim, Bik, and Blk. The tumour suppressor protein p53 has an important role in regulating
these Bcl-2 proteins; however, the precise mechanisms are not fully understood (Elmore
2007; Ola et al. 2011). Apoptosis also involves, and is regulated by, a family of essential
cysteine proteases known as caspases. There are 12 main members of this family: initiator
caspases (such as CASP2, CASP8, CASP9, and CASP10) and executioner caspases (such as
CASP1, CASP3, CASP6, and CASP7) (Ola et al. 2011).

Data on apoptosis in BCs comes from the work of Chamberlain and Prayson who assessed
the expression patterns of four essential apoptotic proteins to neuronal development. These
proteins were Bcl-2 and Bcl-XL (both of which are anti-apoptotic), Bax (which is proapoptotic), and p53 (which can have either pro-apoptotic or anti-apoptotic effects). Aberrant
expression of all four protein was seen in the majority of FCDIIb cases, with BCs being positive
for Bcl-2 (17% of cases), Bcl-XL (89% of cases), and Bax (78% of cases). The majority of cases
(86%) showed p53 immunopositivity predominately in BCs. Ying et al. reported 46% of BCs
to express Bcl-2 (Ying et al. 2005). Furthermore, increased expression of the executioner
caspase CASP6 and the initiator caspase CASP8 in BCs from both FCD and TS cases
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(Maldonado et al. 2003; Karin Boer et al. 2010; Iyer et al. 2014). Interestingly, Iyer and
colleagues also have shown increased expression of death receptor 6 (DR6) in BCs (Iyer et al.
2014). DR6 is known to induce apoptosis when overexpressed (Pan et al. 1998; Zeng et al.
2012). The expression of apoptotic proteins is complex and a slight imbalance can lead to the
inhibition or promotion of apoptosis. The increased expression of various apoptotic proteins
in BCs, both pro-apoptotic and anti-apoptotic, suggests a dysregulation in the apoptotic
system in these cells. This may have led to a failure of BCs to undergo predestined apoptosis
or arrested immature cells to bypass apoptosis (Chamberlain & Prayson 2008).

Cellular senescence
Cellular senescence is defined as a stable irreversible cell cycle arrest. It was first formally
identified as a state of permanent cell cycle arrest by Hayflick in 1961 who showed that
normal human fibroblasts in culture undergo several divisions before eventually losing their
proliferative lifespan and ceasing to divide (Hayflick & Moorhead 1961).

Triggers of senescence
Persistent DNA damage
Senescence can be triggered in response to various stimuli. Persistent DNA damage is one of
the main causes of senescence, of which telomere shortening and/or uncapping plays a
major role. Telomeres are non-coding DNA-protein complexes found at the ends of
chromosomes and consist of protective telomere cap and serve to ensure genomic stability
(Blackburn 1991). Telomeric DNA is lost, and telomeres are shortened, during the S phase of
every cell cycle because DNA polymerase cannot synthesis telomeric DNA and most cells do
not contain telomerase (Harley et al. 1990; Bodnar et al. 1998). The shortening of telomeres
eventually leads to the disruption of the protective cap (Blackburn 2001), which eventually
triggers senescence. Oxidative stress is another common cause of DNA damage. Human and
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mouse fibroblast cells have been shown to enter senescence in the presence of high levels
of oxygen (20%) and have an increased lifespan when cultured under a more physiological
oxygen concentration (3%) (Chen et al. 1995; Parrinello et al. 2003). The accumulation of
reactive oxidative species (ROS) through oxidative stresses such as hydrogen peroxide also
reduces proliferative capacity leading to senescence (Samper et al. 2003; Blander et al. 2003).
Other causes of DNA damage include ionising radiation, topoisomerase inhibitors and
cytotoxic chemotherapy agents (Campisi 2013; Chang et al. 2002; Robles & Adami 1998).
Regardless of the genomic location, DNA damage is a potent inducer of senescence; it
triggers a DNA damage response, to which the cell responds by undergoing senescence.

Activation of oncogenes
Activation of oncogenes, or their downstream targets, is another major inducer of
senescence (Bringold & Serrano 2000). A classic example supporting the role of oncogenic
Ras in senescence is Spitz nevi, a benign melanocytic lesion. These cells have increased copy
number of H-Ras (a member of the Ras family) and undergo senescence (Maldonado et al.
2004). Furthermore, the overexpression of oncogenic Ras in human and rodent fibroblasts
has been shown to lead to permanent cell cycle arrest. The resultant cells were
phenotypically identical to senescent cells (Serrano et al. 1997). Similarly, Zhu et al. have
shown the activation of the oncogene Raf in human fibroblasts leads to a premature onset
of senescence (Zhu et al. 1998).

Combination of triggers
The various triggers of senescence are neither independent of each other nor mutually
exclusive. For instance, oxidative stress (such as hyperoxia) can cause DNA damage and
shorten telomeres (von Zglinicki et al. 1995; Forsyth et al. 2003; Parrinello et al. 2003). The
shortening of telomeres and activation of oncogenes both contribute to DNA damage (Chen
et al. 2007). Furthermore, the overexpression of Ras induces senescence by increasing
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intracellular ROS levels (Lee et al. 1999) which, in turn, causes DNA damage. These, and other,
findings represent the complex nature of cellular response to various stimuli.

p53 and pRb pathways: Two central activating pathways of senescence
Senescence is established and maintained by two main pathways: the pRb/p16 and p53/ARF
pathways. A summary of these pathways is shown in Figure 1.7. The diverse stimuli that
trigger senescence appear to do so by activating one or both of these pathways. While the
pathways can induce senescence growth arrest independently, they often interact and
regulate one another at various levels (Ben-Porath & Weinberg 2005). The pathways seem
to mediate senescence by responding to different stimuli: The p53/ARF pathway responds
mainly to stimuli that activate a DNA damage response (DDR) (such as telomere dysfunction
and DNA damage) whereas the pRb/p16 pathway respond mainly to oncogene activation and
oxidative stress/suboptimal culture conditions (Ben-Porath & Weinberg 2005). However,
there are exceptions and certain stimuli can activate both pathways (Jacobs et al. 1999; Stein
et al. 1999; Pearson et al. 2000).
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Figure 1.7 Two central activating pathways of senescence: p53 and pRb pathways. Senescenceinducing stimuli increase the expression of p16 and ARF. p16 inhibits cyclin-dependent kinases such
as CDK4/6, suppressing the phosphorylation (and inactivation) of pRb. Unphosphorylated (active) pRb
prevents cell proliferation by suppressing E2F, a transcription factor that is required for the expression
of cell-cycle progression genes. E2F can also inhibit proliferation, through the p53 pathway, by
activating ARF expression. ARF inhibits HDM2-mediated degradation of p53, which leads to the
activation of p21, a CDK inhibitor. ARF, alternative reading frame; HDM2, HDM2 protein; CDK4/6,
cyclin-dependent kinases 4 and 6.

Several experiments have looked at the role of the p53 and pRb pathways in senescence by
examining the effects of inactivating key components. In mouse embryo fibroblasts (MEF),
inactivation of p53 (Dirac & Bernards 2003; Harvey et al. 1993) or Rb family members (pRb,
p107 and p130) (Sage et al. 2000; Dannenberg et al. 2000) appears to be sufficient to
completely reverse senescence and allow proliferation. This suggests that the activation of
either of the p53 pathway or the Rb pathway (in a linear manner) is required for senescence
in MEFs. In some human fibroblasts, the inactivation of both p53 and pRb appears to be
required to prevent senescence, whereas the inactivation of either p53 or pRb only delays
the onset of senescence (Smogorzewska & de Lange 2002; Shay et al. 1991; Ben-Porath &
Weinberg 2005). These studies suggest that, in human cells, the p53 and pRb pathways are
activated in a parallel manner. This parallel activation mechanism could provide extra
protection against the bypass of senescence and thus against tumorigenesis (Ben-Porath &
Weinberg 2005). However, other studies suggest that, like in mouse cells, the activation of a
p53->p21->pRb linear pathway is more important in human cells; where the inactivation of
p53, p21 or pRb can bypass senescence (Brown et al. 1997; Wei et al. 2003). The major
difference between the linear and parallel pathways mentioned above is the involement of
p16. There is contrasting evidence for the role of p16 in senescence (Cánepa et al. 2007;
Zhang 2007; Mirzayans et al. 2012). The inactivation of p16 can bypass senescence (Alcorta
et al. 1996), delay the onset of senescence (Duan et al. 2001) or allow the continuation of
senescence (Wei et al. 2003) in human fibroblasts. p16 seems to be more important in certain
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cell types such as melanocytes (Sviderskaya et al. 2002; Gray-Schopfer et al. 2006) and at
cetain stages of senescence (Stein et al. 1999; Alcorta et al. 1996; Bond et al. 2004).

Due to a lack of specific markers, it is difficult to know to which extent different senescent
cells are induced/maintained by the pRb and p53 pathways (Campisi 2005). It may even be
possible that, in certain cell types, as suggested by two studies, senescence can be
independent of both pathways (Olsen et al. 2002; Michaloglou et al. 2005), indicating the
involvement of other pathways. Whether either or both p16 and p53 pathways, and to what
extent, are required to induce and/or maintain senescence is unclear. It seems that this
depends on the cell type, species type and the nature of stress involved.

Biological consequences/functions of senescence
Cellular senescence plays an important role in four complex biological processes: tumour
suppression, tissue repair, tumour promotion and aging; processes which appear to have
opposing effects (Rodier & Campisi 2011). The rationale behind these, seemingly, paradoxical
effects can be explained by evolutionary antagonistic pleiotropy; a concept based on the idea
that genes or processes can have beneficial effects when an organism is young but be more
detrimental as it ages (Williams 1957; Campisi 2013).

Senescence is well known to suppress the development and progression of cancer. It does so
through a cell autonomous mechanism to prevent the proliferation of mutated and stressed
cells. Senescent cells have been shown to be abundant in premalignant benign lesions but
scarce in malignancy that develop from such lesions (Collado et al. 2005; Michaloglou et al.
2005; Collado & Serrano 2010). In cases where tumour cells senesce, the senescence
mechanism has been associated with tumour regression. Senescence can suppress
tumorigenesis not only through cell autonomous growth arrest but also through a non-cell
autonomous immuoclearance of premalignant or malignant cells. Senescent pre-malignant
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cells can attract immune cells such as natural killer cells, macrophages and T cells, which lead
to their elimination (Sagiv & Krizhanovsky 2013). The senescence associated secretory
phenotype (SASP; discussed later) has a central role in this.

In addition to the well-established anti-tumour mechanism of senescence, senescent cells
can also promote tumorigenesis, again primarily through SASP factors. This includes growth
related oncogene α (GRO α) (Ksiazek et al. 2008), which stimulates cellular proliferation; proinflammatory cytokines interleukins IL-6 and IL-8, which can cause epithelial-to-mesenchyme
transition (Ancrile et al. 2007; Sparmann & Bar-Sagi 2004), IGFBP7 (Wajapeyee et al. 2008),
vascular endothelial growth factor (VEGF) which promotes angiogenesis (Coppé et al. 2006);
and matrix metalloproteinases (MMPs), which can promote epithelial cell invasion (Liu &
Hornsby 2007; Parrinello et al. 2005).

Senescent cells can contribute to aging and age-related pathologies. Cells derived from
patients with premature aging disorders, such as Werner’s syndrome, have been shown to
exhibit accelerated senescence (Davis et al. 2007; Salk et al. 1981). Senescence appears to
have a key role in degenerative and hyperplastic pathologies of aging, possibly through two
main ways: 1) reducing the number and function of stem/progenitor cells which would lead
to a compromise in tissue repair and regeneration, and 2) altering the function and structure
of tissues through proinflammatory cytokines and MMPs (as part of the SASP) (Rodier &
Campisi 2011; Campisi 2011; Campisi 2013).

Finally, senescence, along with its SASP, has an important role in the repair and regeneration
of damage tissues. One classic example of this comes from a study by Krizhanovsky and
colleagues showing how senescence can reduce the fibrogenic response to acute liver injury.
Here, they showed that hepatic stellate cells proliferate which leads to the formation of a
fibrotic scar. The stellate cells later undergo senescence; the senescent stellate cells, secrete
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extracellular matrix degrading enzymes and exhibit enhance immunosurveillance, help
resolve the fibrotic scar and thus assist in healing the wounds. When the stellate cells are
unable to undergo senescence, due to knockout of key genes, the injury leads to extensive
liver fibrosis that does not resolve (Krizhanovsky et al. 2008). It is interesting that while
senescent cells accumulate with both age and in tissue repair, tissue repair does not improve
with age. This may explained by the idea that senescent cells are only beneficial when present
transiently (Campisi 2013).

We have seen two processes where cellular senescence serves a beneficial response and two
processes where the response is deleterious. The precise effects and consequences of
senescence depend on the biological and physiological context.

Hallmarks of senescence
Senescent cells exhibit several features which are often used to identify them in vitro culture
and in vivo (Figure 1.8). It is important to note that, as mentioned below, none of the features
are specific to senescent cells and not all senescent cells express all of the features.
Therefore, the concomitant expression of several such markers is usually used in the
identification of senescent cells.
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Figure 1.8 Hallmarks of senescent cells. Key features of senescent cells include an irreversible growth
arrest, expression of senescence associated β-galactosidase (SA-β-gal), increased expression of cell
cycle arrest proteins (p16, p21, p53), the development of senescence associated secretory phenotype
(SASP), and the formation of senescence-associated DNA damage foci (SDF) and/or senescenceassociated heterochromatin foci (SAHF). Image adapted from Rodier & Campisi (2011).

Morphological changes
Senescent cells undergo various morphological changes. Amongst these changes, senescent
cells tend to exhibit a more enlarged cell morphology often with enlarged irregular nuclei
(Narita 2007; Mehta et al. 2007; Hayflick 1965; Serrano et al. 1997; Parrinello et al. 2003;
Denoyelle et al. 2006; Chen & Ames 1994). The reason behind the enlarged cellular
phenotype is not known. A possible explanation may lie with the reduced autophagy activity
that has been associated with senescence (Cho & Hwang 2012). Autophagy is a cellular
mechanism where unwanted cellular components are degraded in a lysosomal-dependant
manner (Glick et al. 2010). Therefore, inhibition of autophagy (and hence accumulation of
cellular components) would lead to a larger sized cells. In support of this, several recent
studies provide evidence that inhibition of autophagy promotes senescence (Kang et al.
2011; Y. Wang et al. 2012; Fujii et al. 2012; Cuervo & Dice 2000). However, it not surprisingly
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though, like many other features of senescence, this has been met with controversy (Gewirtz
2013); therefore, the role of autophagy in senescence remains uncertain.

Lack of cellular proliferation
Since senescent cells are incapable of DNA synthesis, they can be detected cytologically using
cell proliferation assays (such as BrdU [5-bromodeoxyuridine] or 3H-thymidine incorporation
assays) or by immunostaining for cell proliferation markers (such as PCNA and Ki-67). These,
however, cannot distinguish between quiescent, terminally differentiated and senescent
cells; all of which do not divide (Campisi & d’Adda di Fagagna 2007).

Senescence-associated β-galactosidase (SA-β-gal)
The first marker to be used more specifically for senescent cells is the senescence-associated
β-galactosidase (SA-β-gal) (Dimri et al. 1995; Itahana et al. 2007; Debacq-Chainiaux et al.
2009) and has been used to detect senescent cells in different species and tissue types
(Mishima et al. 1999; Kurz et al. 2000; Mouton & Venable 2000; Geng et al. 2010;
Bandyopadhyay et al. 2005). In non-senescent cells, lysosomal β-galactosidase activity is
detected optimally at pH4 and is undetectable at pH6 (Lee et al. 2006). However, in senescent
cells, lysosomal β-galactosidase activity can be up to six-fold higher than in non-senescent
cells; high enough to be detected at a suboptimal pH6 (Kurz et al. 2000; Lee et al. 2006; Zhang
et al. 1994). The detectability of lysosomal β-galactosidase activity at pH6 is, therefore,
known as SA-β-gal. Despite this, it appears that SA-β-gal is not required for senescence (Lee
2006) and it has not been linked to any known pathways in senescence (Sikora et al. 2011;
de Jesus & Blasco 2012). Thus, the role for SA-β-gal in senescence is yet to be determined.
Furthermore, several studies have challenged the role of SA-β-gal as a marker of senescence
as the authors failed to detect SA-β-gal staining senescent cells (Severino et al. 2000; Huang
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& Rivera-Pérez 2014; De Magalhães et al. 2004; Krishna et al. 1999; Coates 2002; Cristofalo
2005).

Markers of cell cycle arrest: p53, p16, p21
Given the definition of senescence, markers of cell cycle arrest are crucial. The common
markers include: p53, p16, and p21.

p53
Several studies support a role for p53 in the induction of senescence in various cell types. For
example, the inactivation of p53 in cells exposed to oncogenic Ras was shown to prevent
growth arrest, and the introduction of p53 in p53-null MEFs leads to irreversibly arrested
cells and features consistent with cellular senescence (Ferbeyre et al. 2002; Serrano et al.
1997). Furthermore, the suppression of p53 function, using microinjected p53 antibodies or
p53-targeted lentiviral vectors, have been shown to reverse senescence in both human and
mouse fibroblasts (Gire & Wynford-Thomas 1998; Dirac & Bernards 2003). Despite these
data, there is disagreement in the literature whether inactivation of p53 alone is sufficient to
bypass senescence. Some have argued that p53 is, in fact, not sufficient to abrogate
senescence, but rather delays senescence by extending the replicative lifespan of the cells
(Bond et al. 1994; Itahana et al. 2001; Ben-Porath & Weinberg 2005). While p53 appears to
be required for senescence, it is unlikely to be the sole contributor to the induction of
senescence.

p21
Activated p53 can, in turn, activate p21, its downstream transcriptional target. The activation
of p21, a potent global cell cycle inhibitor, leads to G1-S phase cell cycle arrest (Harper et al.
1993). The prominent role of p21 in senescence is supported by studies showing its
overexpression induces senescence growth arrest (McConnell et al. 1998; Chang et al. 2000)
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and its inactivation can either bypass (Brown et al. 1997) or delay senescence (Wei & Sedivy
1999) depending on the cellular context. However, one report suggests that p21 is not
required for senescence (Medcalf et al. 1996). It appears p21 is critical in ensuring the
senescence cell cycle arrest, although other features of the senescence phenotype may
involve events independent of p21 (Dulić et al. 2000).

p16
Although p53 is crucial in senescence, p53 mediated senescence may not be entirely
permanent and irreversible. The involvement of p16 appears to be a dominant second barrier
which ensures the stable irreversible cell cycle block required for senescence (Beauséjour et
al. 2003). However, the role of p16 in senescence remains inconclusive. Some studies support
p16-dependent senescence (Sviderskaya et al. 2002; Gray-Schopfer et al. 2006; Alcorta et al.
1996), while others suggest that senescence can occur without p16 (Herbig et al. 2004;
Freedman & Folkman 2005; Wei et al. 2003). It highly likely that p16, like p53, cooperates
with other signalling pathways to exert its, arguably key, role in senescence (Takeuchi et al.
2010; Takahashi et al. 2006).

Senescence-associated heterochromatin foci (SAHF)
A striking feature of senescence is the formation of highly compacted heterochromatin
known as senescence-associated heterochromatin foci (SAHF). Cytologically, SAHF can be
detected as punctate DAPI-stained foci of DNA in senescent cells compared to the relative
uniform staining seen in non-senescent cells (Narita et al. 2003) (Figure 1.9). SAHF are only
found in senescent cells but not in quiescent or proliferating cells (Narita et al. 2003). SAHF
contributes significantly to the senescence cell cycle arrest by irreversibly silencing
transcription of proliferation-promoting E2F target genes, such as cyclin A and PCNA, which
are required for G1-S phase progression (Narita et al. 2003). The formation of these SAHF
occur at loci that encode proliferation-promoting genes. SAHF contain several proteins
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components associated with transcriptionally inactive heterochromatin, including different
isoforms of heterochromatin protein 1 (HP1α, β and γ), trimethylated histone H3 on Lys 9
(H3K9me3), macroH2A (a repressive variant of histone H2A) and hypoacetylated histones
(Zhang et al. 2007; Schulz & Tyler 2005). Other protein complex are also involved, including
histone chaperones anti-silencing function 1a (ASF1a) and histone repression A (HIRA) as well
as the high-mobility group A proteins (HMGA1 and HMGA2) (Narita et al. 2006; Mousson et
al. 2007; Zhang et al. 2007). The importance of the role of SAHF in senescence comes from
both in vitro and in vivo studies (Collado et al. 2005; Lazzerini Denchi et al. 2005; Collado &
Serrano 2010; Herbig et al. 2006; Kreiling et al. 2011). However, senescence and SAHF
formation are not interdependent; not all senescent cells contain SAHF (Tu et al. 2011;
Kennedy et al. 2011). Given that both the formation and function of the SAHF depend on the
pRb pathway, the presence of SAHF in senescent cells is probably due to the extent this
pathway is involved (Narita et al. 2003; Ye et al. 2007; Funayama & Ishikawa 2007; Kosar et
al. 2011).

Figure 1.9 Senescence-associated heterochromatin foci (SAHF). The formation of SAHF contributes
to stable proliferative arrest of senescent cells by silencing the transcription of proliferation-promoting
E2F target genes which are required for G1-S phase progression. Cytologically, SAHF can be detected
as punctate DAPI-stained foci of DNA in senescent cells compared to the relative uniform staining in
seen non-senescent cells. Image adapted from Funayama & Ishikawa (2007).
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Senescence-associated DNA damage foci (SDF)
In addition to SAHF, there is nuclear accumulation of another type of foci: senescenceassociated DNA damage foci (SDF) (d’Adda di Fagagna 2008; d’Adda di Fagagna et al. 2003).
As mentioned earlier, DNA damage is a potent inducer of senescence, especially doublestrand breaks (DNA DSBs). DNA repair proteins are rapidly recruited around the breaks,
which result in the formation of DNA damage foci. These foci consist of proteins important
in DNA DSB repair. Amongst these proteins is phosphorylated histone H2AX (γ-H2AX), which
is essential for recruitment of the repair proteins and the formation of the foci.
Phosphorylation of histone H2AX occurs at the site of DSBs within minutes (Paull et al. 2000;
Pilch et al. 2003) and serves as an anchor holding broken DNA ends close together (Bassing
& Alt 2004). γH2AX helps recruit and retain other DSB signalling and repair factors – such as
the 53BP1 (p53-binding protein 1), ATM (ataxia telangiectasia mutated) and ATR (ataxia
telangiectasia mutated and Rad3 related) proteins – at the DSB site (Yuan et al. 2010).
Interestingly, when active (i.e. phosphorylated) ATM is recruited at the sites of DNA DSBs, it
phosphorylate a number of downstream proteins, including H2AX. Phosphorylated H2AX
recruits more ATM complexes in a positive feedback loop (d’Adda di Fagagna 2008). This
results in formation of DNA damage foci. When a DNA DSB is repaired, the corresponding
DNA damage foci disassemble. Therefore, reparable DNA damage leads to transient and
smaller foci. In contrast, severe or irreparable DNA damage (such as uncapped telomeres)
are associated with larger persistent DNA damage foci (Rodier et al. 2011). DNA damage foci
in senescent cells, known as SDF, are of the latter type. These persistent foci appear to be
structurally different from the transient foci seen in non-senescent cells. Transient and
persistent DNA damage foci also differ in DNA repair protein contents (Sedelnikova et al.
2004; Rodier et al. 2011). The interactions, if any, between SDF and SAHF are not known.
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Senescence-associated secretory phenotype (SASP)
Many senescent cells are associated with a secretory phenotype involving increased the
expression and secretion of a myriad of factors (Table 4), which exert paracrine effects on
nearby cells. This phenotype has been termed the SASP. The concept of SASP stems from the
work of Campisi and colleagues where they found secreted factors from senescent cells
which can promote tumorigenesis in nearby premalignant, but not normal, epithelial cells
(Krtolica et al. 2001). There are three main categories of SASP factors: soluble factors
(cytokines, interleukins and growth factors), secreted proteases (e.g. MMP), and secreted
insoluble factors (e.g. nitric oxide and reactive oxygen species) (Coppé et al. 2010; Davalos et
al. 2010). The most robustly expressed SASP cytokines are interleukin IL-6 and IL-8; the levels
of which have been shown to be elevated in various senescent cells (Coppé et al. 2008; Lu et
al. 2006; Sarkar et al. 2004; Kuilman et al. 2008).

The type of SASP factors secreted by senescent cells depends on the cell type and the
senescence-inducing stimuli. SASP is mainly a feature of senescent cells induced by genomic
damage (such as DNA damage and uncapped telomeres) (Campisi 2013). Cells that senesce
due the p16 or p21 overexpression do not appear to develop a SASP (Coppé et al. 2011).
Furthermore, p53 does not seem to be required for the SASP. One study showed p53 loss of
function to increase the secretion of SASP factors and exacerbated the tumorigenic activities
of SASP (Coppé et al. 2008). Further to this, not all senescent cells express the SASP, and for
those that do, the SASP can be of varying quality and robustness (Campisi 2013). The different
SASP factors expressed and secreted by senescent cells may be temporally regulated; for
example, IL-1α appear to be an early manifestation of the SASP (Rodier & Campisi 2011).

Depending on the biological and physiological context, the SASP can have protective or
deleterious effects. This complexity of the SASP extends from the fact that some SASP factors
have beneficial roles, while others – or even the same factors – can have the completely
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opposite effects (Campisi 2013). Examples of beneficial and deleterious effects of SASP
factors have been discussed in Chapter 1.7.3.

SASP factors
Interleukins
& receptors

Chemokines
(CXCL, CCL)

Other
inflammatory
factors

Growth
factors &
regulators

Proteases &
regulators

Other
ligands/
receptors

Other factors

IL-1α

IL-8
(CXCL8)
GROα
(CXCL1)
GROβ
(CXCL2)

GM-CSF

AREG

MMP-1

ICAM-1

PGE2

G-CSF

HRG

MMP-2

ICAM-3

OSM

IFN-γ

EGF

MMP-3

Acrp30
(GBP-28)

GROγ
(CXCL3)
MCP-1
(CCL2)
MCP-2
(CCL8)

MIF

bFGF
(FGF-2)
HGF

MMP-10

OPG
(TNFRSF11
B)
sTNF-RI

MMP-12

sTNF-RII

LEP

KGF(FGF-7)

MMP-13

LIF

VEGFA

MMP-14

TRAIL-R3
(TNFRSF10
C)
Fas

ANG

TIMP-1

ROS

SCF

TIMP-2

uPAR
(PLAUR)
SGP130

PIGF

EGF-R

Collagens

GITR
(TNFSF18)
Axl

Laminin

IGFBP-2

PAI-1
(SERPINE1)
PAI-2
(SERPINB2)
tPA

IGFBP-3

uPA

IGFBP-4

CTSB

IL-1β
IL-6

IL-7
IL-11
IL-13

IL-15
IL-1R1
IL-2Rα
IL-6R

MCP-3
(CCL7)
MCP-4
(CCL13)
MIP-1α
(CCL3)
MIP-1β
(CCL4)
MIP-3
(CCL20)
Eotaxin-1
(CCL11)
Eotaxin-3
(CCL26)
CTECK
(CCL27)
ENA-78
(CXCL5)
I-309
(CCL1)
I-TAC
(CXCL11)
RANTES
(CCL5)
HCC-4
(CCL16)
GCP-2
(CXCL6)
NAP-2
(CXCL7)
BLC

NGF

IGFBP-5
IGFBP-6
IGFBP-7
BTC
PDGF
(PDAP1)
MGDF
(THPO)
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GDNF

Nitric oxide

Fibronectin

(CXCL13)
SDF-1
(CXCL12)
Table 4 Known senescence-associated secretory phenotype (SASP) factors. This is based on two key
papers (Freund et al. 2010; Coppé et al. 2010).

Given the roles of the SASP, understanding its regulation is of paramount importance. The
SASP is regulated by several factor, the most studied of which is shown in Figure 1.10. The
SASP is primarily regulated at the mRNA level by the transcriptional factors NF-κB and
C/EBPβ, the activity of which are upregulated in senescent cells (Freund et al. 2010). NF-κB
acts as a key promoter of SASP in senescence (Chien et al. 2011; Crescenzi et al. 2011;
Rovillain et al. 2011; Salminen et al. 2012). The knockdown of NF-κB was shown to
significantly decrease the levels of 75% of SASP factors (Davalos et al. 2010). Similarly, the
depletion of C/EBPβ leads to a downregulation of IL-6 and IL-8, two key SASP factors (Kuilman
et al. 2008). Persistent DDR, as seen in senescence – but not transient DDR – has been
suggested to be another regulator of SASP. The DDR protein ATM appears to be required for
the expression and secretion of several SASP factors, including IL-6 and IL-8. The depletion of
ATM reduced the secretion of the SASP factors in senescent cells (Rodier et al. 2009); this
role of ATM on SASP may occur by activating NF-κB (Elkon et al. 2005). However, given that
the DDR is activate immediately after DNA damage and the SASP can develop after several
days, DDR is unlikely be sufficient to induce the SASP alone. Therefore, Freund and colleagues
suggested that another slower event, which interacts with the DDR but does not rely on a
rapid response, is required for SASP. They went on to propose this event to be the activation
of p38MAPK (Freund et al. 2011). The inhibition of p38MAPK significantly reduced the levels
of several secreted SASP factors, including IL-6 (Freund et al. 2011). The SASP is also regulated
by an IL-1α positive feedback loop. IL-1α is a robust inducer of senescence-associated
secretion of IL-6 and IL-8 (Acosta et al. 2013) . IL-1α stimulates NF-κB and C/EBPβ activity,
and the depletion of IL-1α activity decreases the activities of both NF-κB and C/EBPβ (Orjalo
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et al. 2009). Interestingly, IL-1α is also regarded by some as a major SASP factor with at least
a 4 fold increase (Freund et al. 2010). Furthermore, two recent studies have suggested that
mTOR is another regulator of SASP, whereby mTOR activation drives SASP production. In this
regard, rapamycin (an mTOR inhibitor) has been shown to suppress the SASP by decreasing
NF-κB transcriptional activity and production of IL-1α. Rapamycin, however, does not appear
to reverse cellular senescence (Laberge et al. 2015; Herranz et al. 2015). Finally, microRNAs
(miRNAs) are also important in the regulation of SASP. These are small non-coding RNAs (~22
nucleotide) that regulate gene expression post-transcriptionally in several processes and in
different species. miRNAs repress the translation of target mRNAs and induce their
degradation (Bushati & Cohen 2007). Cellular senescence is regulated by several miRNAs
(Bilsland et al. 2013; Benhamed et al. 2012; Smith-Vikos & Slack 2012; Schraml & Grillari
2012; Martinez et al. 2011). Of particular relevance to the SASP, the microRNAs miR-146a
and miR-146b have been shown to negatively regulate the senescence-associated secretion
of IL-6 and IL-8. Overexpression of miR-146a/b in senescent cells results in reduced IL-6 and
IL-8 secretion possibly through the inhibition of NF-κB as part of a negative feedback loop
(Bhaumik et al. 2009).
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Figure 1.10 Pathways that regulate the senescence-associated secretory phenotype (SASP). See text
for details. Image adapted from Freund et al. (2010).

Cellular senescence in the brain
Given that the focus of this thesis is FCD, it would be of benefit to review the role of
senescence in the brain. Until recently there has been limited evidence for brain cell
senescence; however, exciting evidence is beginning to emerge supporting a role for cellular
senescence in several cell types in the brain, and has been discussed in detail in two recent
reviews (Tan et al. 2014; Chinta et al. 2015). Several studies have shown phenotypical
markers of senescence in neurons, glial cells and neural stem cells (NSCs).

Neurons
Neurons, terminally differentiated cells, would not normally be expected to undergo
‘classical’ senescence. However, Jurk et al. reported, for the first time, senescence-like
phenotypes in mature post-mitotic neurons in vivo. In response to DNA damage, Purkinje and
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cortical hippocampal and peripheral neurons in aged-mice showed activated p38MAPK, DNA
damage foci, SAHF, increased production of IL-6 (indicative of SASP), and SA-β-gal staining
(Jurk et al. 2012). Furthermore, SA-β-gal staining has been reported in aging cerebellar
granule neurons (Uday Bhanu et al. 2010) and in prolonged culture of hippocampal neurons
(Dong et al. 2011; Geng et al. 2010).

Glial cells
Cultured astrocytes have been shown to undergo senescence in response to various stresses,
including oxidative stress (H2O2) or exhausted replication. The senescent astrocytes
expressed a very impressive variety of senescence features, including an enlarged
morphology, growth arrest, SA-β-gal expression, increased p21, p16, and p53 expression and
SAHF formation. Astrocytes appear to be more sensitive to oxidative stress than fibroblasts,
suggesting that stress-induced senescence maybe more pronounced in the brain compared
to other tissues (Bitto et al. 2010). Senescent astrocytes have also been shown to express
characteristics of SASP including a 10-fold increase in the secretion of IL-6 (Salminen et al.
2011; Bhat et al. 2012). This concept of astrocyte senescence is supported by several other
studies (Evans et al. 2003; Zou et al. 2012; Nichols et al. 1993). The senescence nature of the
astrocytes probably reduces their neuroprotective capacity (Pertusa et al. 2007).

Furthermore, microglial cells have also been shown to undergo senescence after repeated
activation, exhibiting various markers of senescence, such as telomere shortening, cell cycle
arrest, SA-βgal staining, SAHF and increased p53 expression. The repeated activation
required to induce such senescence suggests that microglia senescence may be induced
following several inflammatory insults (Flanary & Streit 2003; Flanary & Streit 2004; Flanary
et al. 2007; Yu et al. 2012). Microglial senescence has also been associated with decrease
neuroprotection (Flanary 2005; Streit & Xue 2014).
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NSCs
Cultured NSCs appear to senesce following exposure to ionizing radiation. These senescent
cells express SA-βgal and have negligible BrdU incorporation but do not exhibit the typical
pro-inflammatory SASP, suggesting that damaged NSCs, while failing to function, does not
cause local inflammation (Zou et al. 2012). Telomere shortening inhibits NSC proliferation in
vitro (Ferrón et al. 2004). In vivo studies also support NSC senescence; with age and in
response to stimuli, NSC express various markers of senescence, including telomere
shortening, decreased Ki67 expression, and increased p21 and p16 expression (Bose et al.
2010; Ferrón et al. 2004).

Experimental models of FCD
Advances in the diagnosis and treatment of FCD has been limited by not only the lack of
understanding of the molecular abnormalities underlying the disease but also by a lack of
effective experimental models in which to study it. A major limitation with the existing animal
models is that they do not recapitulate the disease fully, particularly the distinctive presence
of BCs (Wong 2009). However, a study by Yasin and colleagues showed that BCs can be
isolated in cell culture from surgical resections of children with FCD (Yasin et al. 2010) (Figure
11A). Interestingly, the cells were only found in cultures from FCDIIb and TS cases. The cells
remain viable in culture for several weeks and can be frozen and thawed, allowing functional
experiments to be performed even when there is no surgery. This BC culture model can be
used to address interventional questions. As mentioned earlier, BCs are associated with
mTOR overactivation and consequently enlarged cell size and defective autophagy.
Functional studies with this model have shown that, when isolated BCs are cultured with
rapamycin, there is a significant reduction in the expression of downstream targets of the
mTOR pathway (such as pS6) and a reversal in an abnormality in autophagy. In other words,
a downregulation of p62 in response to rapamycin (Figure 1.11B & C).
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Figure 1.11 In vitro balloon cell (BC) culture model. A) Phase image of a cultured BC from a primary
culture. These BCs can isolated and used to ask interventional questions. The expression of pS6, a
marker of mTOR activation, was completely downregulated upon the application of C) 500nM
Rapamycin, an inhibitor of mTOR, compared to B) DMSO control. BCs are highlighted with red arrows.
Green = pS6; blue = DAPI. Images taken from published work from our laboratory (Yasin et al. 2010).

Despite the exciting potential of the in vitro BC culture model, FCDIIb and TS cases with
abundant BCs are rare, making the use of this model difficult, if not, impossible for large
functional experiments. This model also disregards cytoarchitectural and clinical features of
the disease. Therefore, there is a need for an intact in vivo system in which to study the
disease in a global manner, which would allow for the study of cellular and molecular
abnormalities, clinical features, and potential therapeutic targets.

Various animal models have been developed, which mimic different aspects of human
cortical dysplasia (namely FCD and TS). In utero irradiation of rats is one such model. Pregnant
rats (and their fetuses) exposed to external irradiation on gestational day 17 produces
offspring with microcephaly, diffuse cortical dysplasia, and heterotopic neurons in the
cerebrum and hippocampus (Roper et al. 1995). These rats also present with spontaneous
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seizures during adulthood (Kellinghaus et al. 2004; Kondo et al. 2001), enhanced epileptiform
activity in in vitro neocortical slices (Roper et al. 1997), and reduced density of inhibitory
interneurons in dysplastic cortex (Roper et al. 1999; Zhu & Roper 2000). Furthermore, these
rats exhibit significant several cognitive defects related to cortical dysplasia, such as poor
motor coordination, impaired object recognition, and impaired spatial memory and learning
(Zhou et al. 2011). Other in utero injury-based models of cortical dysplasia include 1) the 13-bischloroethly-nitrosurea (BCNU) treated rats, 2) the methylazoxymethanol (MAM)
treated rats, and 3) freeze-lesion-induced focal cortical dysplasia. BCNU-treated present with
cortical thinning, laminar disorganisation, and dysmorphic/heterotopic neurons (Moroni et
al. 2011; Moroni et al. 2009). This model also exhibits enhanced hyperexcitability and
decreased sensitivity to inhibition but do not appear to have spontaneous seizures
(Benardete & Kriegstein 2002). MAM-treated rats show microcephaly, cortical dysplasia,
cortical layering abnormalities, and heterotopia (Singh 1977; Colacitti et al. 1999). Like the
BCNU-treated rats, MAM-treated rats show increased susceptibility to seizures but do not
have spontaneous seizures (Baraban & Schwartzkroin 1996; Chevassus-Au-Louis et al. 1998).
The freeze lesion model display cortical hyperexcitability, severe disorganisation of the
cortical layers, and cortical heterotopia (Takase et al. 2008; Campbell & Hablitz 2008).

Genetic animal models represent a major category of models in which to study cortical
dysplasia. These include several conventional and conditional knockout mice; the details of
which are beyond the scope of this thesis. Initial attempts to recapitulate TS in a mouse
model involved conventional knockout of Tsc1 or Tsc2 genes. Homozygous knockout of either
gene resulted in embryonic lethality. Heterozygous mice developed kidney and liver tumours,
but limited TS-like brain pathology (Kobayashi et al. 2001; Kobayashi et al. 1999). TSC2
heterozygous mutant Eker rat, in which there is a spontaneous mutation of the Tsc2 gene
(Eker et al. 1981), exhibit some mild brain abnormalities. Erker rats rarely present with
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cortical tubers or exhibit spontaneous seizure activity (Mizuguchi & Takashima 2001;
Takahashi et al. 2004; Yeung et al. 1997). Several conditional knockout of Tsc1 or Tsc2 in
neural stem cells have been developed showing more promising results (Magri et al. 2011;
Onda et al. 2002; Way et al. 2009; Carson et al. 2012). For example, loss of function of Tsc2
in neuroepithelial progenitor cells resulted in aberrant differentiation into enlarged cells that
are morphologically similar to balloon cells in human cortical tubers. These enlarged cells
express increased levels of several markers of mTOR activation (pS6K, pS6, and p4EBP1),
which is reversed with rapamycin (Onda et al. 2002). The deletion of Tsc2 in radial glial
progenitors produced brain pathologies including cortical dyslamination, heterotopias,
enlarged dysplastic neurons and glia, abnormal myelination and astrocytosis. These
abnormalities were also accompanied with mTOR activation (increased pS6 expression) (Way
et al. 2009). Similarly, the inactivation of Tsc1 gene in embryonic neural progenitor cells
resulted in enlarged cells in the cerebral cortex which have increased mTORC1 signalling,
cortical dyslamination, enlarged dysmorphic astrocytes and decreased myelination (Carson
et al. 2012).

Evidence suggests that a double-hit strategy involving a genetic predisposition and a
developmental trauma is more likely to model the human pathologies associated with
cortical dysplasia than one dysplasia-inducing factor alone (Schwartzkroin et al. 2004; Wenzel
et al. 2004; Takahashi et al. 2004; Tschuluun et al. 2007). In this regard, the most convincing
model of cortical dysplasia to recapitulate cellular abnormalities of FCD and cortical tubers,
including balloon cells, comes from a modified Eker rat model which uses a double-hit
strategy. The “first-hit” was the Tsc2 gene mutation and the “second-hit” was early postnatal
(day 90) irradiation. Irradiated Eker rats exhibited increased seizure susceptibility and several
cytological features (dysmorphic neurons, giant astrocyte-like cells, and large eosinophilic
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“ballooned cells”) in dysplastic cortex similar to those seen in cortical tubers of TS patients
(Wenzel et al. 2004).

It is clear that no one animal model can totally recapitulate all of the features of a human
disease and answer all questions regarding the disease. It is, therefore, important to select
animal models based on specific aspects of a disease that one is studying. Animal models can
be used to study pathological and clinical features, aetiologies, and identify novel therapeutic
targets.
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Project aims
This project aims to better understand the molecular biology of FCD. There are four broad
categories of these aims:

1. To better understand the molecular pathways and networks involved in FCD
Although the mTOR pathway is considered as the best pathway implicated in FCD, it is not
known whether other pathways are equally as important. I hypothesised that the most
important genes in the disease are likely to be parts of networks of functionally related genes
in which multiple components are differentially expressed. These molecular networks are
likely to be driving the pathogenesis of FCD and are, therefore, potential therapeutic targets
for FCD. Chapter 4 and 5 aims to identify dysregulated gene networks and pathways
associated with FCD using unbiased (without prior knowledge) and biased (with prior
knowledge) bioinformatic approaches. A subsequent aim is to validate key components of
these networks in FCD and control tissue.

2. To identify novel diagnostic biomarkers of FCD
There is a clinical need to identify BC-dysplasia before surgery, and the currently available
techniques are ineffective. Chapter 6 uses the differentially expressed proteins to identify
diagnostic biomarkers of FCD. The search for novel biomarkers is investigated using a
bioinformatic (in silico), an immunohistochemical, and a proteomic approach. The hypothesis
is that these biomarkers can be used to differentiate between BC-dysplasia and non-BC
dysplasia pre-operatively in children with FCD.

3. To better understand the cellular biology of FCD
BCs are a distinctive feature of FCD; however, the characteristics of thesis cells are not
known. Chapter 7 investigates the role of senescence in BCs using a range of histochemical
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and immunohistochemical techniques. If these cells were found to be senescent cells, it
would provide a better understanding of these cells and their role in FCD. It is likely that BCs
are not the only pathological cell type important in FCD. Chapter 4 identifies and
characterises a novel pathological cell type in FCD.

4. To establish a novel mouse model of FCD
Given the lack of effective animal models of FCD, Chapter 8 explores a knockout approach in
producing a mouse model of FCD in which to study the functional roles of any of the
genes/markers identified in the above mentioned Chapters.
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Chapter 2: Previous Unpublished Data
Leading to this Project
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Chapter 2 Previous Unpublished Data Leading to this Project
This project builds on previously unpublished data from the laboratory. Brief description of
the methods and the key results are described in this Chapter.

Affymetrix™ Human Exon 1.0ST microarray
In order to identify the molecular abnormalities in FCD, whole gene expression in FCD was
analysed using Affymetrix exon arrays by Simon Picker (a former PhD student). The
Affymetrix exon array contains approximately 5.5 million probes which target over 1 million
putative exons. The exon array also contains background probes which are used for
normalisation purposes. Multiple cases of different subtypes of the disease (FCDIIb, TS and
FCDIIa) were analysed. HS cases were used a control which contain tissue from normal
neocortex that is exposed to seizures. Surgical cases were retrieved from the GOSH archives
and reviewed by experienced neuropathologists. Cases were selected that were
histologically typical of the pathology they represented. Fresh frozen samples from the
selected cases were used for RNA extraction. Each frozen sample was cut in half; one half
was used for RNA extraction and the second half was used for the generating (frozen)
histology slides. These slides were used for H&E staining to confirm that the RNA was indeed
representative of the desired pathology. The RNA samples to be used for the microarray
analysis were selected based on the criteria from histological reviews and quality of RNAs.
The microarray analysis, using total RNA extracted from the above mentioned samples
(n=18), was performed by UCL Genomics. The resultant raw data (.CEL files) were normalised
using the Robust Multi-array Average (RMA) algorithm which resulted in data suitable for
statistical analysis.
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Balloon cells: most significant factor accounting for variability in the
datasets
Unsupervised hierarchical clustering of the gene expression data was performed using the
18 samples. The resulting global organisation of the gene expression data across samples was
visualised by a pseudo-colour heatmap and clustering dendrogram (Figure 2.1A). It was noted
that the cases did not cluster into four groups according to their pathological diagnoses.
Instead, the cases clustered into two groups which correlated to the presence or absence of
balloon cells. FCDIIb and TS clustered together, and away from FCDIIa and HS which formed
a separate cluster. Principal component analysis (PCA) also clustered the samples into the
same two groups; a group with FCDIIb and TS samples and another group with FCDIIa and HS
samples (Figure 2.1B). PCA is a technique that analyses a dataset with several variables to
identify a principle component (or factor) that accounts for the most significant variability
between samples. A Silhouette plot of the PCA confirmed the clustering (Figure 2.1C).
Silhouette plots are used to interpret and validate clusters of data. Each cluster is associated
with a ‘silhouette’, which shows how well samples lie within their clusters. The entire
clustering is displayed with the silhouettes in one plot, depicting the relative quality of the
clusters (Rousseeuw 1987). A positive (S1) value means that the sample is appropriately
clustered while a negative (S1) value means that the sample is better clustered with one of
its neighbouring clusters. The thickness of the ‘silhouette’ represents the size of the cluster.
All of the 18 samples had a positive silhouette width suggesting that the samples are within
the cluster group most suitable for them. Taken together, various expression analyses have
shown balloon cells to be the most significant factor accounting for variability in the datasets.
As a result two main groups were identified: a BC group and a non-BC group (or a control
group).
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Figure 2.1 Various expression analyses identified balloon cells to be the most significant factors
accounting for variability in the datasets. A) Pseudo-colour heatmap and clustering dendrogram; the
dendrogram shows FCDIIb and TS (balloon cells cases) were clustered together and away from FCDIIa
and HS (non-balloon cell cases). B) Principal component analysis (PCA) clustered the samples into the
same two groups. C) Silhouette plot of the PCA confirmed the clustering. Courtesy of Simon Picker.

Identification of differentially expressed genes (DEGs)
The four sample groups were compared to each other in all the possible pairwise comparison
combinations: FCDIIb vs FCDIIa, FCDIIb vs HS, FCDIIb vs TS, TS vs HS, TS vs HS, FCDIIa vs HS. In
addition to these combinations, a ‘BC group’ vs ‘control group’ comparison was also
conducted. A list of the differentially expressed genes (DEGs) in the BC vs control group used
in this thesis can be found in Appendix 2.

MicroRNA NanoString nCounter
In addition to Affymetrix exon microarrays, gene expression in FCD was analysed using
microRNA analyses. The same total RNA that was used for the microarray analysis was also
used for the microRNA analysis. The samples were analysed using the NanoString nCounter
Human microRNA Expression Assay Kit, and run by UCL Genomics. The raw data, which is
directly proportional to the microRNA transcript copy number, was normalised using positive
controls. The similar pairwise comparisons that were performed for the microarray analysis

81

(FCDIIb vs FCDIIa, FCDIIb vs HS, FCDIIb vs TS, TS vs HS, TS vs HS, FCDIIa vs HS comparisons)
were also performed with microRNA data in order to identify differentially expressed
microRNAs. A list of the differentially expressed microRNAs in the FCDIIb vs FCDIIa group can
be found in Appendix 3.

Bioinformatics
Weighted gene co-expression network analysis (WGCNA)
Weighted gene co-expression network analysis (WGCNA) is a systems biology approach for
understanding the interactions between genes across microarray samples. The WGCNA is an
R

package,

which

is

freely

available

at:

http://www.genetics.ucla.edu/labs/horvath/CoexpressionNetwork/Rpackages/WGCNA (Langfelder

& Horvath 2008). WGCNA is an unbiased technique that is based on scale-free network
topology, whereby a small number of nodes are highly connected (Barabási 2009).

Networks serve as important models for studying biological systems. To this end, networks
of functionally related genes are more likely to provide a better understanding of a disease
than a collection of individual genes. Nodes in biological networks represent biomolecules
such as genes, proteins or metabolites. The lines (or “edges”) connecting the nodes suggest
interactions between the biomolecules (whether it be functional, physical or chemical
interactions).

While many common approaches for analysing microarray gene expression data ignore
topological information, WGCNA uses network topology. In gene networks, two nodes (i.e.
genes) are said to have high topological overlap if they are highly connected; these genes are
more likely to be part of the same biological pathway. Thus, topological overlap is often used
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to filter spurious, isolated or missing connections between network nodes (Yip & Horvath
2007).

The networks generated by WGCNA are examples of scale-free networks. Scale-free
networks have some important features; for example, highly connected hub nodes or ‘hubs’.
The frequency distribution of connectivity of nodes in the networks follows a power law,
mathematically defined as y=axb, where y is the frequency and x is the degree of connectivity
(Barabási 2003). This means that a small number of nodes are highly connected (known as
‘hubs’ nodes) compared to the majority of nodes that have very few connections. Therefore,
all the nodes in a network are connected by very short paths. A key functional consequence
of a scale-free network is that the random deletion of a node is unlikely to causes significant
disruption to the network topology.

WGCNA for this study was performed by Simon Paine as part of a previous project. The four
major steps (Figure 2.2) involved were as follows:

1. The RMA filtered microarray expression data serves as the starting point/input data
for WGCNA. This microarray dataset was filtered for variance using coefficient of
variance. The coefficient of variance was calculated in R using the mean and standard
deviation of all the genes in all the samples. This is important as it reduces the chance
of using genes with very similar expression in all the samples in the network analysis;
such genes are unlikely to be useful or involved in biological processes. Thus, to
identify biologically meaningful genes, genes with a co-efficient variance below 0.05
were filtered out.
2. WGCNA was performed using the online software package ArrayMining (Glaab et al.
2009). This free software can construct weighted gene co-expression networks using
a series of R functions, the details of which are hidden from the user. The user simply
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uploads their data and sets the edge adjacency threshold (EAT). EAT is a measure of
the strength of connectivity between two nodes connected by an edge, where 1 is
the most strongly connected and 2 is the most weakly connected. EAT is based on
the topological overlap measure. A high EAT produces networks with strongly
connected nodes but captures less of the gene expression data. For the data of this
study, EAT was found to be optimal at 0.6.
3. The number of nodes (genes), edges (connection/relationship between nodes) and
modules (connected components) identified in WGCNA using an EAT of 0.6 were
subsequently visualised in another software package, Cytoscape (Shannon et al.
2003). Each edge is represented by a line between the nodes; the thickness of this
line corresponds to the EAT. Each node (gene) is represented by a pink circle; the size
of which is proportional to the degree of connectivity of the node.
4. To better understand the biological and functional roles of the modules (or networks)

generated by WGCNA, hierarchical clustering was applied to each of the modules
generated. This was done in order to associate each module (and thus its functions)
to a known sample attribute. The sample attributes can be seen visually under the
dendrogram of the heatmaps based on the hierarchical clustering. Each sample
attribute was assigned a specific colour (Figure 2.3).

Figure 2.2 Brief workflow of Weighted Gene Co-expression Network Analysis (WGCNA). 1)
Microarray dataset was firstly filtered for variance using coefficient of variance, 2) WGCNA was
subsequently performed using the ArrayMining software with the edge adjacency threshold set at 0.6,
3) nodes (genes) and edges (connections between nodes) and networks were visualised using another
software: Cytoscape, and finally 4) hierarchical clustering was applied to the networks of genes
generated by WGCNA to associate each network with a function.
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Figure 2.3 Sample attributes used to identify correlative factors between samples and networks.
Image courtesy of Simon Picker.

In summary, WGCNA can be used to generate novel networks of co-expressed genes from
microarray data. It is weighted (i.e. biased) towards genes that are highly correlated with one
another. It uses topology overlap measure (a measure of how connected the genes are)
instead of binary information (whether it is connected or not). WGCNA is not based on
differential expression of genes between sample groups, but rather on whether the
expression of a gene is correlated, positively or negatively, with the expression of another
gene.

WGCNA has been successful in identifying co-expressed gene networks in glioblastoma
(Horvath et al. 2006), frontotemporal dementia (Korade & Mirnics 2011), prostate cancer
(Wang et al. 2009), endometrial cancer (Zhu et al. 2012), and bipolar disorder (Akula et al.
2015). This current study provides the first investigation using WCGNA for the analysis of
gene expression in FCD. WGCNA was applied to the whole genome microarray expression
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data derived from FCD and generated 8 novel networks of co-expressed genes. These
networks are the focus of Chapter 5.

IPA Ingenuity (IPA)
IPA is an online bioinformatics software that can provide an invaluable insight into genomics
datasets. It makes use of Ingenuity Knowledge Base. This is a curated database of biological
interactions and functional annotations created from millions of individually modelled
relationships between proteins, genes, complexes, cells, tissues, drugs, and diseases
(http://www.ingenuity.com). The Ingenuity Knowledge Base, which is updated 2-3 times a
year, gives IPA the potential to identify novel features, such as gene networks and
biomarkers.

IPA was chosen as it was considered as the best available tool for in silico analysis. IPA had
detailed information (annotations) on more than 90% of the DEG lists submitted compared
to other in silico analysis software packages, such as DAVID, Onto-tools, and WebGestalt;
none of which had annotated more than 15% of the DEGs. Furthermore, IPA incorporates
several online biomedical databases in its database, such as EntrezGene, RefSeq, and Gene
Ontology databases.

There are many tools with the IPA software. Two key tools of IPA were used to generate
results for this thesis: the network analysis tool (discussed in this Section) and the biomarker
filter tool (discussed in the subsequent Section).

The IPA network analysis can generate novel networks based on the list of genes submitted
by the user and the Ingenuity Knowledge Base (i.e. the published literature for those genes).
The network analysis uses a complicated mathematical ‘network generation algorithm’ to
decide which genes to include in the networks it generates. This network generation
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algorithm has a preference for highly connected networks of genes, making it a superior in
silico strategy for identifying functionally important networks.

The comparisons between the ‘BC group’ vs ‘control group’ generated 543 DEGs. The DEGs
from this group was chosen for further investigation due to its biological and statistical value.
The list of these DEGs, which included the corresponding fold change and p-values, was
uploaded on to IPA in order to identify networks of the genes. After uploading the DEGs, the
only filter that was applied was to exclude genes not from the human species; both indirect
and direct relationships between the genes were considered. Using the 543 DEGs between
the ‘BC group’ vs ‘control group’, IPA generated 21 networks that contained more than 15
DEGs. These networks had a variety of putative functions. The top 9 functional annotations
across the 21 networks is shown in Figure 2.4. IPA Network Analysis was performed by Simon
Picker (as part of his PhD project).
Cellular Function and Maintenance
Cell Morphology
Skeletal and Muscular Disorders
Hematological System Development and Function
Nervous System Development and Function
Cell Death
Neurological Disease
Cell Cycle
Cellular Assembly and Organization
Cell-To-Cell Signaling and Interaction
0
1 generated
2
4
5
6 Simon
7 Picker.
8
Figure 2.4 Putative functions of the 21 networks
by3 IPA. Image
courtesy
of

An important feature IPA Network Analysis is that it can predict based on the DEGs submitted
and published literature other genes that could be involved in the networks. These genes
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may be absent from the original microarray data as result of experimental limitations, initial
statistical filtering, or post-translational regulation. Therefore, the IPA-generated networks
include genes that not in the original submitted DEG list; such genes are selected by IPA
because of their connectivity with submitted genes and relevance to the biological functions
of the network. This feature allows novel biological relationships between the genes to be
analysed.

In order to validate the networks generated by IPA, a micro-network (within one of the 15
networks) was selected for further investigation. This micro-network was selected for its
biological and functional relevance to BC biology and the novelty of the connected genes.
The micro-network and its validation is the focus of Chapter 4.

Differences between WGCNA and IPA network analysis
WGCNA and IPA network analyses both produce useful and different results, and both have
advantages and disadvantages. Neither is better than the other; therefore, both were used
in conjunction to complement each other. There are two main differences between the two
approaches. 1) Data input: The input data for IPA is from user-defined genes lists which often
include p-values and fold changes. However, WGCNA is applied to a whole microarray
dataset; there is limited opportunity to pre-process the data. 2) Network generation: IPA
network analysis uses a prior knowledge (from the Ingenuity Knowledge Base) to generate
networks. The interactions/relationship between any given two genes are known i.e. based
on published literature. However, the overall network constructed by IPA is novel. WGCNA
generates de-novo networks purely based on the data and the statistical dependencies, thus
has the ability to generate novel networks.
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Chapter 3 Material & Methods
Control tissue
Finding a practical and appropriate control group for the studies within this thesis initially
presented with a few challenges. Given that three disease types of interest – FCDIIa, FCDIIb,
and cortical tubers – are all types of malformations of cortical development, the ideal control
would be tissue from a normally formed paediatric cortex. These three disease types are also
associated with chronic severe epilepsy; therefore, a control tissue should attempt to mimic
this as well. Finally, a control should be tissue that has been surgically dissected to reflect the
nature of surgical resections of FCDIIa, FCDIIb, and cortical tubers used in the studies. After
careful consideration, tissue from the ‘normal’ neocortex of surgical resections from cases of
paediatric hippocampal sclerosis (HS) was deemed the best control tissue. HS is the most
common histopathology found in patients with drug-resistant temporal lobe epilepsy. HS is
characterised by neuronal loss and gliosis in the hippocampus (Blümcke et al. 2013). Cases of
paediatric HS were chosen in which the abnormality was primarily confined to the
hippocampus, and the neocortex was considered as normally formed. During surgery to
remove the abnormal hippocampus tissue, adjacent neocortex is also removed. This cortical
material can be considered as being normally formed and exposed to seizures, making it a
good control tissue. Cases of FCDIII (FCD with HS) were specifically excluded. A disadvantage
of this control tissue is that neocortex is unlikely to be entirely normal and often has other
pathology (some HS patients present with extra-hippocampal features). The other possible
option for a control was post-mortem tissue. However, this was not used as the nature of
post-mortem tissue significantly differs to that of surgical resections. There are changes in
the tissue after it is no longer in a perfused brain. For example, several proteins are degraded
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enzymatically in the brain within minutes of death. This, therefore, has important
implications for protein-based studies.

Bioinformatics
IPA Biomarker
IPA Biomarker is a tool within IPA that can identify the most promising biomarker candidates
from uploaded datasets. IPA had mapped 529 genes from the 543 DEG list uploaded for
biomarker analysis. There are two major features of IPA Biomarker:

The Biomarker Filter can identify the best biomarker candidates based on biological
characteristics. In this regard, the Biomarker Filter can determine if a biomarker is: 1)
detectable in 10 bodily fluids such as blood, CSF, saliva, and urine, 2) expressed in a variety
of normal tissues and cell lines, 3) upregulated or downregulated in the dataset, and 4)
strongly associated with disease diagnosis and prognosis, disease progression, or patient
response to drugs. Figure 3.1 shows these filtering parameters.

Figure 3.1 Biomarker Filter tool in IPA. This basic tool of IPA Biomarker allows for the identification of
candidate biomarker based on biological characteristics using various filtering parameters. For this
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study, the following selections were made: Species: Human; Tissue & Cell Lines: All; Diseases: All;
Biofluids: Blood, CSF; Biomarker Applications: All.

After setting the filtering parameters, the Biomarker Filter tool rapidly identifies and ranks
candidate biomarkers that meet selected criteria (Figure 3.1), which can subsequently be
used in the other two features of IPA Biomarker. Using the DEG list (‘BC group’ vs ‘control
group’) and the criteria mentioned above, a list of 75 candidate biomarkers was identified.

Figure 3.2 Example of biomarkers selected following the use of IPA Biomarker Filter. IPA Biomarker
rapidly identifies top candidate biomarkers that meet select biological criteria.

The My Pathways tool in IPA Biomarker can be used to identify links and relationships
between the potential markers (from the Biomarker Filter) to the disease or biological
process of interest based on findings in the Ingenuity Knowledge Base, and subsequently
create pathways. This was done in two main steps. Firstly, filter parameters were set for the
desired relationships between the genes. This includes the type of interactions (whether
direct or indirect), the source of the data, confidence level of the data, information related
to certain species, tissue/cell types and mutations, interactions associated with any with
particular disease types or biofluids. My Pathways can then be used to build connections, in
terms of relationships, between the genes (Figure 3.3). The lines that connect the genes

92

indicate that, based on the Ingenuity Knowledge Base, there is a relationship between the
genes. By clicking on the lines online, one can read the paper on which these connections are
based. If there are no connections, this tool can show how many and which genes can be
added to make such connections.

Figure 3.3 My Pathways tool in IPA. This tool can identify links and relationships between the ranked
potential markers (from the Biomarker Filter) to the disease or biological process of interest based on
findings in the Ingenuity Knowledge Base, and subsequently create pathways.

In order to reduce the 75 genes identified by IPA, three further points were taken into
account: 1) whether there were any published literature showing the marker can be detected
in the CSF, 2) degree of connectivity, and 3) the quality of antibodies available. This, together
with the biomarkers with the greatest fold change, gave a list of 13 candidate biomarkers to
investigate further. These biomarkers are discussed in Chapter 6.

Gene Set Enrichment Analysis (GSEA)
Gene Set Enrichment Analysis (GSEA) is a powerful computational analytical method for
interpreting gene expression data. It can be used to determine whether an a priori defined
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geneset is enriched in a phenotype of interest. GSEA is freely available at:
http://www.broadinstitute.org/gsea/index.jsp.

GSEA can be used to interpret microarray data at the geneset level. Genes from the
microarray data are ranked according to their differential expression between the groups of
two biological states of interest (e.g. BC group vs control group), generating a list with genes
with the highest expression in one group at top end to the genes with the highest expression
in the second group at the bottom end. GSEA then compares this list of ranked genes to an a
priori defined geneset of interest (e.g. a SASP geneset). GSEA works by identifying where each
gene of the geneset is found within the list of ranked genes (if it can be found in the list). It
determines whether genes of the geneset are randomly distributed throughout the ranked
list or primarily found at one end (the top or bottom). Genesets that show the latter
distribution are likely to be associated with that particular phenotype (Subramanian et al.
2005). Thus, GSEA can determine whether a given geneset is significantly enriched in a list of
genes ranked by their correlation with a phenotype of interest. A workflow of the GSEA
methodology is shown in Figure 3.4.

94

Figure 3.4 Workflow of Gene Set Enrichment Analysis (GSEA) methodology. GSEA considers
molecular expression profiles from samples of two different phenotypes. Genes are ranked according
to their differential expression between the two phenotypes. GSEA then determines whether an a
priori defined geneset is significantly enriched in the ranked list of genes. The main output of GSEA is
an enrichment plot (described in further detail in Figure 3.6).

GSEA was used to assess whether BCs were enriched for SASP genes. For this, the FCD
microarray expression data with intensity values (post RMA filtering) from 18 cases (4 FCDIIb
cases; 5 FCDIIa cases; 4 TS cases; 5 HS cases) (Appendix 3) were compared to two different
SASP datasets independently. The first SASP data was obtained from Jesus Gil’s Lab, as
described in Acosta et al. (2013). The second SASP dataset was compiled from two key papers
in this field (Table 4). These SASP dataset will be referred to as SASP1 and SASP2 in the Results
Chapter 7, respectively, for ease. Two SASP datasets were used to ensure the results were
consistent.

There are four basic steps for performing an analysis in GSEA: 1) preparing the dataset files,
2) uploading the dataset files into GSEA, 3) setting the analysis parameters (Figure 3.5) and
running the analysis, and 4) interpreting analysis results.
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Figure 3.5 Setting parameters in Gene Set Enrichment Analysis (GSEA). Various parameters are filled
before running the analysis in GSEA. It is crucial the correct phenotype comparison from the
microarray expression data is entered (an example of which is shown on the right of the screenshot).

The main result from the GSEA is the enrichment score (ES), which reflects how ‘enriched’ a
geneset is at the top or bottom of a ranked list of genes. GSEA calculates the ES by walking
down the ranked list of genes, increasing a running-sum statistic when a gene is in the
geneset and decreasing it when it is not. The magnitude of the increment depends on the
correlation of the gene with the phenotype. The ES is the maximum deviation from zero
encountered in walking the list. A positive ES indicates geneset enrichment at the top of the
ranked list; a negative ES indicates gene set enrichment at the bottom of the ranked list. An
enrichment plot, a key part of the analysis results, provides a graphical representation of the
ES for a geneset. An example of an enrichment plot is shown in Figure 3.6.
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Figure 3.6 Enrichment plot from Gene Set Analysis (GSEA). An enrichment plot provides a graphical
representation of the enrichment score (ES) which reflects the degree to which a geneset is
overrepresented at the top or bottom of a ranked list of genes. The top part of the plot shows the
running ES for the geneset as the analysis walks down the ranked list. The middle part of the plot
shows where the genes of the geneset appear in the ranked list of genes. The bottom part of the plot
shows the value of the ranking metric as you move down the list of ranked genes. See text for details.

The top part of the plot shows the running ES for the geneset as the analysis walks down the
ranked list. The score at the peak of the plot (the score furthest from 0.0) is the ES for the
geneset. Genesets with a distinct peak at the beginning (such as the one shown here) or end
of the ranked list are generally the most interesting. The middle part of the plot shows where
the genes of the geneset appear in the ranked list of genes. The leading edge subset of a
geneset is the subset of genes that contribute most to the ES. A gene that is consistently
found in leading-edge subsets is likely to be of interest. The bottom part of the plot shows
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the value of the ranking metric as you move down the list of ranked genes. The ranking metric
measures the correlation of a gene with a phenotype. The value of the ranking metric goes
from positive to negative as you move down the ranked list. A positive value indicates
correlation with the first phenotype and a negative value indicates correlation with the
second phenotype.

Results from GSEA also provide three additional statistical analyses:


Normalized Enrichment Score (NES) – this is calculated by actual ES divided by the
mean of ESs against all permutations of the dataset. The NES accounts for differences
in geneset size and in correlations between genesets and the expression dataset.
Therefore, the NES can be used to compare analysis results across genesets.



False Discovery Rate (FDR) – this is the estimated probability that a geneset with a
given NES represents a false positive finding.



Nominal p value – this is the statistical significance of the ES for a geneset.

Advantages of GSEA
Traditional approaches for analysing gene expression usually focus on identifying single
genes, often those with the greatest fold change (which can be poorly annotated). GSEA can
detect biological processes that are distributed across a whole dataset and are subtle at the
level of individual genes. Furthermore, GSEA uses a ‘no-cut off’ strategy that uses all of the
genes obtained a microarray experiment. This has two main benefits: 1) it allows minimally
changing genes to contribute to the enrichment analysis and 2) it reduces arbitrary factors
that could impact the enrichment analysis. Another key advantage of GSEA is its flexibility;
GSEA comes with Molecular Signatures Database (MSigDB), which is a collection of over
3,000 annotated genesets that can be used with the GSEA software. Externally created
datasets can also be used in GSEA. As such GSEA can help link prior knowledge to newly
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generated data and thereby help uncover the collective behaviour of genes in two states of
interest (Huang et al. 2009; Subramanian et al. 2005).

GSEA has successfully been used in various fields which has allowed for the discovery of
altered metabolic pathways in human diabetes (Mootha et al. 2003), the comparison of
mouse and human expression profiles (Sweet-Cordero et al. 2005), and characterisation of
molecular phenotypes in acute megakaryoblastic leukaemia (Bourquin et al. 2006).

Sample selection
All surgical cases used in the studies within this thesis were retrieved retrospectively from
the archives of the Department of Histopathology at Great Ormond Street Hospital for
Children NHS Foundation Trust. All patients had epilepsy and undergone the relevant
neurosurgery. All cases were reviewed by a senior paediatric neuropathologist (Thomas
Jacques) and classified according to the ILAE classification of FCD (Blümcke et al. 2011).
Control samples were from the neocortex of children undergoing temporal lobectomy for
hippocampal sclerosis (HS). Only cases that had clear diagnoses, with no dual pathology in
the original report, were selected. Consent had been given for all the samples, and ethical
approval was granted by the Great Ormond Street Hospital Ethics Committee and the
Institute of Child Health Ethics Committee. All samples were assigned a unique code in order
to anonymise patient data.

Cases selected for the construction of TMAs
Two sets of TMAs were constructed for the various studies of this thesis. The first set (TMA1
and TMA2) was done by Janice Leung, a former MRes student and the second set (TMA3 and
TMA4) was constructed by myself.
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Patients diagnosed with FCDIIa, FCDIIb, HS or TS between 2000 and 2014 were
retrospectively selected from the GOSH electronic database. These cases were selected
based on a review of archival diagnostic histology slides. Details of the selected cases are
shown in Table 5. Formalin-fixed, paraffin-embedded (FFPE) blocks were subsequently
retrieved for all these cases.

Diagnosis

Patient
1

HS

TS
FCDIIa

FCDIIb

Diagnosis

2
3
4
5
1
2
1
2
1
2
3

Patient demographics for TMA 1
Gender
Age at surgery
M

15 years

F
8 years
M
9 years
M
10 years
M
3 years
M
5 years
M
2 years
M
6 years
M
5 years
F
9 years
F
13 years
F
10 years
Patient demographics for TMA 2

Neuroanatomical lesion
Central
(hemispherectomy)
Temporal
Temporal
Temporal
Temporal
Temporal
Temporal
Neocortex
Occipital
Frontal
Frontal
Frontal

HS

Patient
1
2
3
4

Gender
M
F
M
F

Age at surgery
15 years
7 years
13 years
17 years

Neuroanatomical lesion
Temporal
Central
Temporal
Temporal

TS

1

F

3 years

Parietal

FCDIIa

FCDIIb

Diagnosis
HS
TS
FCDIIa

1
2
3
1
2
3
4
5
Patient
1
2
1
2
1

M
10 years
M
1 years
F
8 months
F
3 years
F
6 years
F
12 years
F
15 years
M
6 years
Patient demographics for TMA 3
Gender
M
M
M
M
F

Age at surgery
1 year
9 years
2 years
9 months
6 months
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Central
Neocortex
Parietal
Frontal
Frontal
Frontal
Frontal
Frontal
Neuroanatomical lesion
Temporal
Temporal
Frontal
Frontal
Central

2
3
1
2
3

FCDIIb

Diagnosis
HS

TS

FCDIIa

FCDIIb

Patient
1
2
1
2
3
1
2
3
1
2
3

F
1 year
F
4 years
F
5 years
F
2 years
M
2 months
Patient demographics for TMA 4
Gender
F
M
M
M
M
F
F
F
F
F
M

Age at surgery
9 years
9 years
5 years
9 months
2 years
6 months
1 year
4 years
5 years
2 years
2 months

Temporal
Temporal
Temporal
Frontal
Parietal
Neuroanatomical lesion
Temporal
Temporal
Temporal
Frontal
Frontal
Central
Temporal
Temporal
Frontal
Frontal
Frontal

Table 5 Patient demographics for cases used in the construction of tissue microarrays (TMAs). M,
male; F, female; HS, hippocampal sclerosis; TS, tuberous sclerosis; FCDIIa, focal cortical dysplasia type
IIa; FCDIIb, focal cortical dysplasia type IIb.

Cases selected for frozen sections
Frozen sections were used in this thesis for the senescence-associated β-galactosidase
staining. Enzymatic activity (including that of β-galactosidase) is not preserved in FFPE tissue.
For this reason, frozen sections were used to study senescence-associated β-galactosidase
staining. H&E slides of several frozen sections were reviewed; four that were considered to
be representative of the different disease types were selected (Table 6).
Patient demographics for frozen sections used in senescence-associated β-galactosidase
staining
Diagnosis
Patient
Gender
Age at surgery
Neuroanatomical lesion
HS
1
M
1 year
Temporal
2
M
10 years
Temporal
3
M
9 years
Temporal
4
F
12 years
Temporal
5
F
17 years
Temporal
TS
1
F
3 years
Parietal
2
F
6 years
Temporal
3
F
3 years
Frontal
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4
5
1
2
3
4
1
2
3
4
5

FCDIIa

FCDIIb

M
F
M
M
M
M
F
F
M
F
F

5 years
8 years
1 year
3 years
5 months
10 years
1 year
13 years
12 years
3 years
13 years

Temporal
Frontal
Temporal
Temporal
Central
Central
Frontal
Frontal
Frontal
Frontal
Parietal

Table 6 Patient demographics for frozen section cases used in senescence-associated βgalactosidase staining. M, male; F, female; HS, hippocampal sclerosis; TS, tuberous sclerosis; FCDIIa,
focal cortical dysplasia type IIa; FCDIIb, focal cortical dysplasia type IIb.

Cases selected for immunofluorescence
Double immunofluorescence in this thesis was primarily used to validate the expression of
IPA network genes in BCs and to identify the lineage of the CHI3L1-positive glial-like cell
population. Therefore, ideal cases to use would be those which have abundant BCs and the
CHI3L1-positive cells of interest. Several cases that were reviewed did not adequately fulfil
these characteristics which meant they had to be excluded. Two cases (Table 7) were found
to be most suitable; one representing FCDIIb and one representing TS. FFPE blocks for these
cases were retrieved.

Diagnosis
TS
FCDIIb

Patient demographics for cases used in immunofluorescence studies
Patient
Gender
Age at surgery
Neuroanatomical lesion
1
M
2 months
Parietal
1
M
11 years
Frontal

Table 7 Patient demographics for cases used in immunofluorescence studies. M, male; F, female; TS,
tuberous sclerosis; FCDIIb, focal cortical dysplasia type IIb.

Cases selected for biomarker proteomics
The proteomics study in this thesis was to identify potential diagnostic biomarkers that could
differentiate BC-dysplasia from non-BC dysplasia. It was decided the most appropriate
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preliminary study was to use cases from FCDIIb (BC-dysplasia) and HS (non-BC dysplasia).
Four cases (Table 8) that were considered as typical representative cases, from each of the
diagnoses, were selected for this study. FCDIIb cases had abundant BCs and were typical of
FCDIIb. Likewise, the HS cases consisted of cortex considered to be normally formed; the
cases were free from tumour and cortical dysplasia. FFPE blocks for all these cases were
retrieved.

Patient demographics for cases used in biomarker proteomics
Diagnosis
HS

FCDIIb

Patient
1
2
3
4
1
2
3
4

Gender
M
M
M
F
M
F
F
F

Age at surgery
9 years
10 years
9 years
9 years
5 years
2 years
5 years
15 years

Neuroanatomical lesion
Temporal
Temporal
Temporal
Temporal
Inferior frontal gyrus
Frontal
Frontal
Temporal

Table 8 Patient demographics for cases used in biomarker proteomics. M, male; F, female; HS,
hippocampal sclerosis; FCDIIb, focal cortical dysplasia type IIb.

Cases selected for qPCR miRNA expression
qPCR in this thesis was used to study the expression of two key microRNAs, miR-146a and
miR-146b, involved in the regulation of senescence-associated secretory phenotype in BCs.
Three typical cases from FCDIIa and FCDIIb were selected (Table 9); FFPE blocks for these
cases were retrieved.

Patient demographics for cases used in the qPCR miRNA expression study
Diagnosis
Patient
Gender
Age at surgery
Neuroanatomical lesion
FCDIIa
1
M
16 years
Frontal
2
F
1 year
Frontal
3
F
4 years
Temporal
FCDIIb
1
F
5 years
Frontal
2
F
2 years
Frontal
3
F
15 years
Temporal
Table 9 Patient demographics for cases used in the qPCR miRNA expression study. M, male; F,
female; FCDIIa, focal cortical dysplasia type IIa; FCDIIb, focal cortical dysplasia type IIb.
103

Histology
Haematoxylin and eosin (H&E) staining
H&E stains were performed on sections from all tissue samples (FFPE tissue and frozen tissue)
used in this thesis. This was to ensure the sections were histological representative of the
tissue of interest before any further staining was done using the blocks. H&E staining was
performed either by hand or using a pre-set program on an autostainer (Program 1, XL
ST5010, Leica). The protocols for these are similar and as follows:


Hand H&E staining: The first step depended on the type of tissue. For FFPE sections,
slides were firstly de-paraffinised in xylene, then taken through graded alcohols to
water. For frozen sections, slides were placed in 10% formalin for fixation (1 minute)
and then washed under running water. The subsequent steps applied to both types
of tissue. Slides were placed in Harris Haematoxylin (5 minutes), rinsed in tap water,
differentiated briefly in 1% acid alcohol, rinsed in running tap water, counterstained
in 1% eosin, rinsed briefly in running cold tap water, and finally dehydrated in
ascending grades of alcohol, cleared in xylene and mounted in DPX mountant.



Automated H&E stainer: Slides were taken through the following reagents: xylene (2
x 2 minutes), 100% alcohol (3 x 1 minute), wash (2 minutes), Harris Haematoxylin
(6.5 minutes), wash (2 minutes), 1% acid alcohol (10 seconds), wash (2 minutes), 1%
eosin (4.5 minutes), wash (2 minutes), and finally dehydrated in ascending grades of
alcohol, cleared in xylene and mounted in DPX mountant.

Histochemical staining of senescence-associated β-galactosidase (SA-β-gal)
activity
SA-β-gal activity was detected using the Senescence Cells Histochemical Staining Kit (Sigma
CS0030). This kit is designed for identifying senescent cells using a rapid staining protocol
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based on a histochemical stain for β-galactosidase activity at pH6. The manufacturer’s
protocol was optimised and modified for use on frozen sections. Prior to starting the
protocol, all kit components were thawed and mixed thoroughly. Subsequently, the PBS,
fixation buffer and staining mixture to be used were prepared as follows:



PBS (1X): Diluted from the PBS 10X (Catalog No.: P3621) 10-fold using ultrapure
water. The solution was then filtered using a 0.22μm filter.



Fixation Buffer (1X): Diluted from the Fixation Buffer 10X (Catalog No.: F1797) 10fold using ultrapure water. The solution was then filtered using a 0.22μm filter.



Staining mixture: For a 5ml preparation (sufficient for all 20 slides from the different
disease types), the following were mixed: 500ml Staining Solution 10X(Catalog No.:
S5818), 62.5ml Reagent B (Catalog No.: R5272), 62.5ml Reagent C (Catalog No.:
R5147), 125ml X-gal Solution (Catalog No.: X3753) and 4250ml ultrapure water.

Firstly, frozen sections to be used were allowed to defrost at room temperature; freshly cut
sections were ready to be used. The tissue section on the slides were circled using a
hydrophobic barrier Dako Pen (Dako S2002). This pen is water-repellent, and acetone-and
alcohol-insoluble and provides a barrier to liquids applied to sections. The slides were put in
a slide rack and placed in a trough with PBS and washed gently for 3 minutes. The slides were
then taken out of the PBS, and 200l of the Fixation Buffer (1X) was added to each tissue
section for 6-7 minutes at room temperature. The slides were washed gently in PBS for 3
minutes. Slides were taken out the PBS once again, and placed in a humid slide chamber
where 200l of the Staining Solution was added to each tissue section. The chamber was
tightly sealed and incubated overnight for 18 hours at 37oC. Given that the staining of
senescent cells is pH dependent, it was critical to ensure the slides were not incubated in a
CO2 rich environment during the staining step. The slides were then washed in distilled water
for at least 15 minutes. Up to this stage, the SA-β-gal staining was completed according to
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the protocol. However, it was decided that a counterstain would be required for staining on
frozen sections. After 15 minutes in distilled water, the slides were counterstained with Eosin
for 1 minute and then washed under running water for a further minute. The slides were
then dehydrated in 3 changes of alcohol (70%, 70%, and 100%) and 2 changes of xylene, and
finally mounted using DPX mountant. Given the blue positive stain of the SA-β-gal staining
kit, eosin was the best counterstain for this staining. However, the stock concentration
routinely used in the lab was deemed to be too high. Eosin used at 1:3 dilution (diluted in
distilled water) for 1 minute was found to provide the ideal counterstain for the SA-β-gal
staining protocol. Therefore, this is the protocol that was used to counterstain all of the SAβ-gal stained sections.

Tissue microarrays
Tissue microarrays (TMAs) provide a robust high-throughput rapid analysis of tissue samples,
whereby multiple patient samples are analysed simultaneously on a single slide. The vast
majority of studies within this thesis examines the differential expression levels of
proteins/markers in tissue from various disease types. In this regard, TMAs have proven to
be a useful and effective tool. However, the major limitation of TMAs is the cores may not
take into account tissue heterogeneity. The significance of this limitation can be reduced by
using two or more cores from the same sample. Four TMAs were constructed for this thesis;
a detailed description of the steps involved is given below.

A map for each of four TMAs constructed is shown in Figure 3.7. Each disease type was
represented by at least three cases and at least 4 cores which serves as repeats and takes
into account tissue heterogeneity. Information about each tissue core in the array are
included in the maps, such as position co-ordinates, diagnosis, and subregion of interest
within each disease type (cortex, white matter, dysmorphic neuron-rich region, and balloon
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cell-rich region). The corners of each TMA were assigned a core from normal control tissues
(human tonsil, kidney, gut, pancreas, and brain). This serves primarily as position markers
but also as internal positive controls.

Figure 3.7 Tissue microarray (TMA) maps with information about every cores in each of the four
arrays. This information consists of position co-ordinates, diagnoses (focal cortical dysplasia type IIa
[FCDIIa] in yellow; focal cortical dysplasia type IIb [FCDIIb] in orange; tuberous sclerosis [TS] in purple;
hippocampal sclerosis [HS] in green), and subregion of interest within each disease type (Cx, cortex;
WM, white matter; DN, dysmorphic neuron-rich region; BC, balloon cell-rich region). Cores of normal
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control tissues (human tonsil, kidney, gut, pancreas, and/or brain) were used at the corners for block
orientation. Patient (Pt) details correspond to details shown in Table 5.

Subsequently, a tissue section at 4 µm was taken from each of the selected cases (Chapter
3.3.1). Each section was stained with H&E using a pre-set program on the automated stainer
(Program 1, XL ST5010, Leica), as described in Chapter3.4.1. The main steps involved in the
construction of TMAs are shown in Figure 3.8. A fresh H&E slide was required to ensure that
the slide was representative of the existing tissue block. The H&E slides were then reviewed
carefully and areas of interested were circled with a xylene-free pen under a microscope.
Regions of artefact or necrosis were excluded. The circled areas, confirmed by experienced
paediatric neuropathologists (Thomas Jacques or Simon Paine) correspond to areas of
interest as shown in the TMA maps. Each marked H&E slide was then overlaid on its
respective paraffin block and the corresponding region was marked out on the block.

The next step was to prepare the recipient paraffin blocks. This was achieved by pouring
warm liquid paraffin wax into a silicone array mould (Arraymold Kit D, Catalog# IW-115, IHC
World). The array mould was firstly placed in a 60oC oven until it reached the melting
temperature of wax (56-59oC). In the meantime, a tissue cassette was labelled. The array
mould was filled with wax and the labelled cassette was secured over it. This was then left
on a cold plate for 1 hour, and allowed to set until it became very cold. After this, the mould
was peeled away to release the blank recipient array block. Any excess wax on the sides of
the array was removed with a hotplate.

Tissue cores were acquired from donor blocks manually using a manual tissue microarrayer
kit (Arraymold Kit D, Catalog# IW-115, IHC World). A 2 mm diameter dermal biopsy punch
was used to punch cores from the marked areas of the donor blocks by pushing down on the
stylet of the biopsy punch, exposing a small amount (approx. 1mm) of the tissue core. Care
was taken not to push down into the donor block too deeply as this could damage the needle
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and the more importantly the block. The exposed end of the tissue core was then inserted
into the appropriate empty core of the recipient paraffin block according to the TMA map. 12mm of the core remained protruded upon insertion and was pushed downwards gently until
flat on the array block using a clean glass slide. This was to ensure the core is integrated with
the recipient block. This process was repeated until all cores were filled in accordance with
the TMA map.

After all the cores have been filled, the completed array blocks were placed faced down on a
clean glass slide in a 37C oven overnight. The next morning, the array blocks (along with
their slides) were transferred to a 60C oven for 15 minutes. Air bubbles were released from
the array-slide interface by gently gliding the array up-and-down the slide. The array blocks
(along with their slides) were left to set on a cold plate for one hour. The slide was gently
removed from the block. At this stage, the array was ready for sectioning. Finally, the array
blocks were carefully trimmed using a microtome until all of the cores show up. Multiple
sections were then cut, at 4μm, in batches to minimise wastage of tissue. The first and every
subsequent 20th sections were stained with H&E in order to assess the consistency of the
tissue cores. The remaining sections were used for immunohistochemical staining.
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Figure 3.8 Construction of tissue microarrays (TMAs). A) Regions of interest are marked out on H&E
slides and then overlaid on its corresponding FFPE (formalin-fixed, paraffin embedded) block. B) A
blank recipient array block is created using a silicone array mould (left) and paraffin wax. C) Cores from
donor FFPE blocks are inserted into the recipient block using a 2mm biopsy punch. D) A completed
TMA block together with an H&E stained TMA slide.

Immuno-based techniques
Immunohistochemistry (IHC)

IHC protocol
Immunohistochemical staining was performed primarily using Leica Bond-MaxTM
autostainers (Leica Microsystems). Bond-MaxTM autostainers were used as they provide
consistency and reproducibility. Firstly, slide details were entered onto the Bond-Max
computer system and each slide was labelled with unique sticker labels. Reagents (including
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kits) were uploaded onto the machine. The slides were placed in a Bond-MaxTM slide tray
(Leica Microsystems) and each slide was covered with Bond-MaxTM slide cover (Leica
Microsystems), and inserted in the autostainer. Primary antibodies were prepared by diluting
them in BondTM primary antibody diluent (AR9352, Leica Microsystems) at the optimised
concentrations. Antibody detection was carried out with the Bond Polymer Refine Detection
according to manufacturer’s protocol. Protocol F and Intense Frozen R were the two preprogrammed Bond-MaxTM protocols used for IHC staining on the Bond-MaxTM autostainers.
Protocol F was used with the BondTM Polymer Refine Detection kit (DS9800, Leica
Microsystems) for all anti-mouse and anti-rabbit primary antibodies. The Intense Frozen R
protocol anti-goat primary antibodies, as described later. A volume of 150µl of reagents was
used for all steps of the protocol. The slides were firstly de-paraffinised in BondTM Dewax
Solution (AR9222, Leica Microsystems) at 72C (30 minutes) and then washed in alcohol, and
in BondTM Wash Solution (AR9590, Leica Microsystems) at room temperature (5 minute)
before undergoing antigen retrieval. The optimal antigen retrieval method was decided
during optimisation experiments. After antigen retrieval, slides were washed in BondTM Wash
Solution at 35C (3 minutes). All slides were then blocked with 3–4% hydrogen peroxide at
room temperature (5 minutes) before being incubated with the primary antibody (15
minutes) at room temperature. The slides were washed in BondTM Wash Solution before
incubating with a Post Primary Solution (Leica Microsystems) at room temperature (8
minutes). Following a further wash in BondTM Wash Solution, the slides were incubated with
a Polymer Solution (Leica Microsystems) at room temperature (8 minutes). The slides were
washed in a final wash of BondTM Wash Solution, and subsequently incubated with a Mixed
DAB Refine Solution (Leica Microsystems) at room temperature (10 minutes). The slides were
then washed in distilled water before being counterstained with Mayer’s Haematoxylin (5
minutes). Finally, the slides were dehydrated and cleared (through a series of alcohol and
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xylene), and coverslipped by Leica Multistainer and Coverslipper (Leica CV5030, Leica
Microsystems).

For all primary anti-goat antibodies, the Intense Frozen R Protocol was used with the BondTM
Intense R detection system (DS9263, Leica Microsystems). The Intense Frozen R Protocol is
similar to the Protocol F discussed above. Except after the primary antibody incubation step,
the slides were not incubated with the Post Primary Solution or the Polymer Solution.
Instead, the slides were incubated with a streptavidin conjugated to horseradish peroxidase
secondary antibody (HRP, Leica Microsystems) at room temperature (8 minutes). After this,
the Mixed DAB Refine Solution was applied for 5 minutes (instead of the 10 minutes for
Protocol F). The remaining steps were identical to Protocol F, whereby the slides were
counterstained, washed, dehydrated, cleared, and mounted. Appropriate negative controls
(achieved applying BondTM primary antibody diluent instead of the primary antibody) and
positive controls were used whenever necessary throughout all IHC studies.

Scoring of IHC staining
After IHC staining, the cores of TMA slides were examined, with experienced
neuropathologists Thomas Jacques and Simon Paine, and scored using semi-quantitative
scoring system. The scoring was performed blinded to avoid analytic bias. The intensity of
staining of the major cell types and brain structures – BCs, dysmorphic neurons, normal
neurons, small glial cells, endothelial cells, the neuropil and the white matter – were scored
as follows: 0=negative, 1=weakly positive, 2=moderately positive, 3=strongly positive. Radar
plots were used to graphically represent the scores. The cell types were identified as the
following. BCs were identified as described in Chapter 1.4.1.1. Dysmorphic neurons were
identified as described in Chapter 1.4.2. Normal neurons were identified as cells with a large
nucleus often with a prominent nucleolus and a cell body with abundant Nissl substance.
Glial cells were identified as small round cells with a small dark nucleus (cytoplasm that is
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difficult to see as it blends with the neuropil). The various types of glial cells are often difficult
to differentiate on basic light microscopy. Neuronal cell bodies are generally larger than
those of glial cells. The white matter and neuropil are background structures, where the
white matter is generally more deeply eosinophilic with a coarser matrix.

Primary antibodies used for IHC studies
The details of all primary antibodies used, along with the optimal working conditions, for IHC
studies in this thesis are shown in Table 10. All antibodies were tested using a series of
dilutions in titration experiments (for example, 1:50, 1:100, 1:200, 1:500, 1:1000) as well as
different antigen retrieval methods (heat retrieval methods with different pH buffers and
different incubation types, and enzyme retrieval). In some cases different detection kits were
also tested. These optimisation experiments were performed on a range of control tissues
(positive and/or negative controls) to ensure that the staining patterns were consistent with
the known biology of the protein of interest before the antibody was applied to test samples.
The optimisation of the secondary antibody was not required as this antibody was
incorporated in the protocol for the automated Bond-MaxTM stainer.

Antibody

CD109

Final Primary Antibody Details for the WGCNA Network Study
Supplier
Product
Working
Antigen
Positive
code
dilution
retrieval
control
tissue
Heat retrieval
SigmaHPA01511 1: 7
Skin
using pressure
Aldrich
3
cooker (Hand
IHC staining)*

Vascular
malformation

1:100

ER2, 20mins
*
ER1, 20mins
*
ER1, 20mins
*
ER2, 20mins

1:400

ER1, 20mins

Placenta

1:50

ER2, 40mins
*
ER2, 40 min

Surgical
brain
Kidney

PDPN
(D2-40)
VIM
(SRL33)
TYMS

AbD
Serotec
LEICA

MCA254

1:100

PA0033

Prediluted

Abcam

ab58287

1:1000

PLD1
(F-12)
IQCG

Santa
Cruz
SigmaAldrich
SigmaAldrich
Abcam

sc-28314
HPA04278
7
HPA02684
2
ab5910

LARP7
ANLN

1:50
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Tonsil
Tonsil
Breast

Species &
Clonal type
Rabbit
Polyclonal
Mouse
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal
Rabbit
Polyclonal
Rabbit
Polyclonal
Goat

TMEM144
CD58
(LFA-3)
RASSF9

SigmaAldrich
R&D
systems
SigmaAldrich
SigmaAldrich
Santa Cruz

HPA04376
7
AF1689

1:80

*
ER1, 20mins

Pancreas

1:40

ER1, 20mins

Tonsil

HPA03942
8
HPA02214
2
sc-25465

1:300

CHI3L1

ER2, 20mins
Breast
*
1:50
ER2, 20mins
Surgical
*
brain
1:25
ER1, 20mins
Pancreas
*
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Abcam
ab86428
1:200
ER1, 20mins
Tonsil

CHI3L1

Abcam

ab77528

1:1000

ER1, 20mins

Tonsil

PALLD

Novus
Biological

1:200

ER2, 20mins

Colon

PRRX1

Lifespan
Biosciences

NBP125959
LS-B2380

1:50

ER1, 20mins

Uterus

pERK

Cell Signalling
Technology

4376

1:50

ER1, 20mins

TNC
(BC-24)
IL-13Rα2

Abcam

ab6393

1:2000

ENZ1,10mins

Breast
cancer
Pancreas

ASPA
HHIP

ANXA5
(F4-1A5)
BCL6
(PG-B6p)
CD44
(DF1485)
CD58
(LFA-3)
CHI3L1
(AT4A3)
GFAP

R&D
AF146
1:20
ER2, 20mins
Colon
Systems
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SigmaWH00003 1:100
ER1, 30mins
Prostate
Aldrich
08-M1
DAKO
M7211
1:25
ER2, 30mins
Tonsil
DAKO

M7082

1:3000

ER1, 20mins

Tonsil

R&D
Systems
LSBio

AF1689

1:40

ER1, 20mins

Tonsil

LS-B3057

1:2000

ER2, 20mins

Tonsil

DAKO

Z0334

1:20000

HLA-DR
(CR3/43)
LYZ

DAKO

M0775

1:3000

ENZ1,
10mins
ER1, 20mins

Surgical
brain
Tonsil

DAKO

A0099

1:1000

ENZ1, 5mins

Tonsil

PDPN
(D2-40)
SERPINA3
(1E6)
TNC
(BC-24)
VCAM1
(1.4C3)
VIM
(SRL33)

AbD
Serotec
Abnova

MCA254

1:100

ER2, 20mins

Vascular
malformation

1:400

ENZ1,10mins

Breast

Abcam

H0000001
2-M01
ab6393

1:2000

Pancreas

Abcam

ab74514

Prediluted

ENZ1,
10mins
ER2, 10mins

LEICA

PA0033

Prediluted

ER1, 20mins

Tonsil

Tonsil

Final Primary Antibody Details for the Senescence Study
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Polyclonal
Rabbit
Polyclonal
Goat
Polyclonal
Rabbit
Polyclonal
Rabbit
Polyclonal
Rabbit
Polyclonal
Mouse
Monoclonal
Rabbit
Polyclonal
Mouse
Monoclonal
Goat
Polyclonal
Rabbit
Polyclonal
Mouse
Monoclonal
Goat
Polyclonal
Mouse
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal
Goat
Polyclonal
Mouse
Monoclonal
Rat
Polyclonal
Mouse
Monoclonal
Rabbit
Polyclonal
Mouse
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal

Ki-67
(MM1)
GLB1

LEICA

PA01118

Prediluted

ER2, 20mins

Tonsil

ProteinTech

1:100

ER2, 10mins

LYZ

DAKO

15518-1AP
A0099

1:1000

ENZ1, 5mins

General
tissue array
Tonsil

p53
(DO-7)
p16
(2D9A12)
p21 (C-19)

DAKO

M7001

1:50

ER1, 20mins

Abcam

ab54210

1:50

ER1, 20mins

Santa Cruz

sc-397

1:200

ER1, 20mins

phosphoHistone
H2A.X
(Ser139)
ATM

Millipore

05-636

1:600

ER1, 20mins

Novus
Biologicals
Abcam

NB100306
ab6672

1:1000

ER2, 30mins

1:400

ER2, 20mins

General
tissue array
Tonsil

Invitrogen

AHC0982

1:500

ER1, 20mins

Tonsil

Cell
Signalling
Technology
Cell
Signalling
Technology

8242

1:500

ER1, 20mins

General
tissue array

Rabbit
Monoclonal

9246

1:250

ER1, 20mins

General
tissue array

Mouse
Monoclonal

R&D
systems

MAB200

1:500

ER2, 20mins

Tonsil

Mouse
Monoclonal

IL-6
IL-8
Capture
(893A6G8)
NF-κB p65
(D14E12)
phosphoIκBα
(Ser32/36)
(5A5)
IL-1α

Breast
cancer
Breast
cancer
Breast
cancer
General
tissue array

Mouse
Monoclonal
Rabbit
Polyclonal
Rabbit
Polyclonal
Mouse
Monoclonal
Mouse
Monoclonal
Rabbit
Polyclonal
Mouse
Monoclonal

Mouse
Monoclonal
Rabbit
Polyclonal
Mouse
Monoclonal

Table 10 Primary antibodies and conditions used for immunohistochemical staining in various
studies. All antibodies were raised against human. HIER, heat-induced epitope retrieval; ER1, epitope
retrieval solution 1, citrate buffer based, pH 6.0; ER2, epitope retrieval solution 1, EDTA buffer; ENZ,
enzyme retrieval. Asterisks (*) mark staining performed by Janice Leung.

Immunofluorescence (IF)
IF protocol
FFPE slides were de-paraffinised in two changes of xylene (15 dips each), 70% alcohol (15
dips), 70% alcohol (15 dips), 100% alcohol (15 dips), and distilled water (10 dips). The antigen
retrieval citrate-EDTA pH6.2 buffer was prepared for heat antigen retrieval (2.1g citric acid
was dissolved in 1 litre of distilled water, and 0.744g EDTA was dissolved in another 1 litre of
distilled water. The two buffers were then mixed together and adjusted pH6.2 using NaOH).
The slides were then placed in a slide-rack and then in a trough containing the citrate-EDTA
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pH6.2 buffer. The trough was then placed in a pressure cooker with 500 ml distilled water in
the chamber. The temperature in the pressure cooker rises 125oC and remains there for 30
seconds before it drops to 90oC for a further 10 seconds after which the temperature drops
to room temperature and the sections are cooled. The slides were subsequently washed in
the wash buffer with agitation using a shaker (5 minutes). A Dako Pen (Pen (Dako S2002) was
used to draw around each tissue section, this is to ensure that all reagents remain in this
area. Blocking solution (40% heat-inactivated sheep serum [HISS] diluted in PBS with 0.2%
bovine sheep albumin, 0.15% glycine, 0.1% Triton X-100; fresh 40% HISS solution prepared
prior each experiment) was applied to the slides at room temperature (1 hour). Slides were
not washed after this step; any excess blocking solution was gently removed. Subsequently,
a cocktail of the primary antibodies was prepared at the optimised working concentrations.
For example, a primary antibody cocktail combination of rabbit CHI3L1 (1:250) and mouse
GFAP (1:1000) was prepared by adding 2μl CHI3L1 and 0.5μl GFAP to 500μl Bond-MaxTM
primary antibody diluent (AR9352, Leica Microsystems). 250μl of reagents were added to
tissue sections for all the steps of the protocol; given this, 500μl of antibody cocktail was
sufficient for 2 slides. Slides were incubated in this antibody cocktail in a humid chamber at
4oC (overnight; at least 18 hours). Slides were then thoroughly washed in wash buffer with
agitation [containing PBS plus 0.03% Tween] (20 minutes). Meanwhile, a cocktail of the Alexa
Fluor secondary antibodies were prepared. Alexa Fluor 488 Donkey Anti-mouse IgG (1:250
dilution; Life Technologies A-21202) was combined with Alexa Fluor 568 Goat Anti-rabbit IgG
(1:250 dilution; Life Technologies A-11011) by adding 2μl of each to 500μl of the antibody
diluent. The Alexa Fluor secondary antibodies and slides (with these antibodies applied) were
protected from light and kept in the dark at all times. Slides were washed again in wash buffer
with agitation (5 minutes). The sections were treated with 0.1% Sudan Black for 20 minutes
to reduce tissue autofluorescence (Schnell et al. 1999; Baschong et al. 2001; Oliveira et al.
2010). Slides were washed in wash buffer for a final time (10 minutes) and any excess Sudan
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black was removed from around the tissue section using soft tissue. The slides were mounted
in using Vectashield Mounting Media with DAPI (Vector Labs H-1200) and coverslipped. The
IF stained slides were placed in a slide tray and covered in foil and stored at 4oC. Results from
optimisation experiments for IF on FFPE brain tissue are shown Appendix 5.

Scoring of IF staining
All IF slides were examined blindly to avoid analytic bias. The staining was reported as a
dichotomous variable (positive or negative). For colocalisation studies, the slides were
scanned and analysed semi-quantitatively. Ten random regions of interest were selected in
each IF slide. The number of double-stained cell types of interest in these selected areas were
counted; using this, the proportion (%) of these double-stained cells, the standard error (SE=
√proportion x [1-proportion]/total), and the 95% confidence interval-half width (1.95xSE)
were calculated.

Primary antibody details for IF experiments
The details of all primary antibodies used, along with the optimal working conditions, for IF
studies in this thesis are shown in Table 11.

Antibody

CHI3L1
CHI3L1
PALLD
PRRX1
pERK
TNC
(BC-24)

Final Primary Antibody Details for the IPA Micro-Network Study
Supplier
Product code
Working
Positive
Species &
dilution
control
Clonal type
tissue
Abcam
ab86428
1:100
Tonsil
Mouse
Monoclonal
Abcam
ab77528
1:250
Tonsil
Rabbit
Polyclonal
Novus Biological NBP1-25959
1:50
Colon
Mouse
Monoclonal
Lifespan
LS-B2380
1:50
Uterus
Goat
Biosciences
Polyclonal
Cell Signalling
4376
1:50
Breast
Rabbit
Technology
cancer
Polyclonal
Abcam
ab6393
1:100
Pancreas
Mouse
Monoclonal
Final Primary Antibody Details for the Novel Cell Study
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NeuN

Millipore

MAB377

1:50

Brain
(internal
control)
Gut

βIII Tubulin
(TuJ-1)
DCX

Convance

MMS-435P

1:100

Abcam

ab18723

1:250

CD68
(clone PGM1)
Iba-1

DAKO

M0876

1:50

Foetal
brain
Tonsil

019-19741

1:200

Tonsil

Rabbit
Polyclonal

GFAP

Wako Pure
Chemical
Industries, Ltd
Abcam

ab4648

1:1000

Mouse
Monoclonal

SOX-2

Millipore

AB5603

1:1000

Nestin

Millipore

ABD69

1:1000

Vimentin

DAKO

M0725

1:200

Brain
(internal
control)
Cortical
dysplasia
Foetal
brain
Tonsil

GFAP-δ

Millipore

AB9598

1:2000

S100β
(clone
EP1576Y)
Reelin
(clone 142)

Abcam

ab52642

1:500

Millipore

MAB5366

1:250

Brain
(internal
control)
Breast
cancer
Liver

Vimentin
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DAKO
M0725
1:200
Tonsil

NeuN

Millipore

MAB377

1:50

GFAP

Abcam

ab4648

1:1000

H2A.XPhosphorylat
ed (Ser139)
ATM

BioLegend

613401

1:100

Novus
Biologicals

NB100-306

1:250

Brain
(internal
control)
Brain
(internal
control)
General
tissue
array
General
tissue
array

Mouse
Monoclonal
Mouse
Monoclonal
Rabbit
Polyclonal
Mouse
Monoclonal

Rabbit
Polyclonal
Rabbit
Polyclonal
Mouse
Monoclonal
Rabbit
Polyclonal
Rabbit
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal
Mouse
Monoclonal

Table 11 Primary antibodies and conditions used for immunofluorescence staining in various
studies.
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RNA in situ hybridisation using RNAscope® technology
RNAscope® Technology (from Advanced Cell Diagnostics, Inc.) is a recently developed ISH
assay for the direct detection and visualisation of target RNA in FFPE tissue sections with
single molecule sensitivity and single cell resolution (Wang et al. 2012). The RNAscope®
Technology Assay uses a novel probe design and a hybridisation-based signal amplification
system, which not only amplifies target specific signals but also suppresses background noise
from non-specific hybridisation. The proprietary probe design is such that two independent
probes (double Z probes) must hybridise to the target sequence for signal amplification to
occur (Figure 3.9). This design, in theory, ensures the selective amplification of target specific
signals, since it is not likely that that two independent probes will hybridise to a nonspecific
target sequence next to each other (Wang et al. 2012). RNAscope ISH was used to study the
RNA levels of SASP factors IL-6 and IL-8 in FCD as it was difficult to detect their protein levels
using IHC.

Figure 3.9 Schematic of the RNAscope assay procedure. The RNAscope assay contains 4 major steps:
1) pretreatments (which includes deparaffinisation and permeabilisation to unmask target RNA), 2)
target probe hybridization (target probes with double-Z probe pairs are hybridised to target RNAs), 3)
signal amplification (through the sequential amplification of amplifiers), and 4) signal detection (single
punctate pink dots seen under microscope represent individual target RNA molecules). Figure reused,
with permission, from the authors (Wang et al. 2012) and publisher (Elsevier).
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Protocol for RNAscope ISH
The protocol for RNAscope has two main steps: Material preparation & the RNAscope Assay.
The latter step contains 4 major steps as shown in Figure 3.9.

1. Material preparation
FFPE sections were cut at 5±1µm thick, mounted on Superfrost® Plus slides and air dried
overnight at room temperature. The slides were stored under desiccation at room
temperature. The night before the RNAscope assay, the slides were baked in a dry oven at
60 °C for 1 hour. On the day of the assay, the HybEZTM oven (a specially designed RNAscope®
hybridisation oven) was prepared; the oven was set to 40°C, a Humidifying Paper was wet
with 50ml of MiliQ (purified) water and placed in the HybEZTM Humidity Control Tray, which
was then inserted in the HybEZ™ oven and pre-warmed for at least 30 minutes before being
used. Whenever, during the protocol, slides required incubation in the HybEZTM oven, they
were firstly placed in a HybEZTM Slide Rack which was then sealed in the HybEZTM Humidity
Control Tray before being inserted in the oven. Subsequently the reagents for the RNAscope
assay were prepared: 1) 700 ml of 1x Pretreat 2 Solution (pH 6 citrate buffer) was made by
diluting 10x Pretreatment Solution in MilliQ water, 2) the 1x Pretreat 2 Solution was then
heated to boiling point and maintained at the 100-104°C (while preventing over-boiling); this
solution must not have boiled for longer than 30 minutes before use so the boiling process
was started approximately 20 minutes before the second pre-treatment step (Pretreat 2),
and finally, 3) three litres of 1x Wash Buffer was made by diluting pre-warmed (at 40°C for
10-20minutes) 50x Wash Buffer in MilliQ water, the Target probes were pre-warmed at 40°C
for 10 minutes and then allowed to cool to room temperature before being used, the
Amplification reagents Amp1, Amp2, Amp3, Amp4, Amp 5-Brown, Amp 6-Brown, were taken
out of 4°C fridge and allowed to equilibrate to room temperature.
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2. RNAscope Assay
After baking, tissue sections were deparaffinise in two changes of xylene for 5 minutes each,
three changes in 100% EtOH for 5 minutes each, and two changes in water for 1 minute each.
The slides were then air dried for 5 minutes. The tissue section on each slide was circled with
the Hydrophobic Barrier Pen. The slides were then ready for the Pretreatments which were
performed as following: slides were firstly incubated in Pretreat 1 (for quenching of
endogenous peroxidase activity) at room temperature for 10 minutes, and then rinsed in
MilliQ water (by moving the slides up and down in the water 10 times). Secondly, slides were
incubated in Pretreat 2 (for RNA retrieval) for 10 minutes, and then rinsed in MilliQ water.
The final pre-treatment step was to incubate the slides Pretreat 3 (for protein digestion); 3
drops of Pretreat 3 Solution was applied to each tissue section. The slides were incubated in
the HybEZ™ oven at 40°C for 30 minutes, and then rinsed in MilliQ water. Excess water was
removed from the slides before adding 3-4 drops of the target probes (RNAscope® IL-6 Probe,
RNAscope® IL-8, RNAscope® Negative Control Probe, or RNAscope® Positive Control Probe)
onto the sections; a different target probe was applied to separate slides. The slides were
incubated in the HybEZ™ oven at 40°C for 2 hours for hybridisation. After washing the slides
in 1x Wash buffer for 2x 2 minutes at room temperature, the slides were ready for the signal
amplification steps. Hybridization signals were detected through 6 amplification steps. The
slides were incubated in four drops, ensuring tissue section was covered, of Amp1
(preamplifier) for 30 minutes at 40°C, Amp2 (background reducer) for 15 minutes at 40°C,
Amp3 (amplifier) for 30 minutes at 40°C, Amp4 (label probe) for 15 minutes at 40°C, Amp5
for 30 minutes at room temperature, and last in Amp6 for 15 minutes at room temperature.
For the first four steps, the slides were incubated in the HybEZ™ oven at 40°C. After each of
the 6 incubation steps of signal amplification, the slides were washed in 1x Wash buffer for
2 x 2 minutes at room temperature; excess water was removed for the following incubation
step. In order to detect the signal, a ‘red solution’ was prepared by mixing Red B and Red A
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in 1:60 ratio, the volume of which depended on the number of sections/slides
accommodating for approximately 120μl for each section. The ‘red solution’ (while avoiding
exposure to sunlight) was mixed well and applied to each tissue section. The slides were
placed in the HybEZ™ Slide Rack for a final time, sealed in the HybEZ™ Humidity Control Tray,
and incubated at room temperature for 10 minutes. The ‘red solution’ was removed from
the slides before being washed in distilled water for 5 minutes. The slides were then
counterstained with Mayer’s Haematoxylin; the desired faint staining was achieved
approximately after 2-3 minutes at room temperature. The counterstained slides were
washed under running water for 30 seconds, and dried in a 60°C dry oven for 15 minutes and
cooled for a further 5 minutes at room temperature. Each slide was then submerged in fresh
xylene and mounted using DPX mountant. Positive staining was seen as punctate dark pink
dots within cells at 20-40X magnification under a standard bright field microscope; each of
these dots represents a single target RNA molecule

Scoring of RNAscope ISH staining
All slides were examined blindly to avoid analytic bias. The staining was initially reported as
a dichotomous variable (positive or negative). A semi-quantitative assessment of the staining
was subsequently based on the estimated number of punctate dots present in the region of
interest or cells of interest.

Real Time quantitative PCR (qPCR)

qPCR experiments were set up to study the expression levels of two microRNAs, miR-146a
and miR-146b, which involved in the regulation of senescence associated secretory
phenotype (a key feature of senescence feature).
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Isolation and purification of total RNA
The starting material for this study was FFPE tissue from test (FCDIIb) and control (FCDIIa)
cases. The RecoverAllTM Total Nucleic Acid Isolation Kit (ThermoFisher Scientific; Catalog
No.: AM1975) was used to isolate total RNA from FFPE tissues according to the
manufacturer’s manual. Firstly, ‘Wash 1’ and ‘Wash 2/3’ buffers were prepared from stock
by adding 42ml 100% ethanol and 48ml 100% ethanol, respectively. Subsequently, 4 x 10μm
‘rolls’ (or slices) of sections were cut from each FFPE tissue block of interest using a
microtome. The rolls were placed in a 1.5ml microcentrifuge tube. To deparaffinise the
tissue, 1ml 100% xylene was added to each sample (of 4 x 10μm roles) before being briefly
vortexed and centrifuged to ensure that all the tissue is mixed and submerged in the xylene,
and then heated at 50°C on a heat block for 3 minutes. The samples were centrifuged for 2
minutes at room temperature and maximum speed to pellet the tissue before discarding the
xylene. The pellet was then washed twice in ethanol to remove the xylene and accelerate
drying of the tissue; for each wash, 1ml of 100% ethanol was added to the sample at room
temperature and vortexed, then centrifuged for 2 minutes at room temperature and
maximum speed. The ethanol was discarded without disturbing the pellet. The pellet was air
dried at room temperature for 45 minutes. The next step was proteinase digestion. 100μl of
Digestion Buffer and 4μl of Protease were added to each sample and mixed gently before
incubating the sample in heat blocks for 15 minutes at 50°C, and then 15 minutes at 80°C. In
order to isolate RNA from the samples, a mixture of 120μl of Isolation Additive and 275μl of
100% ethanol was added to each sample and mixed by pipetting up and down. For each
sample, 700μl of the sample/ethanol mixture was pipetted onto a Filter Cartridge that was
placed in a Collection Tube (both of which were supplied in the kit). The tubes were then
centrifuged at 10,000 rpm for 30 seconds to pass the mixture through the filter, and the flowthrough was discarded. Subsequently, 700μl of Wash 1 to the Filter Cartridge followed by
500μl of Wash 2/3; after each wash, the tubes were centrifuged at 10,000 rpm for 30 seconds
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and the flow-through was discarded. The tubes then were centrifuged for an additional 30
seconds to remove any residual fluid from the filter. The final stage of this protocol was
nuclease digestion and nucleic acid purification. A DNase mix (of 6μl of 10X DNase Buffer, 4μl
of DNase and 50μl of nuclease-free water) was added to the centre of each Filter Cartridge
and incubated at room temperature for 30 minutes. The samples were then washed three
times by adding 700μl of Wash 1 to the Filter Cartridge, followed by 2 x 500μl of Wash 2/3.
After each wash, the tubes were centrifuged at 10,000 rpm for 30 seconds and the flowthrough was discarded. A final spin at 10,000 rpm for 1 minute was performed to remove
any residual fluid from the filter. Lastly, the Filter Cartridge (containing the RNA) from each
tube was transfer to a new Collection Tube, and 60μl of Elution Solution was added to the
centre of each filter. The eluent at room temperature contains the isolated RNA. The RNA
eluent was left to sit at room temperature, and any of the sample not being used immediately
was stored at -80oC.

RNA quality control
The quality and purity of the isolated RNA was determined by using a NanoDrop 1000
spectrophotometer (Thermo Scientific, USA) and an Agilent 2100 Bioanalyzer (Agilent
Technologies). The NanoDrop gives a reading of the ratio of absorbance at 260 nm and 280
nm; this provides a loose indication of the purity of the RNA sample. Absorbance at 260nm
measures the RNA concentration and 280nm measures the protein concentration in the
sample. A 260:280 absorbance ratio of 1.8-2.1 was suggested for a ‘pure’ RNA using the
above extraction protocol; a ratio considerably lower than this may suggest the presence of
protein, phenol, or other contaminants that absorb strongly at or near 280nm. RNA samples
extracted using the above protocol had a slightly lower 260:280 ratio of about 1.7 (Figure
3.10A). The 260:280 ratios were similar between the two experimental groups, and any
reduced efficiency will affect the groups similarly; therefore, there would be no bias in the
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qPCR measurements. NanoDrop also provides a ratio of absorbance at 260nm and 230nm.
This is often used a secondary measure of nucleic acid purity. A 260:230 absorbance ratio of
2.0-2.2 is considered ‘pure’; a ratio considerably lower than this may indicate the presence
of contaminants that absorb strongly at or near 230nm.

The Bioanalyser provides a more in depth analysis of the RNA quality. It generates an
electropherogram which provides a detailed visual assessment of the quality of the RNA
sample. For intact RNA samples, the electrophoretic trace typically has a smooth baseline
with two distinct peaks corresponding to the 18S and 28S ribosomal RNA. As RNA is
degraded, the trace becomes less distinct at 18S and 28S. The Bioanalyser also provides a
RNA Integrity Number (RIN), a numerical interpretation of the electrophoretic trace. The RIN
is a measure of the proportion of intact ribosomal RNA, and ranges from 1 (most degraded)
to 10 (most intact). The RNA samples extracted from the above protocol had low RINs, for
example 2.2 (Figure 3.10B). RNA integrity is clearly an important factor in determining the
accuracy of the results from qPCR experiments; however, it has been shown that the RIN had
no or very little effects on miRNA expression results. In this regard, the RIN is not regarded
as a good indicative measure of miRNA integrity. miRNAs are considered to be very stable,
and can be used for accurate and reliable measurements using qPCR, even in degraded RNA
preparations (Jung et al. 2010).

Figure 3.10 Assessing RNA quality. A) NanoDrop assessment of one RNA sample showing absorbance
trace. Of particular interest is the 260:230 absorbance ratio which is an indication of RNA purity. B)
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Bioanalyser assessment of the sample RNA sample, which provides a RNA Integrity Number (RIN), a
numerical interpretation of the RNA quality. RIN ranges from 1 (most degraded) to 10 (most intact).

Two-step qPCR
For the qPCR experiments in this thesis, TaqMan® Small RNA Assays (ThermoFisher Scientific)
were used to study the expression levels of microRNAs miR-146a and miR-146b.
Quantification of these assays are done using a two-step qPCR. In the first – reverse
transcriptase (RT) – step, cDNA was produced from the total RNA sample using a small RNAspecific stem-loop RT primer. In the second – PCR – step, PCR products were amplified from
the cDNA.

cDNA synthesis
Reverse transcription was performed using TaqMan® MicroRNA Reverse Transcription Kit
(ThermoFisher Scientific; Catalog No.: 4366596) according to the manufacturer’s manual.
After the kit components were thawed on ice, a RT master mix was prepared (volumes of
master mix per 15μl reaction: 0.15μl of 100mM dNTPs, 1μl MultiScribe® Reverse
Transcriptase, 1.5μl of 10X Reverse Transcription Buffer, 0.19μl RNase Inhibitor, and 4.16μl
Nuclease-free water). The solution was mixed gently and centrifuged. The RT primers and
RNA samples were also thawed. For each 15μl RT reaction, 3μl of the relevant RT primer and
5μl of RNA sample (10ng per reaction) was added to 7μl RT of master mix in a PCR reaction
tube. The solution was mixed gently and centrifuged. In order to perform the reverse
transcription, the tubes were loaded onto a thermal cycler (using the following parameters:
30mintes at 16oC, 30mintes at 42oC, 5 minutes at 85oC, and then held at 4oC).

PCR amplification
PCR reaction master mix was prepared using TaqMan® Fast Advanced Master Mix
(ThermoFisher Scientific; Catalog No.: 4444556) according to the manufacturer’s manual.
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The volume components of the master mix were calculated based on the intended number
of PCR reactions (including extra volumes accounting for pipetting errors). Two different
assays were used: hs-miR-146a and hs-miR-146b (TaqMan® miRNA Assay) (ThermoFisher
Scientific; Catalog No.: 4427975). For each assay reaction, three technical replicates were
performed. An endogenous control was performed using RNU6B (TaqMan® Control miRNA
Assay) (ThermoFisher Scientific; Catalog No.: 4427975). A “no-template” control and a “noRT” control were also performed for each assay. For each PCR reaction, a 20μl master mix
was prepared consisting of the following volumes: 10μl of TaqMan® Fast Advanced Master
Mix (2X), 7.67μl of Nuclease-free water, 1μl of the TaqMan® miRNA Assay (i.e. miR-146a or
miR-146b), and 1.33μl of the product from the RT reaction. The solution was mixed gently
and centrifuged. The PCR master mix was then transferred to appropriate wells of a PCR
reaction plate (MicroAmp® Optical 96-Well Reaction Plate; ThermoFisher Scientific; Catalog
No.: N8010560). The reaction plate was covered with an adhesive film (MicroAmp® Optical
Adhesive Film; ThermoFisher Scientific; Catalog No.: 4311971) before being centrifuged at
4oC briefly to spin down the contents and remove any air bubbles. qPCR was performed using
a 7500 Fast Real-Time PCR system and analysed using the 7500 Fast System Software. All the
PCR reactions displayed typical qPCR amplification curves, an example of which is shown in
Figure 3.11.
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Figure 3.11 Example of an amplification plot using the TaqMan® Small RNA Assays protocol.
Amplification of miR-146b with three biological replicates and three technical replicates. Rn:
Fluorescence signal with baseline subtracted.

Statistical analysis
The relative quantification in two groups of interest (FCDIIb and FCDIIa) were compared using
Student’s t-test on SPSS Version 22 (IBM, USA). Cт value was obtained for biological triplicates
with technical triplicates. Results data was represented with the mean Cт value of technical
triplicates. Relative quantification (RQ) were calculated by 2(−ΔΔCt) method and expressed as
relative to an endogenous control (housekeeping gene, RNU6B).

Mass spectrometry based proteomics
The proteomics study in this thesis was performed in collaboration with Dr Jeremy Pryce and
Rhian-Lauren Preece from the GOSomics Team at ICH Biological Mass Spectrometry Centre.
H&E slides from FFPE blocks of FCDIIb (test) and HS (control) cases were reviewed. Four cases
of each which had large representative tissue and least artefacts were selected for further
investigation. 50µm (5 x10µm rolls) of tissue was cut using a microtome) and stored in
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eppendorfs and sent to the GOSomics Team. The following protocol was kindly provided by
Dr Jeremy Pryce for purposes of reproducibility (due to its detail).

Sample preparation
The samples were firstly cleaned and dewaxed in heptane, and secondly taken through a
series of steps for protein solubilisation: incubation in 300mM of Tris-HCL, 2% Sodium
Dodecyl Sulfate and 2-Mercaptoethanol, heated for 100 ⁰C for 20 minutes and then 80 ⁰C for
2 hours. Samples were then centrifuged at 4⁰C for 20 minutes, and the supernatant removed
with subsequent protein quantification with a modified BCA assay (Pierce™ BCA Protein
Assay Kit, ThermoFisher Scientific, UK).

Protein precipitation and 1D-PAGE
100μg of protein was obtained from each sample and precipitated out into a pellet with
chloroform/methanol (at a ratio of 1:3). Samples were subsequently washed in ethanol and
then the centrifuged at 9000g for 2 minutes. The pellet was briefly air-dried before being resuspended in 20ul of SDS-PAGE buffer, 10ul of DTE (300mM in H2) and 20μl of H20. The
sample was alkylated with iodoacetamide (3μl; 36mg in 1ml of H2O) for 45 minutes followed
by addition of 20μl of SDS-PAGE buffer for a final volume of 60μl. 30μl (approximately 50μg)
of sample was loaded into a well of a Any kD™ Mini-PROTEAN TGX™ precast protein gel (BioRad Laboratories, UK), together with a full range rainbow marker (Amersham ECL
PLex™fluorescent Rainbow Marker, GE Healthcare Life Sciences, UK). Isoelectric focusing was
carried out using the Mini-PROTEAN Tetra Cell system (Bio-Rad Laboratories, UK) at 200V for
30 minutes.

129

Protein staining and in-gel digestion
In order to visualise protein bands in the gel, the gels were stained with 0.1% coomassie, 40%
methanol and 7.5% acetic acid and then counterstained with 40% methanol and 7.5% acetic
acid. Gels from each lane were cut into two bands and placed into eppendorfs. Gel bands,
placed into eppendorfs, were washed with 50% methanol and 0.1% acetic acid in order to
remove the coomassie stain. Gel bands were subsequently washed twice with 50mM
ammonium bicarbonate at pH 7.8 and dehydrated in acetonitrile and then in a speed vacuum
(Eppendorf Concentrator Plus™, Eppendorf, UK) for 30 minutes. Protein digestion was
performed using 60μl of sequencing grade modified porcine Trypsin (25ng/μl, Promega, UK),
reconstituted in 50mM ammonium bicarbonate, pH 7.8 with a subsequent incubation at 37
⁰C for 12 hours.

Digested peptides were extracted from the gel bands through washes with 1% formic acid,
followed by extraction with 50% acetonitrile and 1% formic acid. Extra 1% formic acid was
added to this final wash; the supernatant was freeze-dried and reconstituted in 50μl of 3%
acetonitrile with 0.1% formic acid.

Electrospray QTOF MS analysis
The samples were analysed using a SYNAPT G2-Si HDMS Q-TOF mass spectrometer (mass
acquisition range of 50 to 2000 Da), coupled to a nanoACQUITY UPLC system via a nanospray
(ZSpray™) source (SYNAPT, nanoACQUITY and ZSpray from Waters Ltd, UK). 19µl of each
sample was vialed and spiked with 1µl (1nmol/ml) of S. cerevisiae yeast enolase (SigmaAldrich, UK)). 1µl of sample was loaded onto the nanoAcquity column (ACQUITY UPLC™
Peptide BEH C18 nanoACQUITY Column 10K psi, 130A, 1.7µm, 75µm x 100mm, Waters Ltd,
UK). The samples were analysed over 60 minutes, using a linear gradient of mobile phase A
(H2O with 0.1% formic acid) and mobile phase B (acetonitrile with 0.1% formic acid) with the
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initial gradient changing from 3 to 40% of mobile phase B over 40 minutes, followed by 40 to
85% for 2 minutes and a subsequent decrease to 3% over 1 minute and for the remainder of
the run, with a flow rate of 300nl/minute.

The peptides were analysed in positive mode electrospray ionisation with data collected
through alternating 1.5 second scans of low (4eV) or high (15-40eV) collision energies. Postcalibration of data files were corrected using the doubly charged precursor ion of [Glu1]-fibrinopeptide B (785.8426 m/z).

Data analysis
All data was processed and analysed using Progenesis QI for Proteomics software 2.0
(Nonlinear Dynamics, UK). Fragment ions in the first 5 minutes and the last 5 minutes of each
run were excluded. Protein identifications were obtained by searching the Homo sapiens
proteome database (including canonical sequences and isoforms) from Uniprot
(www.uniprot.org), to which the sequence of yeast enolase and porcine trypsin was added
manually. The spectra obtained from each sample was analysed using the following search
parameters: the enzyme was trypsin (up to 2 missed cleavages), fixed modifications of
carbamidomethylation of cysteine and variable modification of oxidation of methionine.
Peptide and protein matching required two fragment ions per peptide, three fragment ions
per protein and more than one peptide per protein. Quantification was performed using the
spiked standard of yeast enolase (S. cerevisiae), which is an internal standard with a known
molecular weight. The false detection rate was taken at 1%.

Functional analysis was performed using the PANTHER (Protein Analysis Through
Evolutionary Relationships) classification system (http://pantherdb.org/).
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Electron Microscopy
Electron microscopy (EM) images were previously generated by Glenn Anderson (Clinical
Electron Microscopist at Great Ormond Street Hospital, UK) to study BC ultrastructure. These
pre-existing EM images were reused in this thesis. Summary of the protocol is as follows. All
samples were fixed in 2.5 % glutaraldehyde in 0.1 M cacodylate buffer (for 24 hours) followed
by secondary fixation in 1.0 % osmium tetroxide for 1 hour. Samples were then washed in
Buffer Wash (2x 5 minutes). Tissues were dehydrated in graded alcohol (70% alcohol, 90%
alcohol, 100% alcohol, 100% alcohol) for 10 minutes each and then transferred to propylene
oxide (2x 10 minutes) and a 50/50 mix of propylene oxide/resin mix (1 hour). Samples were
subsequently infiltrated and embedded in Agar 100 resin; this was done through two stages.
Firstly samples were transferred through two changes of Agar 100 Resin; the first time for
one hour at room temperature followed by a fresh change of resin where the sample remains
overnight at room temperature. Secondly, samples are transferred to coffin moulds or
‘beem’ capsules depending on the size and shape of the sample, and the orientation
required. The mould/capsule blocks are then filled with fresh resin and placed in an oven at
60°C for 48 hours for polymerisation. Following the 48 hour polymerisation period, the blocks
were solidified and ready for cutting. Ultrathin sections (90nm) were cut on a Leica Ultracut
UCT ultra-microtome using a Diatome diamond knife. Sections were picked up on copper
grids and stained with alcoholic uranyl acetate and Reynold’s lead citrate; the combination
of these stains produces high electron density which is important for image contrast. The
samples were examined on a JEOL transmission electron microscope.
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Mouse model
Depdc5 knockout (KO) mice
The Depdc5 KO mice were provided by the International Knockout Mouse Consortium (IKMC)
at the Medical Research Council (MRC) Harwell. The strategy used by the IKMC for the
generation of these KO mice is illustrated in Figure 3.12. This strategy is based on the
generation of a ‘knockout-first’ allele (Skarnes et al. 2011) in C57BL/6N embryonic stem (ES)
cells (Pettitt et al. 2009) using a 'critical' exon that is common to all transcript variants (of the
gene of interest). The removal of this critical exon results in a frame-shift mutation. In
summary, the 'knockout-first’ allele (tm1a) contains an IRES:lacZ trapping cassette and a
floxed promoter-driven neo cassette inserted into the intron of the gene of interest. The
trapping cassette carries an Engrailed (En2) splice acceptor sequence and poly-A
transcription termination signals which disrupt the function of targeted gene. loxP sites are
placed in introns of either side of a critical exon. The addition of Flp recombinase excises the
gene trap cassette, converting the ‘knockout-first’ allele to a conditional allele (tm1c) and
restoring the activity of the gene. An addition of Cre recombinase excises the floxed exon of
the tm1c allele, producing a frameshift and null mutation (tm1d). Cre recombinase can also
be used to convert the tm1a allele to the tm1b form and generate a non-conditional lacZtagged null allele, i.e. without the promoter-driven neo cassette and thus without the critical
exon (Figure 3.12) (Ryder et al. 2013).
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Figure 3.12 Schematic of the ‘knockout first’ allele promotor driven selection cassette strategy from
the International Knockout Mouse Consortium (IKMC).The ‘knockout-first’ allele (tm1a) contains an
IRES:lacZ trapping cassette and a floxed promoter-driven neo cassette inserted into the intron of a
gene of interest, thus disrupting gene function. Exposure to Flp recombinase results in the conversion
of the ‘knockout-first’ allele to a conditional allele (tm1c); this restores the gene function. A
subsequent exposure Cre recombinase deletes the promoter-driven selection cassette and floxed
exon of the tm1a allele to generate a non-conditional lacZ-tagged null allele without the promoterdriven neo cassette (tm1b). Exposure to Cre recombinase can be used to delete the floxed exon of the
tm1c allele to generate a frameshift mutation (tm1d) resulting in a nonsense mediated decay of the
deleted transcript. The substrate sequences for Cre and Flp recombinases are called loxP and FRT sites,
respectively. Image adapted from Skarnes et al. (2011).

The mice used for studies in this thesis were Depdc5 (G10) tm1b on C57BL/6NTac genetic
background. The main steps involved in the generation of these KO mice, as provided by
Michelle Stewart (from the IKMC), are as follows. Depdc5tm1a(EUCOMM)Hmgu mice were derived
from C57BL6/NTac ES cells. The null allele, Depdc5tm1b(EUCOMM)Hmgu, was created through in
vitro fertilisation (IVF) using Depdc5tm1a/+ sperm and C57BL6/NTac oocytes. Soluble cell
permeable Cre (TAT-Cre [Tat-NLS-Cre, HTNC, HTNCre], Excellegen, Rockville, USA) was added
to two cell Depdc5tm1a/+ embryos to convert them to Depdc5tm1b/+. This Cre construct was
selected for its high permeability. The exposure of Cre excised the selection cassette and
exon 5 (the ‘critical’ exon) of the Depdc5 gene, creating a lacZ tagged null allele. The soluble
Cre was removed through washes, thereby completing the IVF procedure. The Depdc5tm1b/+
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offspring were backcrossed to C57BL/6NTac. Brief details on the mice used is summarised in
Table 11.

Mouse number
1
2
3
4
5
6

Date of Birth
04 July 2015
04 July 2015
04 July 2015
04 July 2015
21 June 2015
21 June 2015

Age at sacrifice
66 days
66 days
66 days
66 days
79 days
79 days

Sex
Male
Male
Male
Male
Male
Male

Genotype
Heterozygous
Wild-type
Wild-type
Heterozygous
Heterozygous
Wild-type

Table 12 Demographics of mice used for the Depdc5 knockout mouse model study.

Histological and immunohistochemical studies on the mouse models
In order to analyse histological and immunohistochemical abnormalities, post-mortem brains
were cut into 3-4 coronal slices, and processed into FFPE blocks. Firstly, H&E stains were
performed using automated approach, as described in Chapter 3.4.1. Subsequently,
immunohistochemical staining was performed on the Leica Bond-MaxTM autostainer as
described in Chapter 3.6.1. The staining protocol was also the same, except this time slides
were incubated in M.O.MTM Mouse Ig Blocking Solution (Vector Laboratories; Catalog No.:
MP-2400) for 1 hour before incubating in the primary antibody. A working concentration of
the M.O.MTM Mouse Ig Blocking Solution was prepared by adding 2 drops of the stock
concentration of M.O.MTM Mouse Ig Blocking Solution to 2.5ml of ready-to-use 2.5% Normal
Horse Serum (Vector Laboratories; Catalog No.: MP-2400). The details of the four antibodies
used are shown in Table 12.
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Antibody

Supplier

Product
code

Working
dilution

Antigen
retrieval

Phospho-S6
Ribosomal
Protein
(Ser235/236
Phospho-4EBP1 (Thr37/46)

Cell
signalling

2211

1:500

ER2,
30mins

Cell
signalling

2855

1:200

ER2,
30mins

MAP-2 (clone
HM-2)
Neurofilament
200kD (clone
RT97 )

Sigmaaldrich
Leica
Novocastra

M4403

1:500

NCLNF200

1:200

ER1,
20mins
ER1,
20mins

Positive
control
tissue
Kidney,
heart and
gut

Species &
Clonal type

Kidney,
heart and
gut
Brain

Rabbit
Monoclonal

Brain

Rabbit
Monoclonal

Mouse
Monoclonal
Mouse
Monoclonal

Table 13 Primary antibodies and conditions used for immunohistochemical staining in the mouse
model study. HIER, heat-induced epitope retrieval; ER1, epitope retrieval solution 1, citrate buffer
based, pH 6.0.
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Characterisation of Novel Cell Population
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Chapter 4 Identification & Characterisation of Novel Cell
Population in FCD
Introduction
The pathogenesis of FCDIIb is poorly understood and it is unclear if BCs are the key
pathological cell or if there are other types of cells that are important in driving the
development of the disease. Analysis of Affymetrix™ Human Exon 1.0ST microarray data
revealed differentially expressed genes (DEGs) between a BC group and a control non-BC
group. Ingenuity Pathway Analysis (IPA; bioinformatics software) was used to identify
networks of the DEGs which generated 21 networks with various putative functions.

Are the network genes expressed in balloon cells?
In order to validate the networks generated by IPA Ingenuity, one of the networks was
selected for investigation based on its biological and functional relevance to balloon cell
biology and the general novelty of the connected genes. This network contained a micronetwork of genes that was highly up-regulated in the BC group, and consisted of the genes
PALLD (palladin), PRRX1 (paired related homeobox 1), CHI3L1 (chitinase 3 like 1) and TNC
(tenascin C) (Figure 4.1). The micro-network also included ERK1/2 (extracellular signal
regulated kinase 1 and 2) which was predicted to be involved in the network by IPA, and also
serve as the ‘hub’ of the network. The expression of a micro-network was validated using
immunohistochemistry on tissue microarrays with cases from FCD with balloon cells (FCDIIb)
and without balloon cells (FCDIIa), tuberous sclerosis (TS) and neocortex control (from
hippocampal sclerosis [HS] cases). Not only should this allow the validation of the networks,
it would also allow us ask importance biological questions, such as: are the network genes
expressed in BCs? Are the network genes expressed in the same BCs? If so, this could suggest
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that the micro-network may be part of a signalling pathway important in the pathogenesis of
FCD.

Figure 4.1 Network of genes generated by Ingenuity Pathway Analysis (IPA) found to be highly
upregulated in FCD. One of 21 networks generated by IPA using differentially expressed genes. A
micro-network was selected for further investigation (highlighted in blue), which consists of the genes
PALLD (palladin), PRRX1 (paired related homeobox 1), CHI3L1 (chitinase 3 like 1) and TNC (tenascin C).
IPA predicted the involvement of ERK in the network (highlighted in red). Pink represents upregulation and green represents down-regulation in the balloon cell group (FCDIIb and TS) compared
to the non-balloon cell group (FCDIIa and HS). Image courtesy of Simon Picker.

A description of each of the micro-network genes together with their known (published)
functions and expression patterns are summarised in Table 14. The results of the
immunohistochemical staining of the gene products is discussed, in turn, subsequently.
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Gene

Known functions

Known expression in
normal tissues

Known expression in
pathological tissues

Serine/
threonine
kinases

Part of the ERK
pathway. This
pathway is
important in various
cellular processes,
such as cell
proliferation, cell
death and
transcription (Lefloch
et al. 2009; Lu & Xu
2006).
Potential role as an
actin-associated
scaffolding molecule
in processes such as
cell adhesion and
motility (Dixon et al.
2008). May also have
a role in the
maintenance of a
normal actin
cytoskeleton (Parast
& Otey 2000).
Functions likely to
depend on the timing
of expression and the
cell type in which it is
expressed. During
the developing brain,
it may have a role in
the fate of neural cell
lineages and the
maintenance of selfrenewal capacity of
adult NSCs
(Shimozaki et al.
2013).
Multifunctional
molecule. Reported
roles in tissue injury,
tumorigenesis
(Midwood & Orend
2009), and immune
response (Udalova et
al. 2011)

Expressed ubiquitously
in mammalian cells.
ERK1/2 are highly
expressed in the CNS
and are activated in
physiological processes
such as synaptic
transmission,
neuroplasticity, cell
differentiation and
survival.
Expressed in actinfilament rich,
anchoring and motile
structures (Dixon et al.
2008).

ERK1/2 expression is
upregulated in
neurological
conditions, such as
epilepsy (Nateri et al.
2007).

Expressed from very
early stages of
embryogenesis mainly
in mesenchymespecific patterns
(Bergwerff et al. 1998)

Expression correlates
with invasive
phenotypes in
embryonic and cancer
cells. Low levels of
PRRX1 has been
associated with
metastasis and poor
prognosis (Ocaña et al.
2012).

Expressed transiently
during development
and repair (Jones &
Jones 2000). In the
developing brain, it is
expressed by
immature astrocytes
and neurons, and
neural stem cells (Von
Holst et al. 2007).

Re-expressed
pathological states
such as wound healing,
inflammation, cancer
invasion (Jones &
Jones 2000).

PALLD

ERK1/2

Description

A recently
discovered
member of a
family of actinassociated
proteins (Dixon
et al. 2008).

TNC

PRRX1

A DNA-binding
homeodomain
transcription
factor

A multi-domain
extracellular
matrix
glycoprotein
(Orend 2005).
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Expression significantly
higher in various
tumours compared to
controls.
Overexpression may
contribute to the
invasive behaviour of
metastatic cells
(Goicoechea et al.
2009; Brentnall et al.
2012).

CHI3L1

A secreted
glycoprotein,
from the
glycosyl
hydrolase
family 18,
without
chitinase
activity
(Henrissat &
Bairoch 1993).

May act as a growth,
adhesion, and
chemotactic factor
for several cell types.
Little else is known
about the
mechanisms of
CHI3L1-mediated
cellular effects
(Coffman 2008).

Secreted by a wide
range of cell types,
such as macrophages,
chondrocytes,
neutrophils and
synovial cells.
(Coffman 2008).

Expression associated
with inflammatory
pathologies, such as
multiple sclerosis
(Bonneh-Barkay et al.
2010) as well as solid
carcinomas, such as
glioblastoma (Zhang
et al. 2010).

Table 14 IPA Micro-Network genes. Brief description of each of the biomarkers with some of their
known (published) functions and expression patterns.

Extracellular Signal Regulated Kinase 1 and 2 (ERK1/2)
Phospho-ERK1/2 immunohistochemistry was used to study the expression patterns of
activated ERK1/2 (hereafter referred to as pERK for ease) in BCs. Representative staining
patterns of pERK in each of the disease types of interest are shown in Figure 4.2.
Immunopositive BCs were seen in all of the BC-cases. The degree of positivity in BC varied
greatly; majority of BCs were very strongly stained, some were moderately stained and some
were weakly stained. A population of BCs were also negative for pERK; most of these were
found in the TS cases. BCs that were positive exhibited nuclear and cytoplasmic staining.
While a population of neuronal cells also demonstrated moderate to strong positivity in the
BC-cases, the majority of neurons were negative. This was the case for both dysmorphic and
normal neurons. Many glial cells showed moderate to strong immunostaining. No endothelial
staining was seen. The neuropil of the BC cases was general moderately stained. In the nonBC cases, neurons (normal and dysmorphic) were either weakly stained or negative. Similarly,
the neuropil in these cases were very weakly stained or negative. Moderate immunostaining
was seen in a population of glial cells in all of the cases. Endothelial cells were largely
negative.
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Figure 4.2 Extracellular Signal Regulated Kinase 1 and 2 (ERK1/2) immunostaining. Images of
representative immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B)
tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal
sclerosis (HS). Scale bar 20μm. Beneath each of the immunostaining images is a radar plot showing
the intensity of staining. The intensity of staining of various cell types and brain regions is scored from
0 (negative) – 3 (heavily stained).

Palladin (PALLD)
PALLD immunohistochemistry showed positive BCs in all of the BC cases. The staining
intensity of these positive BCs varied from mild to strong; some of the PALLD-positive BCs
exhibited cytoplasmic staining while others had largely membranous staining. The majority
of BCs, however, were negative for PALLD. No other cell type was positive in the BC cases;
neurons and glial cells were always negative. Similarly, there was no staining in the non-BC
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cases; all the cell types were negative, the neuropil and white matter were also negative.
Although most of the BCs were found to be negative, BCs were the only cell type in all of the
cases to show immunoreactivity. Representative staining patterns of PALLD in each of the
tissue types of interest are shown in Figure 4.3.

Figure 4.3 Palladin (PALLD) immunostaining. Images of representative immunohistochemical staining
in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type
IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath each of the
immunostaining images is a radar plot showing the intensity of staining. The intensity of staining of
various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).
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Paired Related Homeobox 1 (PRRX1)
PRRX1 immunohistochemistry showed that the majority of BCs expressed PRRX1 in all the BC
cases. The majority of these BCs exhibited moderate immunostaining. The positive staining
in the BCs was mainly cytoplasmic; however, some BC showed membranous PRRX1 staining.
A small population of BCs in each of the cases were also negative for PRRX1. A small
population of normal neurons and glial cells also demonstrated mild to moderate
cytoplasmic immunoreactivity. The neuropil of the BC cases was negative. In the non-BC
cases, all the cell types were mostly negative. Neurons (dysmorphic or normal) and glia were
negative with an exception of a rare few very weakly stained cells which may be due to nonspecific staining. Like the BC cases, the neuropil in the non-BC cases were also negative.
Representative staining patterns of PRRX1 in each of the tissue types of interest are shown
in Figure 4.4.
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Figure 4.4 Paired Related Homeobox 1 (PRRX1) immunostaining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
C) focal cortical dysplasia type IIa (FCDIIa), and D) hippocampal sclerosis (HS). Scale bar 20μm. Beneath
each of the immunostaining images is a radar plot showing the intensity of staining. The intensity of
staining of various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).

Tenascin C (TNC)
TNC immunohistochemical staining showed the majority of BCs demonstrated cytoplasmic
staining. Most of the immunopositive BCs were very strongly stained, however a small
population of BC showed weaker staining. The heavily stained BCs were sometimes difficult
to detect due to an equally heavily stained background neuropil. A small population of BCs
were found to be negative for TNC; the proportion of these TNC-negative BCs varied between
cases. While the majority of neurons in BC cases were negative, a small proportion exhibited
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cytoplasmic immunostaining. The staining intensity of these TNC-positive neurons varied
from weakly staining to very strong. A small population of glial cell showed cytoplasmic
staining. Like the BC cases, neurons and glial cells in the non-BC cases were largely negative
with a few exceptions. The neuropil and white matter was very heavily stained, regardless of
the tissue type. The main difference between the BC cases and non-BC cases is the heavily
stained BCs. Representative staining patterns of TNC in each of the disease types of interest
are shown in Figure 4.5.

Figure 4.5 Tenascin C (TNC) immunostaining. Images of representative immunohistochemical staining
in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type
IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath each of the
immunostaining images is a radar plot showing the intensity of staining. The intensity of staining of
various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).
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Chitinase 3 Like 1 (CHI3L1)
The last component of the network to discuss is CHI3L1. CHI3L1 immunohistochemistry
showed that many BCs were negative. However, a notable population of BC exhibited CHI3L1
cytoplasmic immunoreactivity; the staining intensity of these positive BCs varied from weakly
stained to moderately staining. Strong cytoplasmic CHI3L1 immunostaining was seen in a
subpopulation of what appeared to be glial cells; the remaining glial cells were negative. The
vast majority of these CHI3L1-postive cells were found frequently adjacent to BCs. Neurons
in the BC cases were generally negative; the few positive neurons that were seen exhibited
weak cytoplasmic staining. The neuropil in BC cases had moderate staining. In the non-BC
cases, weak to moderate cytoplasmic immunostaining was seen in a subpopulation of glial
cells. Similar to the BC cases, only a small population of neurons expressed CHI3L1; the
staining of which was generally weak cytoplasmic. The staining of the neuropil in the non-BC
cases were generally negative for CHI3L1. Representative staining patterns of CHI3L1 in each
of the tissue types of interest are shown in Figure 4.6.

147

Figure 4.6 Chitinase 3 like 1 (CHI3L1) immunostaining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale
bar 20μm. Beneath each of the immunostaining images is a radar plot showing the intensity of
staining. The intensity of staining of various cell types and brain regions is scored from 0 (negative) –
3 (heavily stained).

If CHI3L1 signals to BCs, I would hypothesis that BCs would express a receptor for CHI3L1. To
test this hypothesis, immunohistochemistry was used to investigate whether BCs express, IL13Rα2, the major receptor for CHI3L1. Strikingly, all BCs were found to express IL-13Rα2;
examples of which are shown in Figure 4.7. The staining intensity varied from moderate to
strong. No negative BCs were seen. It is very interesting that BCs always expressed the CHI3L1
receptor IL-13Rα2 as it suggests that BCs could be involved in paracrine signalling given that
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the BCs were found frequently adjacent to a CHI3L1 positive glial-like cell population. This
concept is discussed in greater detail later in this Chapter.

Figure 4.7 IL-13Rα2 immunostaining. Balloon cells (arrows) in focal cortical dysplasia (FCDIIb) and
tuberous sclerosis (TS) express IL-13Rα2. Scale bar 20μm.

Are the network components expressed in the same balloon
cells?
All five of the network components showed a different pattern of expression between BC
and non-BC cases. BCs expressed pERK, PALLD, PRRX1 and TNC. However, CHI3L1 was
expressed by a unique population of cells adjacent to BCs. Having validated the IPA micronetwork, the next question to address was whether the network components were
expressed in the same BCs and potentially part of a signaling pathway involved in FCD.

Given that ERK1/2 was the hub gene of the network, i.e. the gene with the highest degree of
connectivity, pERK (the active form) was co-labelled with the other network components
using immunofluorescence (Figure 4.8). The individual immunofluorescence staining
confirmed the immunohistochemistry results. Although the staining of pERK positivity varied,
most BCs were positive for pERK in all of the combinations. Examples of pERK-positive and
negative BCs can be seen in the left column of Figure 4.8. Despite the fact that many BCs
were found to be negative for PALLD, BCs that were positive for PALLD were also positive for
pERK. BCs that were positive for TNC were mostly positive for pERK. There were BCs that
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were negative for both pERK and TNC. In such cases, there was always an adjacent BC with
positivity. Similarly, BCs that were positive for PRRX1 were also mostly positive for pERK, and
those that were negative for pERK were also negative for PRRX1. In support of the previous
results, immunofluorescence staining confirmed that BCs were mostly negative for CHI3L1.
However, a few CHI3L1 positive BCs were seen which interestingly co-expressed pERK. Strong
CHI3L1 positivity was noted in small glial-like cells that were distinct from BCs (as discussed
in Chapter 4.2.5). Almost all of these cells were also positive for pERK. Taken together, the
data suggest that the micro-network components could be expressed in the same BCs, and
thus could be part of a signalling pathway important in the pathogenesis of FCD.

Figure 4.8 Co-expression of the hub gene ERK with other network components in balloon cells.
Double immunofluorescence labelling of pERK with PALLD (first row), TNC (second row), PRRX1 (third
row), and CHI3L1 (last row). pERK is shown in green, whereas the other network components are
shown in red. Blue = DAPI. pERK, phosphorylated extracellular signal regulated kinase 1 and 2 (p-
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ERK1/2); PALLD, palladin; PRRX1, paired related homeobox 1; CHI3L1, chitinase 3 like 1; TNC, tenascin
C. Scale bar 20μm.

What is the identity of the CHI3L1-positive cells?
As discussed in Chapter 3.3.2, strong immunohistochemical staining of CHI3L1 was seen in a
subpopulation of small glial-like cells which were found frequently adjacent to BCs. Two of
the network components, CHI3L1 and pERK, were expressed in these cells (Figure 4.9). There
is no evidence that the other three network components, PALLD, PRRX1 and TNC, were also
expressed.

Figure 4.9 CHI3L1 and pERK are expressed in the novel cells. A) CHI3L1 immunostaining: balloon cells
were often negative; however, the novel cells CHI3L1 was expressed at high levels in the novel cells.
B) pERK immunostaining: the novel cells also expressed pERK. Balloon cells = solid arrow; novel cells =
dotted arrow. Scale bar 20μm.

Lineage-based identification of the CHI3L1-positive cells
Although CHI3L1-positive were originally identified in what appeared to be glial cells, these
cells have never been explored; therefore, their identity was not known. Given their
morphology and their known expression during late stages of macrophage differentiation
(Rehli et al. 2003), one hypothesis is that these cells are microglia. To test this hypothesis, a
lineage-based immunofluorescence approach was undertaken, where CHI3L1 was colabelled with various linage markers.
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The CHI3L1-positive cells were always negative for all the neuronal markers, both immature
and mature makers, including DCX, TuJ-1 and NeuN (Figure 4.10). The cells were also negative
for microglial markers CD68 and Iba-1 (Figure 4.11). However, a significant proportion
(57.1%) expressed GFAP (Figure 4.11), which is an astroglial marker but also expressed in
progenitor cells (Liu et al. 2010). The vast majority of the CHI3L1-positive cells expressed SOX2 (91.6%), a reliable neural stem cell marker (Figure 4.12). A significant proportion of the cells
expressed nestin (35.6%), another neural stem/progenitor marker (Figure 4.12). The cells
also occasionally expressed vimentin (12.1%), which can be considered a progenitor cells
(Figure 4.12). Furthermore, virtually all of the CHI3L1-positive cells expressed S100β (99.1%)
and a majority expressed GFAP-δ (83.6%), two key markers of glial progenitor cells (Figure
4.13). A proportion also expressed reelin (19.6%), another glial progenitor cell marker (Figure
4.13). Taken together, the CHI3L1-positive cells only express neural stem cell markers and/or
glial progenitor markers (Figure 4.14 and Table 14). Thus, the data suggest that these cells
could be glial progenitor cells.
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Figure 4.10 CHI3L1 double staining with neuronal markers. CHI3L1 (green) co-stained with mature
neuronal marker NeuN (red; first row) and immature neuronal markers TuJ-1 (red; second row) and
DCX (red; last row). Blue = DAPI. CHI3L1, chitinase 3 like 1; NeuN, neuronal nuclei; TuJ-1, βIII tubulin;
DCX, doublecortin. Scale bar 20μm.
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Figure 4.11 CHI3L1 double staining with glial markers. CHI3L1 (green) co-stained with microglial
markers CD68 (red; first row) and Iba-1 (red; second row) and the astroglial marker GFAP (red; last
row). Blue = DAPI. CHI3L1, chitinase 3 like 1; CD68, CD68 molecule; Iba-1, ionized calcium binding
adaptor molecule 1; GFAP, glial fibrillary acidic protein. Scale bar 20μm.

Figure 4.12 CHI3L1 double staining with progenitor/stem cell markers. CHI3L1 (green) co-stained
with SOX-2 (red; first row), nestin (red; second row) and VIM (red; last row). Blue = DAPI. CHI3L1,
chitinase 3 like 1; SOX-2, SRY (sex determining region Y)-box 2; VIM, vimentin. Scale bar 20μm.
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Figure 4.13 CHI3L1 double staining with glial progenitor lineage markers. CHI3L1 (green) co-stained
with S100β (red; first row), GFAP-δ (red; second row) and reelin (red; last row). Blue = DAPI. CHI3L1,
chitinase 3 like 1; S100β, S100 calcium-binding protein β; GFAP-δ, glial fibrillary acidic protein δ. Scale
bar 20μm.

Table 15 The percentage of the CHI3L1-positive novel cells to express various lineage markers. % =
Percentage; Cl= half width of 95% confidence interval.
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Figure 4.14 Graph showing the percentage of the CHI3L1-positive glial-like cells to express various
lineage markers. The cells were negative for neuronal markers as well as mature glial markers (except
GFAP). The cells expressed a combination of neural stem/progenitor cell markers and progenitor
markers.

Discussion of results
Results from this study provide evidence that other cell types, besides BCs, could be involved
in the pathogenesis of the disease. Analyses of Affymetrix™ Human Exon 1.0ST microarray
data revealed a network of interacting genes that were dysregulated in FCDIIb compared to
normally formed cortex or FCD lacking BCs (FCDIIa). Some components of this network were
expressed in BCs but others were expressed in another cell population. This is potentially a
novel cell population that are pathological in nature given that the cells are only seen in
FCDIIb and not in controls. Double immunofluorescence studies suggested this cell
population has a phenotype of glial progenitor cells.

Interestingly, a recent study also found a population of cells with a similar phenotype to the
novel cell population identified in this study. Bjørnbak and colleagues identified a population
of CHI3L1-positive, small, rounded cells in the ventricular and subventricular zones of
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developing human brain. Using a range of immunohistochemical and immunofluorescence
techniques, the authors suggested CHI3L1-positive cells represent a subpopulation of
astroglial progenitors as they colocalised with GFAP positive radial glial cells, and that CHI3L1
plays a role in the differentiation of a particular astrocytic lineage (Bjørnbak et al. 2014).
Another study also reported small round progenitor cells in the SVZ which were suggested to
be astroglial progenitor cells due to their expression patterns. Their late appearance in the
SVZ corresponds to the initiation of gliogenesis (Brøchner et al. 2015). These studies support
the findings presented in this Chapter.

Signalling between (and within) the glial progenitor cells and BCs
Signaling between BCs and the glial progenitor cells can possibly be driving, or at least
involved, in the pathogenesis of FCDIIb. CHI3L1, which is a secretory glycoprotein, may be
central to the paracrine signalling. A proposed mechanism for this paracrine signalling is
shown in Figure 4.15.

Figure 4.15 Proposed paracrine signalling between balloon cells and the CHI3L1 positive glial
progenitor cells. Possible role of CHI3L1 in the activation of the ERK pathway (green) and mTOR
pathway (blue); both of which are high interrelated pathways implicated in FCD pathogenesis. The
CHI3L1 can also act upon the cells that secrete them in a cell-autonomous manner.
157

The receptors that mediate the effects of CHI3L1 are poorly defined. He and colleagues have
recently identified interleukin-13 receptor α2 (IL-13Rα2) as a receptor for CHI3L1 (He et al.
2013). IL-13Rα2 has been known for decades as a high-affinity receptor for the Th2-derived
cytokine interleukin-13 (IL-13) (Zhang et al. 1997; Donaldson et al. 1998). Until recently IL13Rα2 was believed to be a decoy receptor because of its short cytoplasmic tail lacking box1 and box-2 signalling motifs. However, there is increasing evidence that IL-13Rα2 does
indeed have signalling capabilities (Andrews et al. 2009; Fichtner-Feigl et al. 2006; FichtnerFeigl et al. 2008; He et al. 2013). Intracellular, membrane-bound, and possibly soluble forms
of the IL-13Rα2 have been described (Konstantinidis et al. 2008; Chen et al. 2009). Recent
studies have demonstrated that IL-13 is not the only ligand for IL-13Rα2. CHI3L1 can too bind
to IL-13Rα2 to signal and regulate several physiological and pathological processes such as
apoptosis, pathogen responses, melanoma metastasis, and TGF-β1 signalling (He et al. 2013).
He et al. suggested that IL-13, CHI3L1 and IL-13Rα2 form a multimeric complex, where CHI3L1
and IL-13 do not compete with one each other for IL-13Rα2 binding, abrogate one another’s
signalling or bind to the same position on IL-13Rα2. This multimeric complex could include
other glycoproteins and lectins. Interestingly, the authors also showed that IL-13Rα2 is not
the only receptor for CHI3L1 since the knockout of IL-13Rα2 only partially abrogated the
effects of CHI3L1 (He et al. 2013). Other putative receptors for CHI3L1 include the protease
activated receptor 2 (Görgens et al. 2014), syndecan-1 and integrin αv β3 (Kamba et al. 2013).
Like CHI3L1, IL-13Rα2 has been shown to be overexpressed in various tumours, particularly
paediatric brain tumours (Kawakami et al. 2004).

The glial progenitor cells, which express CHI3L1, may secrete CHI3L1 which can subsequently
bind to its receptor IL-13Rα2 on BCs. Once bound, CHI3L1 can activate ERK and mTOR
pathways, through the activation of ERK (Areshkov et al. 2011; He et al. 2013) and AKT (Chen
et al. 2011; He et al. 2013). These two pathways are widely accepted as major pathways
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implicated in the pathogenesis of FCD (Chapter 1.5). Several studies have shown BCs that
express markers of mTOR activation (Baybis et al. 2004; Yasin et al. 2010; Ljungberg et al.
2006; Miyata et al. 2004; Orlova et al. 2010; Crino 2005). Furthermore, there is evidence
supporting an activated ERK signalling pathway in BCs. The immunohistochemical and
immunofluorescence staining from this study (Figure 4.2 and Figure 4.9) has shown that the
majority of BCs express phosphorylated (activated) ERK. The binding of CHI3L1 to its receptor
can also activate the Wnt pathway (He et al. 2013). The implication of this pathway in FCD
together with its interactions with the mTOR pathway is discussed in Chapter 1.5.

Autocrine signalling between the network components within BCs may also be of biological
importance. Possible published interactions between the network components, which may
occur within BCs, is given below.



TNC-ERK

TNC and ERK may be part of part of a positive feedback loop, whereby the activation of
one leads to the activation of the other, which induces further expression of the former.
TNC can also activate ERK through the expression of the epidermal growth factor
receptor (Yagi et al. 2010; Scott Swindle et al. 2001). A recent study demonstrated that
TNC can phosphorylate ERK to induce the activation of NF-κB (Shi et al. 2015).
Interestingly, results from Chapter 7.3.1.1 provide evidence for NF-κB activation in BCs;
thus BCs express TNC, activated ERK and activated NF-κB. Interestingly, phosphorylated
ERK has also been shown to induce the expression of TNC (Maschler et al. 2004).



PRRX1-ERK

PRRX1 can activate the transforming growth factor-β (TGFβ) signalling pathway, through
regulated expression of TGFβ; the knockdown of Prrx1 decreases the expression of TGFβ
(Du et al. 2013). TGFβ is a secreted protein involved in the regulation of several biological
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processes, such as cellular proliferation and cell growth. TGFβ classically signals through
the canonical Smad signalling pathway for its effects on transcription. TGFβ can also
regulate transcription through the activation of ERK, complementing the Smad signalling.
At translational level, TGFβ can interact with the ERK/mTOR signalling pathway to
regulate downstream targets. An interesting study by Suer et al. (2009) provides
evidence that TGFβ can phosphorylate and activate mTOR and its downstream targets
pS6 and 4E-BP1. The inhibition of ERK blocks this TGFβ-induced mTOR activation, which
in turn impair TGFβ signalling (Suer et al. 2009). A link between PRRX1, TGFβ, ERK, and
mTOR appears to be play a role in the translational control of the expression of genes
involved in cell growth, survival, and homeostasis. Another study suggests that the ERK
and mTOR pathways could be involved in the upstream regulation of PRRX1 expression
(Suzuki et al. 2007).



PRRX1-TNC

PRRX1 expression patterns appear to overlap with that of TNC, especially during
development (Leussink et al. 1995; Bergwerff et al. 1998; Lu et al. 1999). Interestingly,
Gates and colleagues have shown that the overexpression of PRRX1 can activate the TNC
gene promoter in Prx1-null cells (Gates et al. 1999). Additionally, the activation of ERK
and binding of PRRX1 to the TNC gene promoter are important factors that drive the
transcription of TNC (Ihida-Stansbury et al. 2006; Jones et al. 2001). Ihida-Stansbury et
al. (2006) showed that the overexpression of PRRX1 results in a significantly enhanced
TNC gene promoter activity, and the inhibition of ERK leads to significantly suppressed
TNC gene promoter activity (Ihida-Stansbury et al. 2006).



PALLD-ERK

PALLD has recently been shown to be a novel substrate of ERK. PALLD is required in its
active phosphorylated form to carry out its functions. In this regard, ERK can

160

phosphorylate (activate) PALLD; inhibition of ERK activation reduces PALLD
phosphorylation (Asano et al. 2011). Furthermore, the expression of an active form of
MEK (a kinase that phosphorylates and activates ERK) alone was found to be sufficient
to phosphorylate PALLD (Asano et al. 2011). Another study has shown that PALLD is a
substrate of AKT1 (Chin & Toker 2010). AKT1 is a kinase downstream of PI3K in the
PI3K/AKT/mTOR pathway and regulates TSC2 (Liu et al. 2006). ATK1 also regulates the
ERK pathway (Irie et al. 2005).

In addition to acting as paracrine effector between the novel cells and BCs, CHI3L1 can also
act up on the novel cells that secrete it, in an autocrine manner, which can then initiate and
activate the ERK signalling pathway. In support of this, the glial progenitor cells were found
to express high levels of phosphorylated ERK (Figure 4.9). The expression of other
components of the ERK pathway or downstream targets in the glial progenitor cells have not
yet been investigated. Further investigation into these would help strengthen the proposed
signalling hypothesis.

To conclude, the micro-network of the genes ERK, PALLD, PRRX1, TNC and CHI3L1 appears to
be a non-cell autonomous network that acts across cell types within the FCDIIb lesion. This
non-cell autonomous network would not have been identified had analyses been performed
on isolated BCs instead of a whole lesion approach. The approach undertaken in this study
also identified a population of glial progenitors that could have a role in the pathogenesis of
FCD by secreting factors that influence gene expression by BCs. Alternatively, there is a
possibility these glial progenitor cells and BCs share the same lineage and that the glial
progenitor cells could become BCs, given their shared glial progenitor phenotypes.
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Limitations of study
The current study raises a number of hypotheses about the roles of the signalling pathways
between cell types in FCD; however, it does not prove the hypotheses in an experimental
model. Thus, several functional studies are required to answer questions such as: Are BCs
and the glial progenitor cells adjacent to one another by chance or is there a
physiopathological role? Does signalling between them contribute to the disease? Can the
signalling be targeted? Further investigations into the role of these cells would give us a
better understanding of the molecular abnormalities underlying FCD and possibly provide
novel therapeutic targets.

Future directions
Before addressing functional questions, it would be useful to further define and characterise
the key cell types by identifying marker genes. To this end, single-cell RNA-sequencing can
be performed on isolated BCs and glial progenitor cells This approach could provide more
detailed information on novel mechanisms of interaction between these two cell types, for
instance whether other receptors/signalling pathways could be involved. The ideal approach
to define cell types would be to use molecular profiling in situ. This would not only provide a
quantitative measure gene expression but also the location of the transcript within a cell or
tissue of interest. A recent study describes a novel unbiased and transcriptome-wide method
for sequencing RNA in single cells in situ, which can be used to detect tissue-specific gene
expression, RNA splicing and post-transcriptional modifications. This technique, named
fluorescence in situ RNA sequencing (FISSEQ), uses the cell as a sequencing chip and provides
spatial information about the location of RNA (Lee et al. 2015). This would allow the cell types
to be identified more effectively by the co-expression of more specific genes. The location of
such marker genes can provide an invaluable insight into whether the two cell types are
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possibly interacting with other cell types. The regional location of cells in the brain tissue may
be of biological significance.

Cell culture studies can provide a better understanding on the functional roles of the glial
progenitor cells and the micro-network of genes identified in this Chapter. Using single cell
isolation methods, such as fluorescence-activated cell sorting and laser capture
microdissection, the cells of interest can be isolated and then grown/maintained in culture
with suitable medium containing nutrients and specific protein growth factors. If single cell
RNA-seq identifies genes that suggest the glial progenitor cells are a primitive version of BCs,
cell culture experiments can be used to see whether the glial progenitor cells be encouraged
to develop into BCs in culture. Co-culture studies of BCs and the glial progenitor cells can be
used to closely monitor the interactions the two cell types. Further cell culture studies can
be set up to answer questions such as: What are the effects of removing novel cells/BCs on
one another? What are the effects of introducing these glial progenitor cells to cultures of
normal cortex or FCDIIa? What are the effects of knocking out or knocking down each of the
micro-network genes on the phenotype of BCs and the glial progenitor cells?

The physiological role of CHI3L1 in FCD – or even in the brain – is largely unknown. It has
been suggested to be important in the astrocytic response modulating neuro-inflammation
(Wiley et al. 2014; Bonneh-Barkay et al. 2010). CHI3L1 may also be involved in the
differentiation of a certain astrocytic lineage (Bjørnbak et al. 2014). In vivo xenograft
experiments could be set up to provide further insight of the roles of CHI3L1 in FCD. BCs
and/or novel cells (isolated from culture) or a vehicle control could be injected into the
cerebral cortex of wild type mice at various developmental stages to see the effects on
phenotype; neurological deficits could be monitored in live animals for 2-3 weeks followed
up with histological and immunohistochemical studies on sacrificed animals.
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Chapter 5: Identification of Co-expressed
Gene Networks in FCD
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Chapter 5 Identification of Co-expressed Gene Networks in
FCD
Introduction
The characterisation of FCD at the systems level could provide integrative knowledge to
better understand the molecular abnormalities underlying the pathogenesis. WGCNA is an
unbiased systems biology that can generate networks of co-expressed genes, composed of
co-regulated genes and highly connected 'hub' genes that are likely to regulate them.
WGCNA was applied to whole genome microarray expression data derived from FCD and 8
novel networks of co-expressed genes were generated (Figure 5.1).

Figure 5.1 Eight novel networks of co-regulated genes in FCD generated by Weighted Gene Coexpression Network Analysis (WGCNA). These networks have been labelled A-H. The nodes (genes)
are represented by pink circles; the node degree (the connectivity of a node) is represented by the
size of the node; each edge (gene relationship) is represented as a line between a pair of nodes
(genes); the edge adjacency weight is represented by the thickness of each edge. Image produced in
Cytoscape, and courtesy of Simon Picker.
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Hierarchical clustering has grouped the networks as disease-associated networks and nondisease associated networks (the ‘disease’ in this terminology refers to disease in the context
of BCs (i.e. FCDIIb and TS). For the disease associated networks, the BC cases were clustered
together and away from the non-BC cases. This clustering pattern was not seen with the nondisease associated networks.

The aims for this study are two-fold. Firstly, to investigate whether WGCNA networks
identified as disease-associated are indeed specific to BC cases, or at the very least the
network genes are expressed in BCs, a cell type that is specific to this disease group. Secondly,
to investigate the hypothesis that the non-disease associated networks represent something
unrelated to diagnosis, such as cell types. Interestingly, previous studies have shown that
WGCNA can identify cell type-specific networks in the brain (Miller et al. 2013; Oldham et al.
2009).

Representative genes were selected from the networks to investigate further (Table 16).
Network A comprised of almost 300 genes and was associated with a clustering pattern that
was difficult to interpret biologically and choose representative genes. Therefore, this
network requires additional analyses before any validation can be performed. Networks B,
C, D, E, G and H were investigated using immunohistochemical staining on tissue microarrays
composed of cores representative of pathology from FCD with balloon cells (FCDIIb), FCD
without balloon cells (FCDIIa), tuberous sclerosis (TS) and neocortex control (from
hippocampal sclerosis [HS] cases). It was not possible to validate Network F using
immunohistochemistry but this network is discussed later in this Chapter.
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Disease-associated
networks
Non-disease associated
networks

Network
B
D
H
A
C
E
F
G

Genes tested
CD109, PDPN, VIM
LARP7, IQCG
RASSF9, CD58
TYMS, PLD1
ANLN, TMEM144
ASPA, HHIP

Table 16 Genes selected for validation and their respective network. Network validations were
conducted using immunohistochemistry except for network F. Network A has not been validated.

Are the disease-associated networks specific to BC cases?
Hierarchical clustering had grouped the following three networks (networks B, D, and H) as
disease- associated networks. The representative genes of these networks were analysed to
see if they were are specific to BC cases or expressed in BCs.

Network B
The clustering dendrogram for Network B showed that cases clustered according to the
presence of BCs. BC cases are clustered on the right whereas the non-BC cases are clustered
on the left (Figure 5.2).
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Figure 5.2 Heatmap and clustering dendrogram for Network B (a disease-associated network). The
dendrogram on the top of the heatmap shows that the samples are clustered according to the
presence or absence of balloon cells (grey = non-BC group, black = BC group). [Please note: the
grouping of samples are defined by the clustering not by the presence or absence of BCs. Therefore
classification of cases FCD2b_3, TS_1 and TS_3 into the non-BC group reflects the clustering of these
cases, not whether they contained BCs. It is likely that these cases were not representative of the
pathology and therefore were more similar to FCDIIa or normal brain at the expression level]. The
samples did not cluster according to the other sample attributes (ordered from beneath the
dendrogram down): anatomical location of surgical resection; gender of patient; anatomical laterality;
diagnosis; BC-group/non-BC group. Please refer to Figure 2.3 for a key for the colour-coded sample
attributes. The different disease cases are down the columns and the different genes of the network
are across the rows; three of these genes were selected for further validation: PDPN, CD109, and VIM.
Red represents high gene expression and green represents low gene expression. Image courtesy of
Simon Picker.

Network B consists of 45 genes, the expression level of each of these genes in each of the
cases is shown in Figure 5.2. Three of these were selected to represent this Network: PDPN,
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VIM, and CD109. Brief details of these genes are shown in Table 17 and the results from

PDPN

C109

Gene

immunohistochemical staining is described thereafter.

Description

Functions

Expression in normal
tissues

Expression in
pathological tissues

Cell surface
glycoprotein
and a member
of the α2macroglobulin
complement
gene family (Lin
et al. 2002).

The function remains
largely unknown.
CD109 may modulate
TGF-β and EGF
signalling (Finnson et
al. 2006; Zhang et al.
2015).

Expressed on a
subset of
hematopoietic stem
and progenitor cells
and on activated
platelets and T cells
(Lin et al. 2002).

Expressed in a wide
range of human,
including CNS tumours
(Hashimoto et al. 2004).

A small
transmembrane
mucin-like
protein (Renart
et al. 2015).

Roles in
development,
tumorigenesis, and
immune cell
interactions (Astarita
et al. 2012; Wicki et
al. 2006).
Wide variety of
biological processes,
such as normal
cellular homeostasis,
inflammation,
apoptosis, and viral
infection (Ivaska et
al. 2007).

Wide range of tissue
types, including
those from the brain,
heart, kidney, lungs,
osteoblasts, and
lymphoid organs
(Astarita et al. 2012).
Expressed in several
cell types of
mesodermal origin,
such as the
mesenchyme and
fibroblasts, and
certain cells from the
ectodermal lineage,
such as neural stem
cells.

Expressed in several
types of tumours,
including CNS tumours
(Schacht et al. 2005;
Shibahara et al. 2006;
Fukunaga 2005).

VIM

Type III
intermediate
filament
protein.

Expression reported in
various pathologies,
mainly cancers such as
CNS tumours (Satelli & Li
2011). Increased
expression also
associated epilepsy
(Stringer 1996).

Table 17 Genes selected from Network B for further validation. Brief description of the genes with
some of their known (published) functions and expression patterns.

Podoplanin (PDPN)
PDPN immunohistochemistry showed staining only in BC cases, while non-BC cases were
always negative. This staining pattern reflects an interesting example of a disease-associated
network, whereby immunostaining could easily differentiate BC cases from non-BC cases.
Representative images of PDPN immunostaining in each of the four tissue types of interest
are shown in Figure 5.3.
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The majority of BCs in BC cases demonstrated moderate to strong cytoplasmic
immunoreactivity. A small population of negative BCs was also noted, although these were
not common. Dysmorphic neurons in BC cases were found to exhibit moderate to strong
cytoplasmic immunostaining. The neuropil of these cases stained for PDPN; immunostaining
of the neuropil appears to be dependent on the density of BCs present. Immunostaining was
strongest in BC-rich regions compared to the moderate immunostaining seen in regions with
a lower BC density. The remaining cell types (normal neurons, glial cells, and endothelial cells)
in the BC cases did not show immunoreactivity with a few exceptions. The white matter also
did not stain for PDPN. In the non-BC cases, there was no immunoreactivity; normal neurons,
dysmorphic neurons, small glia, endothelial cells, the neuropil and the white matter were all
negative.
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Figure 5.3 Podoplanin (PDPN) immunostaining. Images of representative immunohistochemical
staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical
dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath
each of the immunostaining images is a radar plot showing the intensity of staining. The intensity of
staining of various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).

Vimentin (VIM)
VIM immunohistochemical staining is routinely used in clinical histopathology laboratories
to identify BCs (Blümcke et al. 2011). In line with this, virtually all BCs in the BC cases
demonstrated cytoplasmic immunoreactivity. Thus, the expression of VIM reflects a diseaseassociated staining pattern. Representative images of VIM immunostaining in each of the
four tissue types of interest are shown in Figure 5.4.
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The majority of the positive BCs showed very strong staining; however, a small proportion of
moderately stained BCs was also noted. In addition to BCs, astrocytes showed often showed
strong staining in FCDIIb cases and moderately stained in TS cases. Vascular endothelial cells
also had moderate to strong VIM immunostaining in BC cases. The neuropil in the BC cases
was also positive for VIM; the intensity of staining appeared to be dependent on the cellular
characteristics of the tissue. Strong neuropil immunostaining was seen BC-rich regions of the
cortex, whereas the neuropil of cortices with fewer BCs were observed to have weaker
staining. In contrast, the white matter did not stain VIM in any of the BC cases, BCs were also
not found in these white matter regions. Neurons (dysmorphic and normal) were always
negative in both BC and non-BC cases. Other similarities between the two sets of cases were
the moderate to strong staining of vascular endothelial cells and astrocytes. The white matter
regions of tissues from non-BC cases were also negative for VIM. However, the neuropil was
negative in the non-BC cases. This is interesting as it seems that the presence of BCs was
required for the neuropil to express and stain for VIM.
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Figure 5.4 Vimentin (VIM) immunostaining. Images of representative immunohistochemical staining
in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type
IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath each of the
immunostaining images is a radar plot showing the intensity of staining. The intensity of staining of
various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).

CD109
CD109 immunohistochemistry showed that BCs were the only cell type with convincing
immunoreactivity. Therefore, CD109 may also be considered as a disease-associated gene.
Representative images of C109 immunostaining in each of the four tissue types of interest
are shown in Figure 5.5.

The positive BCs showed weak to moderate staining; the proportion and intensity of which
varied between cases. A subpopulation of the CD109-positive BCs exhibited cytoplasmic
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staining, a subpopulation had nuclear staining, and others had both cytoplasmic and nuclear
immunostaining. However, a significant population of BCs were negative for CD109. The
neuropil and white matter we also negative for CD109. A small proportion of neurons
(dysmorphic or normal) showed weak CD109 immunoreactivity. The staining of these
neurons was confined primarily to the nuclei, with the odd weak staining of the cytoplasm.
Some small glia also found to express weak nuclear CD109 immunoreactivity. In the non-BC
cases, weak nuclear positivity was seen in a small population of neurons and glial cells. Like
the BC cases, the neuropil and white matter in the non-BC cases did not stain for CD109.
CD109 is a cytoplasmic protein and does not enter the nucleus; therefore, nuclear staining
was interpreted non-specific based on the biology of the protein.
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Figure 5.5 CD109 immunostaining. Images of representative immunohistochemical staining in A) focal
cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa),
and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath each of the
immunostaining images is a radar plot showing the intensity of staining. The intensity of staining of
various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).

Network D
Similar to Network B, the clustering dendrogram for Network D showed that cases clustered
according to the presence of BCs, and no other factor. All of the BC cases are clustered on
the left whereas the non-BC cases are clustered on the right (Figure 5.6).
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Figure 5.6 Heatmap and clustering dendrogram for WGCNA Network D (a disease-associated
network). The dendrogram on the top of the heatmap shows that the samples are clustered according
to the presence or absence of balloon cells (grey = non-BC group, black = BC group). [Please note: the
grouping of samples are defined by the clustering not by the presence or absence of BCs. Therefore
classification of cases FCD2b_3, TS_1 and TS_3 into the non-BC group reflects the clustering of these
cases, not whether they contained BCs. It is likely that these cases were not representative of the
pathology and therefore were more similar to FCDIIa or normal brain at the expression level]. The
samples did not cluster according to the other sample attributes (ordered from beneath the
dendrogram down): anatomical location of surgical resection; gender of patient; anatomical laterality;
diagnosis; BC-group/non-BC group. Please refer to Figure 2.3 for a key for the colour-coded sample
attributes. The different disease cases are down the columns and the different genes of the network
are across the rows; two of these genes were selected for further validation: LARP7 and IQCG. Red
represents high gene expression and green represents low gene expression. Image courtesy of Simon
Picker.

Network D consists of 11 genes, the expression level of each of these genes in each of the
cases is shown in Figure 5.6. Two of these genes were selected to represent this Network:
LARP7 and IQCG. Brief details of these two genes are shown in Table 18 and the results from
immunohistochemical staining is described thereafter.
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Functions

Expression in
normal tissues

Expression in
pathological tissues

LARP7

Protein which
is found in the
7SK snRNP
(small nuclear
ribonucleopro
tein)

Important protein
involved in transcriptional
elongation, and thus
required for regulating cell
growth and differentiation
(Ji et al. 2014). Serves as a
potential tumour
suppressor (Cheng et al.
2012).

Limited studies on
expression patterns
in normal tissues.
One report
suggests ubiquitous
expression, with
high expression in
the brain (Alazami
et al. 2012).

Significantly lower
levels of the LARP7
protein reported in
several cancer cells
compared to their
corresponding normal
cells (Cheng et al.
2012; Ji et al. 2014).

The functional role has not
been adequately
characterised. It has been
suggested that IQCG binds
to calmodulin, a major
calcium sensor, and
activates calcium
signalling.

None reported.

None reported.

IQCG

Member of
many IQ
motif–
containing
genes

Gene

Description

Table 18 Genes selected from Network D for further validation. Brief description of the genes with
some of their known (published) functions and expression patterns.

IQ Motif Containing G (IQCG)
IQCG immunohistochemistry showed positive BCs and heavier neuropil staining in BC cases.
In this regard, IQCG can be considered to have disease-associated staining patterns.
Representative images of IQCG immunostaining in each of the four tissue types of interest
are shown in Figure 5.7.

In BC cases, the majority of the positive BCs showed moderate cytoplasmic staining. A small
proportion of BCs were also negative for IQCG. The majority of neurons (dysmorphic and
normal) in BC cases also had moderate cytoplasmic staining. Although the majority of glial
cells were negative, the occasional cytoplasmic staining of glial cells was observed. The
neuropil in BC cases mostly showed moderate immunostaining. In non-BC cases, the majority
neurons (dysmorphic or normal) showed moderate staining; however, a few weaker and
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negatively stained neurons were also seen. The neuropil in non-BC cases were found to have
weak staining compared to the moderate staining in BC cases.

Figure 5.7 IQ Motif Containing G (IQCG) immunostaining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex hippocampal sclerosis (HS). Scale bar
20μm. Beneath each of the immunostaining images is a radar plot showing the intensity of staining.
The intensity of staining of various cell types and brain regions is scored from 0 (negative) – 3 (heavily
stained).

La Ribonucleoprotein Domain Family Member 7 (LARP7)
LARP7 immunohistochemistry showed that the vast majority of BCs were positive, thus
supporting the hypothesis that the network gene LARP7 can have disease-associated staining
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patterns. Representative images of LARP7 immunostaining in each of the four tissue types of
interest are shown in Figure 5.8.

In BC cases, a large population of BCs were positive for LARP7. BCs showed weak to moderate
staining. The proportion and intensity that were positive varied between cases. Some of
these LARP7-positive BCs demonstrated nuclear staining, some demonstrated cytoplasmic
staining, and others demonstrated both nuclear and cytoplasmic immunostaining. Moderate
staining in the nucleoli of some BCs was amongst the staining. A subpopulation of negative
BCs were also observed in one of the FCDIIb cases. The majority of neurons (dysmorphic and
normal) neurons in BC cases exhibited weak to moderate LARP7 immunopositivity; the
staining was primarily confined to the nuclei of the cells with the additional cytoplasmic
staining been noted in a few neurons. While most of glial cells were negative, a few rare
positive cells with nuclear staining were seen. No LARP7 staining was observed in the white
matter of BC cases; however, the neuropil exhibited largely weak to moderate
immunostaining in these cases. Similar to BC cases, the majority of normal neurons,
dysmorphic neurons and small glia in non-BC cases exhibited weak to moderate staining for
LARP7. The neuropil in these cases was also found to be weakly stained.

179

Figure 5.8 La Ribonucleoprotein Domain Family Member 7 (LARP7) immunostaining. Images of
representative immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B)
tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal
sclerosis (HS). Scale bar 20μm. Beneath each of the immunostaining images is a radar plot showing
the intensity of staining. The intensity of staining of various cell types and brain regions is scored from
0 (negative) – 3 (heavily stained).

Network H
Network H is the third disease-associated network. The clustering dendrogram for Network
H showed that cases clustered according to the presence of BCs, and no other factor. All of
the BC cases are clustered on the left whereas the non-BC cases are clustered on the right
(Figure 5.9).
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Figure 5.9 Heatmap and clustering dendrogram for WGCNA Network H (a disease-associated
network). The dendrogram on the top of the heatmap shows that the samples are clustered according
to the presence or absence of balloon cells (grey = non-BC group, black = BC group). [Please note: the
grouping of samples are defined by the clustering not by the presence or absence of BCs. Therefore
classification of cases FCD2b_3, TS_1 and TS_3 into the non-BC group reflects the clustering of these
cases, not whether they contained BCs. It is likely that these cases were not representative of the
pathology and therefore were more similar to FCDIIa or normal brain at the expression level]. The
samples did not cluster according to the other sample attributes (ordered from beneath the
dendrogram down): anatomical location of surgical resection; gender of patient; anatomical laterality;
diagnosis; BC-group/non-BC group. Please refer to Figure 2.3 for a key for the colour-coded sample
attributes. The different disease cases are down the columns and the different genes of the network
are across the rows; two of these genes were selected for further validation: CD58 and RASSF9. Red
represents high gene expression and green represents low gene expression. Image courtesy of Simon
Picker.

Network H consists of 6 genes, the expression level of each of these genes in each of the
cases is shown in Figure 5.9. Two of these genes were selected to represent this Network:
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CD58 and RASSF9. Brief details of these two genes are shown in Table 19 and the results from

CD58

RASSF9

Gene

immunohistochemical staining is described thereafter.

Description

Functions

Expression in normal
tissues

Expression in
pathological tissues

A
peptidylglycineamidating
monooxygenase
trafficking
protein (Chen et
al. 1998).

Little is known about
the biological and
physiological
functions. Possible
roles in the recycling
endosomal pathway
(Chen et al. 1998)
and epidermal
homeostasis (Lee et
al. 2011).
Serves as a
physiological ligand
of the CD2 receptor;
a receptor that is
crucial for T cell
activation (Davis &
Van Der Merwe
1996; Wang et al.
1999).

Expressed in a wide
variety of tissue types,
such as the brain,
heart, kidney, skeletal
muscle, liver, and lung
(Chen et al. 1998).

None reported.

Expressed largely on
antigen presenting
cells, such as
macrophages, natural
killer cells, and T cells.
Also expressed on nonhematopoietic cells
(Dengler et al. 1992).

Understanding of the
pathological roles of
CD58 is limited but has
been associated with
large B cell lymphoma
(Challa-Malladi et al.
2011) and multiple
sclerosis (Kim et al.
2014).

A highly
glycosylated
adhesion
molecule. Also
known as
lymphocyte
functionassociated
antigen 3 (LFA3).

Table 19 Genes selected from Network H for further validation. Brief description of the genes with
some of their known (published) functions and expression patterns.

Ras Association Domain Family Member 9 (RASSF9)
RASSF9 immunohistochemistry showed that virtually all BCs expressed RASSF9. This staining
of BCs suggests that RASSF9 has disease-associated staining patterns. Representative images
of RASSF9 immunostaining in each of the four tissue types of interest are shown in Figure
5.10.

In BC cases, majority of the positive BCs exhibited strong cytoplasmic staining, however some
weaker stained cells were also noted. Both normal and dysmorphic neurons exhibited
moderate to strong cytoplasmic staining in the BC cases. Some glial cells were also
immunoreactive for RASSF9; the proportion of the RASSF9-positive glial cells varied between
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the BC cases. The neuropil staining of BC cases ranged from weak to moderate. In the nonBC cases, neurons (whether dysmorphic or normal) showed moderate to strong cytoplasmic
immunopositivity. While the majority of glial cells were either negative or weakly staining, a
few glial cells exhibited moderate cytoplasmic staining. Furthermore, the white matter and
endothelial cells were negative, and the neuropil expressed weak immunostaining in all four
tissue types.

Figure 5.10 Ras Association Domain Family Member 9 (RASSF9) immunostaining. Images of
representative immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B)
tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal
sclerosis (HS). Scale bar 20μm. Beneath each of the immunostaining images is a radar plot showing
the intensity of staining. The intensity of staining of various cell types and brain regions is scored from
0 (negative) – 3 (heavily stained).
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CD58
CD58 immunohistochemistry showed that almost all of the BCs expressed CD58 as well as a
more strongly stained neuropil in BC cases, supporting the hypothesis that this has a diseaseassociated staining pattern. Representative images of CD58 immunostaining in each of the
four tissue types of interest are shown in Figure 5.11.

In BC cases, the majority of BCs exhibited CD58 cytoplasmic immunoreactivity. While most
of these positive BCs were weakly stained, a population had moderate immunostaining. The
dysmorphic and normal neurons in these cases also demonstrate cytoplasmic staining, the
majority of which were weakly stained. No other cell types were found to be positive for
CD58 in the BC cases. The neuropil in BC cases showed moderate CD58 staining. Similar to
the BC cases, neurons (whether classified as normal or dysmorphic) in non-BC cases exhibited
weak immunoreactivity. The endothelial cells and glial cells in the non-BC cases were found
to be immunonegative for CD58, again like those from the BC cases. The neuropil from these
cases were weakly stained.
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Figure 5.11 CD58 immunostaining. Images of representative immunohistochemical staining in A) focal
cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa),
and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath each of the
immunostaining images is a radar plot showing the intensity of staining. The intensity of staining of
various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).

A summary of the disease-associated network immunostaining is shown in Figure 5.12. There
is greater staining in images from BC cases compared to those from non-BC cases, supporting
the hypothesis that these have disease-associated staining patterns and could be diseaseassociated networks.
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Figure 5.12 Representative immunohistochemical staining of selected genes from diseaseassociated networks using tissue microarrays. The tested genes are labelled on the left and the
networks which they belong to is labelled on the right. The 4 different diseases is show on the top:
FCDIIb and TS (BC group) and FCDIIa and neocortex from HS (non-BC group). Images have been
selected to show the staining patterns of as many of the main cell types as possible. Scale bar 40μm.

Are the non-disease associated network genes expressed in a
particular cell type?
Hierarchical clustering had grouped the following three networks (Networks C, E, and G) as
non-disease associated networks. In other words, the clustering suggests that networks were
not associated with the diagnoses of the cases. The representative genes of these networks
were to determine whether the networks could be explained by a specific cell type.
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Network C
The clustering dendrogram for Network C showed that cases did not cluster according to the
presence of BCs. Unlike the disease-associated networks, the BC and non-BC cases were not
separated under the clustering (Figure 5.13).

Figure 5.13 Heatmap and clustering dendrogram for WGCNA Network C (a non-disease associated
network). The dendrogram on the top of the heatmap shows that the samples are not clustered
according to the presence or absence of balloon cells (grey = non-BC group, black = BC group). [Please
note: the grouping of samples are defined by the clustering not by the presence or absence of BCs.
Therefore classification of cases FCD2b_3, TS_1 and TS_3 into the non-BC group reflects the clustering
of these cases, not whether they contained BCs. It is likely that these cases were not representative of
the pathology and therefore were more similar to FCDIIa or normal brain at the expression level]. The
samples did not cluster according to the other sample attributes either (ordered from beneath the
dendrogram down): anatomical location of surgical resection; gender of patient; anatomical laterality;
diagnosis; BC-group/non-BC group. Please refer to Figure 2.3 for a key for the colour-coded sample
attributes. The different disease cases are down the columns and the different genes of the network
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are across the rows; two of these genes were selected for further validation: TYMS and PLD1. Red
represents high gene expression and green represents low gene expression. Image courtesy of Simon
Picker.

Network C consists of 12 genes, the expression level of each of these genes in each of the
cases is shown in Figure 5.13. Two of these genes were selected to represent this Network:
TYMS and PLD1. Brief details of these two genes are shown in Table 20 and the results from

Description

Functions

An enzyme that is
essential for DNA
synthesis and repair.

Catalyses the conversion
of deoxyuridine
monophosphate (dUMP)
to deoxythymidine
monophosphate (dTMP).
dTMP is an important
precursor of DNA
synthesis, and also
involved in DNA repair
(Lima et al. 2013).
PLD1, primarily through
the actions of PA, is
involved a variety of
cellular functions, such
as cell proliferation and
vesicle trafficking and in
regulating signalling
pathways including the
mTOR pathway (Jenkins
& Frohman 2005; Foster
2007; Kang et al. 2011;
Peng & Frohman 2012;
Shen et al. 2011).

PLD1

TYMS

Gene

immunohistochemical staining is described thereafter.

An enzyme that
catalyses the
hydrolysis of
phosphatidylcholine,
the most common
membrane
phospholipid, to
generate the
signalling lipid
phosphatidic acid
(PA) (Jenkins &
Frohman 2005).

Expression in
normal
tissues
Expression
patterns in
normal tissues
are not well
characterised.

Expression in
pathological tissues

Ubiquitously
expressed in a
variety of
tissues
including
brain, lung,
heart, liver,
adipose
tissue, and
spleen (Meier
et al. 1999).

Increased expression
and activity of PLD1 is
a feature of various
cancers (Zhang &
Frohman 2014).

Overexpression
reported in several
cancers (Rahman et al.
2004; Rose et al. 2002)

Table 20 Genes selected from Network C for further validation. Brief description of the genes with
some of their known (published) functions and expression patterns.

Thymidylate Synthetase (TYMS)
The staining patterns of TYMS suggests that this network gene could be explained by a cell
type: endothelial cells. Representative images of TYMS immunostaining in each of the four
disease types of interest are shown in Figure 5.14. The expression pattern of TYMS was
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similar across BC and non-BC cases. The majority of neurons (dysmorphic or normal), BCs,
glial cells, and the neuropil were negative for TYMS. The only cell type with significant
immunopositivity was endothelial cells, which was seen across all the cases. These positive
endothelial cells showed moderate to strong cytoplasmic staining.

Figure 5.14 Thymidylate Synthetase (TYMS) immunostaining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale
bar 20μm. Beneath each of the immunostaining images is a radar plot showing the intensity of
staining. The intensity of staining of various cell types and brain regions is scored from 0 (negative) –
3 (heavily stained).
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Phospholipase D1 (PLD1)
PLD1 immunohistochemistry showed that PLD1 was expressed by all the cell types and brain
structures that were analysed: BCs, neurons, glial cells and endothelial cells as well as the
neuropil and white matter. Therefore, a single cell type cannot explain this network gene.
Representative images of PLD1 immunostaining in each of the four tissue types of interest
are shown in Figure 5.15.

In BC cases, the majority of BCs showed strong cytoplasmic immunostaining. Normal and
dysmorphic neurons in these cases displayed weak to moderate cytoplasmic
immunoreactivity. A significant population of glial cells and endothelial cells also had weak
to moderate cytoplasmic staining. The neuropil in the BC cases showed moderate
immunostaining. In the non-BC cases, neurons (whether dysmorphic or normal)
demonstrated cytoplasmic moderate staining – a similar observation to that seen in the BC
cases. Glial cells and endothelial cells, in these cases, showed weak to moderate
immunostaining, again similar to BC cases. The neuropil was more weakly stained in the nonBC cases compared to the BC cases.
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Figure 5.15 Phospholipase D1 (PLD1) immunostaining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale
bar 20μm. Beneath each of the immunostaining images is a radar plot showing the intensity of
staining. The intensity of staining of various cell types and brain regions is scored from 0 (negative) –
3 (heavily stained).

Network E
The clustering dendrogram for Network E showed that cases did not cluster according to the
presence of BCs. Like Network C, the BC and non-BC cases in Network E were not separated
under the clustering and remain mixed up (Figure 5.16).
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Figure 5.16 Heatmap and clustering dendrogram for WGCNA Network E (a non-disease associated
network). The dendrogram on the top of the heatmap shows that the samples are not clustered
according to the presence or absence of balloon cells (grey = non-BC group, black = BC group). [Please
note: the grouping of samples are defined by the clustering not by the presence or absence of BCs.
Therefore classification of cases FCD2b_3, TS_1 and TS_3 into the non-BC group reflects the clustering
of these cases, not whether they contained BCs. It is likely that these cases were not representative of
the pathology and therefore were more similar to FCDIIa or normal brain at the expression level]. The
samples did not cluster according to the other sample attributes either (ordered from beneath the
dendrogram down): anatomical location of surgical resection; gender of patient; anatomical laterality;
diagnosis; BC-group/non-BC group. Please refer to Figure 2.3 for a key for the colour-coded sample
attributes. The different disease cases are down the columns and the different genes of the network
are across the rows; two of these genes were selected for further validation: ANLN and TMEM144.
Red represents high gene expression and green represents low gene expression. Image courtesy of
Simon Picker.

Network E consists of 10 genes, the expression level of each of these genes in each of the
cases is shown in Figure 5.16. Two of these genes were selected to represent this Network:
ANLN and TMEM144. Brief details of these two genes are shown in Table 21 and the results
from immunohistochemical staining is described thereafter.
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Gene
ANLN
TMEM144

Description

Functions

Expression in normal
tissues

Expression in pathological
tissues

A highly
conserved actinbinding protein

Key roles in
regulating
cytokinesis
(Piekny &
Maddox 2010).

Primarily expressed in
adult placenta, testis,
and spinal cord, and in
foetal organs (brain,
heart, kidney, liver,
lung, skeletal muscle,
spleen and thymus).

Overexpression associated
with several cancers,
including CNS
tumours(Hall et al. 2005).

A multi-pass
membrane
protein.

None reported.

None reported.

None reported.

Table 21 Genes selected from Network E for further validation. Brief description of the genes with
some of their known (published) functions and expression patterns.

Anillin (ANLN)
Results from ANLN immunostaining suggest that a cell type can possibly explain this network
gene as ANLN was primarily express by BCs. Representative images of ANLN immunostaining
in each of the four tissue types of interest are shown in Figure 5.17.

ANLN staining was primarily restricted to a subpopulation of BCs (in BC cases). While there
were some negative BCs, the majority demonstrated weak to moderate cytoplasmic
immunostaining. Besides BCs, immunopositivity was seen in a small population of astrocytes
in both BC and non-BC cases. The staining intensity of these astrocytes ranged from weak to
moderate. All other cell types – normal neurons, dysmorphic neurons, glial cells (with an
exception of a few astrocytes), the neuropil and endothelial cells – were all negative for
ANLN. This staining pattern was seen across all BC and non-BC cases.
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Figure 5.17 Anillin (ANLN) immunostaining. Images of representative immunohistochemical staining
in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type
IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath each of the
immunostaining images is a radar plot showing the intensity of staining. The intensity of staining of
various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).

Transmembrane Protein 144 (TMEM144)
TMEM144 immunohistochemistry showed that BCs were the most strongly stained cell type.
However, TMEM144 was also clearly expressed by other cell types and brain structures.
Therefore, a particular cell type cannot explain this network gene. Representative images of
TMEM144 immunostaining in each of the four tissue types of interest are shown in Figure
5.18.
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In the BC cases, all BCs exhibited weak to moderate cytoplasmic immunostaining. The
proportion and intensity of the BC staining varied between cases. In addition, a
subpopulation of dysmorphic and normal neurons demonstrated weak cytoplasmic
immunostaining. The occasional weakly stained glial cells were seen. In non-BC cases, a
subpopulation of neurons (whether normal or dysmorphic) exhibited weak staining. A small
proportion of glial cells also showed weak immunostaining, again similar to BC cases. The
neuropil and white matter was found to be weakly stained in all four tissue types.

Figure 5.18 Transmembrane Protein 144 (TMEM144) immunostaining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale
bar 20μm. Beneath each of the immunostaining images is a radar plot showing the intensity of
staining. The intensity of staining of various cell types and brain regions is scored from 0 (negative) –
3 (heavily stained).
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Network G
Like the rest of the non-disease associated networks, the clustering dendrogram for Network
G did not cluster the cases according to the presence of BCs. The BC and non-BC cases in
Network G were not separated under the clustering and remain mixed up (Figure 5.19).

Figure 5.19 Heatmap and clustering dendrogram for WGCNA Network G (a non-disease associated
network). The dendrogram on the top of the heatmap shows that the samples are not clustered
according to the presence or absence of balloon cells (grey = non-BC group, black = BC group). [Please
note: the grouping of samples are defined by the clustering not by the presence or absence of BCs.
Therefore classification of cases FCD2b_3, TS_1 and TS_3 into the non-BC group reflects the clustering
of these cases, not whether they contained BCs. It is likely that these cases were not representative of
the pathology and therefore were more similar to FCDIIa or normal brain at the expression level]. The
samples did not cluster according to the other sample attributes either (ordered from beneath the
dendrogram down): anatomical location of surgical resection; gender of patient; anatomical laterality;
diagnosis; BC-group/non-BC group. Please refer to Figure 2.3 for a key for the colour-coded sample
attributes. The different disease cases are down the columns and the different genes of the network
are across the rows; two of these genes were selected for further validation: ASPA and HHIP. Red
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represents high gene expression and green represents low gene expression. Image courtesy of Simon
Picker.

Network G consists of 10 genes, the expression level of each of these genes in each of the
cases is shown in Figure 5.16. Two of these genes were selected to represent this Network:
ASPA and HHIP. Brief details of these two genes are shown in Table 22 and the results from

HHIP (Network G)

ASPA (Network G)

Gene

immunohistochemical staining is described thereafter.

Description

Functions

Expression in normal
tissues

A homodimeric
metalloenzyme
that hydrolyses
the CNS-specific
amino acid Nacetyl-aspartate
(NAA) to generate
acetate and free
aspartate
(Moffett et al.
2007).
A transmembrane
glycoprotein.

Involved in
maintaining white
matter myelination
(Burri et al. 1991;
Chakraborty et al.
2001) and
in the development
of oligodendrocytes
(Liu & Casaccia 2010;
Mattan et al. 2010).

Primarily expressed in the
kidney and brain white
matter (Sommer & Sass
2012). In the brain, ASPA is
found mainly in the
oligodendrocytes, where it
is localised in the
cytoplasm and nucleus
(Hershfield et al. 2006;
Nordengen et al. 2013).

Serves as an inhibitor
of the hedgehog
signalling pathway
(Bak et al. 2001;
Chuang & McMahon
1999), a critical
pathway involved in
a wide range of
developmental
processes.

Expressed in a variety of
foetal and adult tissues
(Bak et al. 2001).

Expression in
pathological
tissues
Not wellcharacterised;
however,
expression
reported to be
decreased in
glioma tumours
(Tsen et al. 2014).

Downregulated in
several cancers,
including CNS
tumours (Olsen et
al. 2004; Shahi et
al. 2011).

Table 22 Genes selected from Network G for further validation. Brief description of the genes with
some of their known (published) functions and expression patterns.

Aspartoacylase (ASPA)
ASPA expression was predominately found in oligodendrocytes in the white matter across all
BC and non-BC cases. This network gene may possibly be explained by oligodendrocytes;
however, it is important to note other cell types were also found to express ASPA.
Representative images of ASPA immunostaining in each of the four tissue types of interest
are shown in Figure 5.20.
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A subset of BCs, in both the white matter and the cortex, showed ASPA cytoplasmic
immunostaining. The staining intensity of these BCs ranged from weak to strong, the majority
of which were moderately stained. It appears that presence of ASPA-expressing BCs depends
on the location of the tissue. For instance, in the white matter, BCs were generally negative,
whereas a population of weak to moderately stained BCs were seen in the cortex of several
cases. It may also be important to bear in mind that the white matter, as opposed to the
cortex, was abundant of strongly stained oligodendrocytes, suggesting the presence of these
positive oligodendrocytes may influence the staining. The neuropil staining in BC cases
ranged from weak to moderate. Many dysmorphic neurons exhibited strong cytoplasmic
ASPA immunostaining in all BC and non-BC cases. Further similarities between BC and nonBC cases were the negative endothelial cells and normal neurons, and the weak to
moderately stained neuropil.
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Figure 5.20 Aspartoacylase (ASPA) immunostaining. Images of representative immunohistochemical
staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical
dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath
each of the immunostaining images is a radar plot showing the intensity of staining. The intensity of
staining of various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).

Hedgehog-interacting protein (HHIP)
HHIP expression, albeit largely weak, was found to be restricted to primarily BCs. Although it
can be argued that HHIP is expressed in a particular cell type (i.e. BCs), its weak expression
makes this less reliable. Representative images of HHIP immunostaining in each of the tissue
types of interest are shown in Figure 5.21.

In BC cases, many BCs were found to express HHIP; the cytoplasmic staining was largely
weak, however moderately stained BCs were also seen. A population of BCs were also
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negative in all of the cases. Weak cytoplasmic staining was also observed in a few normal and
dysmorphic neurons. No other cell type showed HHIP immunostaining; glial cells and
endothelial cells were negative in these cases. In some of the non-BC cases, a population of
very weak, possibly negative, staining of the neurons was seen in the cortex. Like the BC
cases, glial cells and endothelial cells did not express HHIP. The neuropil was also negative in
both BC and non-BC cases.

Figure 5.21 Hedgehog Interacting Protein (HHIP) immunostaining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale
bar 20μm. Beneath each of the immunostaining images is a radar plot showing the intensity of
staining. The intensity of staining of various cell types and brain regions is scored from 0 (negative) –
3 (heavily stained).
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A summary of the non-disease associated network immunostaining is shown in Figure 5.22.
These networks do not appear to represent any particular cell type.

Figure 5.22 Representative immunohistochemical staining of selected genes from non-disease
associated networks using tissue microarrays. The tested genes are labelled on the left and the
networks which they belong to is labelled on the right. The 4 different diseases is show on the top:
FCDIIb and TS (BC group) and FCDIIa and neocortex from HS (non-BC group). Images have been
selected to show the staining patterns of as many of the main cell types as possible. Scale bar 40μm.

Network F
Network F is interesting and deserves a special focus. Network F is another non-disease
associated network, and was identified as male (Y chromosome)-specific by hierarchical
clustering, without having any relationship with the underlying diagnosis (Figure 5.23). This
network consists of nine genes on the Y chromosome: RPS4Y1, ZFY, USP9Y, DDX3Y, NLGN4Y,
CYorf15B, EIF1AY, UTY, and TTTY10 (Figure 5.23). Brief information on the known functions
and expression patterns in the brain is summarised in Table 23.

201

Figure 5.23 Heatmap and clustering dendrogram for WGCNA Network F (a non-disease associated
network). The dendrogram on the top of the heatmap shows that the samples are not clustered
according to the presence or absence of balloon cells (grey = non-BC group, black = BC group). [Please
note: the grouping of samples are defined by the clustering not by the presence or absence of BCs.
Therefore classification of cases FCD2b_3, TS_1 and TS_3 into the non-BC group reflects the clustering
of these cases, not whether they contained BCs. It is likely that these cases were not representative of
the pathology and therefore were more similar to FCDIIa or normal brain at the expression level].
However, the samples appear to cluster according to the gender of the patient (pink = female, blue =
male). There does not seem to any association with other sample attributes (ordered from beneath
the dendrogram down): anatomical location of surgical resection; gender of patient; anatomical
laterality; diagnosis; BC-group/non-BC group. Please refer to Figure 2.3 for a key for the colour-coded
sample attributes. The different disease cases are down the columns and the different genes of the
network are across the rows. Red represents high gene expression and green represents low gene
expression. Image courtesy of Simon Picker.
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Gene

Function

Expression in brain

CYorf15B (chromosome Y
open reading frame 15B)

Properties and functions
currently unknown

UTY (ubiquitously transcribed
tetratricopeptide repeat gene,
Y-linked)
TTTY10 (testis-specific
transcript, Y-linked 10)
NLGN4Y (neuroligin 4, Ylinked)

A minor histocompatibility
antigen.
Histone demethylase
Properties and functions
currently unknown
Encodes a postsynaptic cell
adhesion molecule that may
be essential for the formation
of functional synapses.
Possibly a candidate gene for
autism
May function as a
transcription factor

Expressed in brain; weak
staining seen in neuronal cells
of the lateral ventricle
Expressed in brain, possibly in
neurons

ZFY (zinc finger protein, Ylinked)

EIF1AY (eukaryotic translation
initiation factor 1A, Y-linked)
USP9Y (ubiquitin specific
peptidase 9, Y-linked)
RPS4Y1 (ribosomal protein S4,
Y-linked 1)

DDX3Y (DEAD (Asp-Glu-AlaAsp) box polypeptide 3, Ylinked)

Essential for the binding of the
43S complex to the 5’ end of
capped RNA
Important for sperm
production for it is a
component of the AZF gene
Encodes for ribosomal protein
S4, possibly involved in
ribosomal pathways and
processes
Involved in several cellular
processes, such as translation
initiation, nuclear and
mitochondrial splicing, and
ribosome and spliceosome
assembly. Also a crucial part of
spermatogenesis

Possibly expressed in brain
Expressed in the brain, but
staining not observed

Expressed in brain; transcribed
in hypothalamus, and frontal
and temporal cortex of the
adult male human brain
Expressed in brain

Expressed in brain

Expressed in brain

Expressed in brain

Table 23 Network F genes. Brief description of each of the genes and their expression patterns in the
brain. Information obtained primarily from the human gene database GeneCards
(http://www.genecards.org/).

Immunohistochemical validation of this network was not possible since there are no available
antibodies that could distinguish between Y-chromosome encoded genes from its Xchromosome encoded homologue. Interestingly, using a combination of other techniques,
data from the published studies appear to validate the genes from Network F as being a sexspecific network. A study exploring prenatal sex difference in the human brain by Reinius and
Jazin found several several Y-linked genes to be expressed in the male prenatal brain,
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suggesting that the genes may contribute to the functional consequences for gender bias
during the development of the human brain (Reinius & Jazin 2009). The genes were identified
by comparing microarray measurements of mRNA levels in 12 different brain regions in
prenatal male brain and in prenatal female brain. The largest sex differences observed were
in genes encoded on the Y-chromosome, supporting a prenatal sex bias in brain expression.
The authors focussed on 11 Y-linked genes; these genes were expressed in all of the brain
regions analysed, suggesting that they may be present throughout the whole brain during
development. The expression levels of 11 Y-linked genes from the study is shown in Figure
5.24. It is interesting to note that 8 out of the 9 Network F genes were among the genes; that
is all the genes, except TTTY10.

Figure 5.24 Expression of Y-linked genes in male prenatal brain from a previously published study
(Reinius & Jazin 2009). The expression levels of 11 Y-linked genes in prenatal male (yellow) and female
brains (blue) are illustrated using box-and-whisker plots. As female samples do not contain Y-linked
genes, the signals obtained in females were used as measurements of the local probe background
level for each individual Y-linked gene. The horizontal dashed line represents the overall mean signal
level of all Y-linked genes in females, representing the global background signal levels in the arrays. 8
out of 9 Network F genes were among the genes from this study (highlighted in red). Graph edited,
with permission, from the authors (Reinius & Jazin, 2009).
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A separate study, using a microarray and quantitative PCR approach, identified 25 genes on
the sex chromosomes that differed between the male and female human brain (of various
ages). NLGN4Y, TTTY15 and PCDH11Y showed the highest expression in the youngest males
(NLGN4Y and TTTY15 are two genes from Network F). The expression of another 5 genes EIFIAY, CYorf15A, CYorf15B, SMCY, and TMSB4Y – were found to be elevated during postnatal
life in males (EIFIAY and CYorf15B two genes from Network F). The expression of a further six
genes – DDX3Y, HSFY1, RPS4Y1, USP9Y, UTY, and ZFY – was constantly increased in the male
cortex (DDX3Y, RPS4Y1, USP9Y, UTY, and ZFY are all genes from Network F) (Weickert et al.
2009). Yet another study showed the mRNA expression of two of the Network F genes –
USP9Y and UTY – in the developing mouse brain using quantitative PCR and northern blot
analysis (Xu et al. 2002). Taken together, these studies can be used to serve as a validation
of the Network F genes, given that collectively the studies show all the network genes to be
expressed in the developing brain. Interestingly, a recent a multicentre retrospective cohort
study indicates a male predominance in FCD. 72% of the 90 paediatric patients with a
histopathologic diagnosis of FCD were boys with no significant gender difference in other
aetiologies (Ortiz-González et al. 2013).

Discussion of results
This study provides the first investigation using the WGCNA approach to identify networks of
gene involved in FCD. WGCNA followed by hierarchical clustering identified diseaseassociated and non-disease associated networks. To further study these networks, different
aims/approaches were undertaken. Regarding the disease-associated networks, the aim was
to confirm the clustering and showing that there was a disease-associated staining pattern
of the genes using immunohistochemistry. Regarding the non-disease associated networks,
the aim was to determine what the networks represent given that they had already been
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shown not to correlate with the diagnosis. The immunohistochemical staining from these
networks does not serve a validation technique, but rather as an exploration of what the
networks mean. To this end, two factors that could represent the networks were
investigated: expression in a particular cell type and association with the gender of the
patient.

Disease-associated networks
The results from the disease-associated networks suggest that these networks are expressed
preferentially in BC cases (and thus are disease-associated). Three different types of staining
were seen, all of which support that the network genes are disease-associated (Figure 5.12).



Expression (i.e. immunostaining) was seen only in BC cases and not in non-BC cases
(e.g. PDPN and CD109). This demonstrates a classic example of a disease-associated
gene. PDPN heavily stained BCs, DNs, and the neuropil in BC cases with no absolutely
no staining in non-BC cases. The staining was such the two disease groups could be
differentiated without a microscope. CD109, from the same network as PDPN, was
also only expressed in BCs; therefore, only seen in BC cases, and not in non-BC cases.



Greater expression/stronger staining intensity was seen in BC cases compared to
non-BC cases (e.g. RASSF9 and CD58). The staining intensity is visually depicted by a
darker stain and by a higher number on the radar plots. For example, RASSF9 stained
small glia and dysmorphic neurons more heavily in BC cases. Similarly, CD58 stained
the neuropil more heavily in BC cases.



Expression was found in more cell types in BC cases compared to non-BC cases. This
was primarily due to the finding that all the network genes were expressed in BCs (a
disease-specific cell type). VIM provides an example where, in addition to BCs,
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further immunoreactivity was found in BC cases which was not seen in non-BC cases;
for example, the heavily stained neuropil and dysmorphic neurons.

Non-disease associated networks
The results from the non-disease associated networks suggest that the networks are not
expressed in a specific cell type. The network genes were expressed by various cell types and
brain structures (Figure 5.22). None of the networks were found to be expressed primarily in
a particular cell type:



Network C – TYMS expression was seen only in endothelial cells, suggesting that this
network could be an endothelial-specific network. However, the second gene from
the network, PLD1, was expressed by all cell types (dysmorphic neurons, normal
neurons, BCs, glial cells, and endothelial cells) and brain structures (neuropil and
white matter) that were assessed. Therefore, this network cannot be explained by a
particular cell type.



Network E – ANLN was found to be expressed only in BCs, raising the possibility that
the network could be a BC-specific network. However, the second gene from the
network, TMEM144, was expressed in neurons, the white matter and neuropil as
well as in BCs. Again, this network is not expressed in a specific cell type.



Network G – ASPA, an oligodendrocyte marker, was shown to be expressed in
oligodendrocytes, dysmorphic cells, BCs and in the neuropil. HHIP expression, albeit
largely weak, was found to be restricted to primarily BCs. Therefore, this network too
is not associated with a certain cell type. ANLN and HHIP appear to be primarily
expressed in BCs, however they are from different networks.

Overall, there does not seem to be any cell specific staining in the networks; therefore, these
networks cannot be explained solely based on cell type. If the non-disease associated
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networks are not specific to a particular cell type, what do they represent? Network F, a nondisease associated network, was identified to be a male (Y chromosome)-specific network by
hierarchical clustering. Several studies have validated the genes from Network F. This
network showed a marked sex-specific bias with no relationship to the underlying diagnosis.
The remaining non-disease associated networks do not have this association with gender;
therefore, they are likely to correlate with other factors. These factors could include 1) age
of onset, 2) prenatal/perinatal factors, such as prenatal trauma, perinatal bleed or infection,
complicated delivery, family history of seizures, and 3) clinical features, such as previous
treatment, comorbidities. An interesting study by Krsek and colleagues reported that
prenatal and perinatal insults – including severe prematurity, asphyxia, bleeding,
hydrocephalus, and stroke – could be involved in the development of FCD (Krsek et al. 2010).

As a conclusion, this study has identified disease-associated networks that are likely to be of
biological importance. These gene networks may have an important role in the pathogenesis
of FCD, and therefore provide potential therapeutic targets for the disease. The identification
of non-disease associated networks is equally as important as they can provide a better
understanding of transcriptional regulation in the brain.

Limitations of study
Although the WGCNA approach has identified an exciting set of gene networks of biological
significance, it does not validate the networks in a functional model. Another limitation of
this study was the way gene expression was analysed. Analysis of gene expression was based
largely on immunohistochemistry. Thus, the level of gene expression i.e. the intensity of
staining using immunohistochemistry can only be determined semi-quantitatively. Given that
a quantitative technique as not used, this does not provide an effective way to measure
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protein expression. Therefore, crucial information regarding the expression levels cannot be
acquired using immunohistochemistry.

Future directions
Future studies should attempt to understand what the non-disease associated networks
represent. Firstly, data from medical records and parent response questionnaires could be
obtained (from each of patient cases used in the microarray analysis) including information
on sex, age of diagnosis, prenatal and perinatal insults, any relevant family history, and any
relevant clinical features, such as previous treatment, comorbidities.

The immunohistochemical validations of the WGCNA networks would be strengthened by
the use of quantitative studies. For instance, qPCR studies can be performed to analyse the
differences in gene expression levels between FCD and control samples. Those with the
greatest difference are more likely to be of biological importance. In situ hybridization can
subsequently be used to study where in the tissue the key genes are expressed, providing a
clearer insight into regulatory networks within and between cells e.g. the association
between various cell types and the WGCNA network genes.

Some genes have several functions and are involved in several pathways but with different
roles. Are the disease-associated gene networks part of a larger signalling pathway(s) that
contributes to the pathogenesis of FCD? Are particular genes within the networks more
critical than other from a pathological perspective? In order to such questions and
understand the functional roles of the WGCNA networks in FCD, the gene networks could be
targeted in in vitro and in vivo models of FCD. While a FCD culture model has been established
by our lab, there are currently no effective FCD animal models. Therefore, future work could
start with looking to establish such a model (see Chapter 8).
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Chapter 6: Identification of Biomarkers of
FCD
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Chapter 6 Identification of Biomarkers of FCD
Introduction
The seizure outcome following epilepsy surgery depends on the type of FCD as defined
histologically. Of particular interest, clinical outcome appears to be different for FCD patients
with BCs and those without (Urbach et al. 2002; Widdess-Walsh et al. 2005; Lawson et al.
2005; Yao et al. 2014). This differing outcome suggests that the preoperative differentiation
between subtypes may influence the surgical approach and clinical management (Mr M
Tisdall, pers. comm.). The practice at Great Ormond Street Hospital suggests that FCD with
BCs is often a more discrete and localised lesion that could possibly be addressed with a
limited surgical excision (Mr M Tisdall, pers. comm.). Therefore, there is a clinical need to
develop effective diagnostic biomarkers that could differentiate between these two patient
groups (BC-dysplasia and non-BC dysplasia) before surgery. Currently, there is no reliable
method to do this. In order to address this issue, three different approaches were used in
this Chapter: a bioinformatic (in silico) approach, an immunohistochemical approach, and a
proteomic approach. A biomarker is defined as “a characteristic that is objectively measured
and evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention” (FNIH 2011).

Bioinformatic (in silico) approach
IPA is an online bioinformatics software which uses a curated database of biological
interactions and functional annotations (Ingenuity Knowledge Base). As discussed in Chapter
2.3.2, IPA Biomarker is a tool within IPA that can identify the most promising biomarker
candidates from uploaded datasets based on key biological characteristics; these include
whether the genes/proteins are detectable in selected biofluids, whether the genes/proteins

211

are upregulated or downregulated and whether the candidate biomarker has a strong
association with certain diseases. 543 differentially expressed genes (from the ‘BC group’ vs
‘control group’ comparison group of the Affymetrix microarray analysis) was uploaded onto
IPA Biomarker. Initially the filtering system in IPA Biomarker was used to filter for options
specifically relevant to FCD whereby only ‘developmental’ and ‘neurological’ diseases were
selected. This stringent filtering resulted in an output of a small selection of biomarkers (a
list of 14 genes). After several attempts, it was decided that the best way forward was to
keep the search relatively open so to include all tissue types, molecule types and disease
types. This ensures that something interesting is not filtered out. However, the filtering
parameters were set to identify biomarkers that could be detected in blood and/or CSF.
Blood was selected as this is the least invasive biofluid associated with the disease of interest
(i.e. FCD). CSF was chosen as it is known to reflect basic physiological and pathophysiological
changes in the brain. This gave an output of a reasonable list of 75 biomarkers that could be
detected in blood and/or CSF (Figure 6.1 and Table 24). IPA also built connections, based on
the Ingenuity Knowledge Base, between the biomarkers, suggesting that there are molecular
mechanisms links between the markers (Figure 6.1). 13 of the 75 biomarkers (highlighted in
red in Table 24) were selected for further validation on the basis of available established
antibodies for immunohistochemistry, degree of connectivity and the fold change.

Gene/Biomarker

ADAM (ADAM metallopeptide domain 12)
ANGPT1 (Angiopoietin 1)
ANTXR1 (Anthrax toxin receptor 1)
ANTXR2 (Anthrax toxin receptor 2)
ANXA1 (Annexin A1)
ANXA2 (Annexin A2)
ANXA5 (Annexin A5)
B2M (beta-2-microglobulin)
BANK1 (B-cell scaffold protein with ankyrin repeats 1)
BCL6 (B-cell CLL/lymphoma 6)
C3 (complement component 3)
C7 (complement component 7)
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Up- or downregulated in the
BC group
Upregulated
Upregulated
Upregulated
Downregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated

Detectable
in blood/CSF
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood, CSF
Blood
Blood
Blood, CSF
Blood, CSF

C4B (complement component 4B)
CAV1 (caveolin 1)
CCL2 (Chemokine ligand 2)
CCL4 (Chemokine ligand 4)
CD24 (CD24 molecule)
CD44 (CD44 molecule)
CD58 (CD58 molecule)
CD59 (CD59 molecule)
CDH13 (adherin 13, H-cadherin [heart])
CHEK1 (checkpoint kinase 1)
CHI3L1 (chitinase 3-like 1 [cartilage glycoprotein-39])
CP (ceruloplasmin)
CXCL10 (chemokine[C-X-C motif] ligand)
CYR61 (cysteine-rich, angiogenic inducer 61)
DCDC2 (doublecortin domain containing 2)
DTNA (dystrobrevin, alpha)
EGF (epidermal growth factor)
EPHA4 (EPH receptor A4)
FAS (TNF receptor superfamily, member 6)
FCGR2A (Fc fragment of IgG, low affinity IIa, receptor
[CD32])
FCGR3A (Fc fragment of IgG, low affinity IIIa, receptor
[CD1a])
FGF1 (fibroblast growth factor 1 [acidic])
FOS (FBJ murine osteosarcoma viral oncogene homolog)
GBP1 (guanylate binding protein 1, interferon-inducible)
GFAP (glial fibrillary acidic protein)
GPNMB (glycoprotein [transmembrane] nmb)
GPX3 (glutathione peroxidase 3 [plasma])
GRIN2A (glutamate receptor, ionotropic, N-methyl Daspartate 2A)
GRIN2B (glutamate receptor, ionotropic, N-methyl Daspartate 2B)
HGF (hepatocyte growth factor (hepapoietin A; scatter
factor)
HLA-DR (major histocompatibility complex, class II, DR)
IGFBP7 (insulin-like growth factor binding protein 7)
IL1B (interleukin 1, beta)
IL1R1 (interleukin 1 receptor, type 1)
ITGB1 (integrin, beta 1 (fibronectin receptor, beta
polypeptide, antigen CD29 includes MDF2, MSK12)
LCP1 (lymphocyte cytosolic protein 1 [L-plastin])
LINGO2 (leucine rich repeat and Ig domain containing 2)
LYZ (lysozyme)
OLR1 (oxidized low density lipoprotein [lectin-like] receptor
1)
OSMR (oncostatin M receptor)
PCDH11X/Y (protocadherin 11X linked)
PCSK2 (proprotein convertase subtilisin/kexin type 2)
PDPN (podoplanin)
PLA2G2A (phospholipase A2, group IIA [platelets, synovial
fluid])
PRKCB (protein kinase C, beta)
PROS1 (protein S [alpha])
PTPRC (protein tyrosine phosphatase, receptor type, C)
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Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Downregulated
Upregulated
Upregulated
Upregulated
Upregualted
Upregulated
Upregulated
Upregulated
Upregulated
Downregulated
Upregulated
Upregulated

Blood, CSF
Blood
Blood, CSF
Blood
Blood
Blood, CSF
Blood
Blood, CSF
Blood
Blood
Blood
Blood, CSF
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood

Upregulated

Blood

Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Downregulated

Blood
Blood
Blood
Blood
Blood
Blood
Blood

Downregulated

Blood

Upregulated

Blood

Upregulated
Upregulated
Upregulated
Upregulated
Upregulated

Blood
Blood, CSF
Blood
Blood
Blood

Upregulated
Downregulated
Upregulated
Upregulated

Blood
Blood
Blood
Blood

Upregulated
Downregulated
Downregulated
Upregulated
Upregulated

Blood
Blood
Blood
Blood
Blood

Downregulated
Upregulated
Upregulated

Blood
Blood
Blood

SERPINA3 (serpin peptidase inhibitor, clade A [alpha-1
antiproteinase, antitrypsin], member 3)
SLIT2 (slit homolog 2 [drospohila])
SNAP25 (synaptosomal-associated protein, 25kDa)
SOD2 (superoxide dismutase 2, mitochondrial)
SPARC (secreted protein, acidic, cysteine-rich [
osteonectin])
SPP1 (secreted phosphoprotein 1)
SST (somatostatin)
STAT3 (signal transducer and activator of transcription 3
[acute-phase response factor])
TGFB2 (transforming growth factor, beta 2)
TGFBR1 (transforming growth factor, beta receptor 1)
THY1 (Thy-1 cell surface antigen)
TIMP1 (TIMP metallopeptidase inhibitor 1)
TLR2 (toll-like receptor 2)
TNC (tenascin C)
VCAM-1 (vascular cell adhesion molecule 1)
VIM (vimentin)

Upregulated

Blood, CSF

Downregulated
Downregulated
Upregulated
Upregulated

Blood
Blood
Blood
Blood, CSF

Upregulated
Downregulated
Upregulated

Blood, CSF
Blood, CSF
Blood

Upregulated
Upregulated
Downregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated

Blood
Blood
Blood, CSF
Blood, CSF
Blood
Blood
Blood
Blood

Table 24 List of biomarkers filtered by IPA. Biomarkers were filtered using the ‘Biomarker Filter’ tool
on the basis that they could be detected in the blood and/or the cerebrospinal fluid (CSF). Also shown
is whether the biomarkers were upregulated or downregulated in balloon cell group (i.e. FCDIIb and
TS) compared to control group (i.e. FCDIIa and HS). Highlighted in red are gene selected for further
validation.

Figure 6.1 IPA filtered biomarkers. The ‘My Pathway’ tool in IPA identified links and relationships
between the biomarkers based on IPA’s curated database (Ingenuity Knowledge Base).
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Immunohistochemical approach
In order to validate the potential of the selected candidate biomarkers from the in silico
analysis as diagnostic biomarkers in FCD, their pattern of expression was tested in FCDIIb, TS,
FCDIIa and control cases using immunohistochemistry. The aim of the diagnostic biomarkers
would be to differentiate balloon cell (BC)-dysplasia (FCDIIb and TS) from non-BC dysplasia
(FCDIIa and HS control). A description of each of the biomarkers together with their known
(published) functions and expression patterns are summarised in Table 25. The results of the

BCL6

ANXA5

Biomarker

immunohistochemical staining for all biomarkers tested are discussed, in turn, thereafter.

Description

Functions

Expression in normal
tissues

Expression in
pathological tissues

A phospholipase
A2 and protein
kinase C
inhibitory
protein with
calcium channel
activity.

Functions as an
anticoagulant and a
antithrombotic protein
(Thiagarajan & Tait
1990).

Ubiquitously
expressed, with
highest levels in the
kidney, liver and
placenta (Morgan et
al. 1998).

A zinc finger
transcription
factor (Chang et
al. 1996).

Functions as a
transcriptional
repressor in normal
and malignant B cells
by regulating cell cycle,
DNA damage response,
and signal transduction
(Shaffer et al. 2000)
Functions as a receptor
for hyaluronan and
other extracellular
matrix ligands.
Involved in various
cellular functions such
lymphocyte activation,
haematopoiesis, and
tumour metastasis.

Expressed at high
levels exclusively
present in B-cells of
normal and neoplastic
germinal centres
(Cattoretti et al.
1995).

Expressed in certain
cancers, such as
cervical carcinomas
(Xue et al. 2009) and
colorectal
adenocarcinomas (Li
et al. 2012). Also
upregulated in
response to cardiac
ischaemia (Kaneko et
al. 1994).
Associated with
reactive hyperplasia
in lymph nodes and
follicular B-cell
lymphomas (Phan &
Dalla-Favera 2004).

CD44

A
transmembrane
glycoprotein.
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Ubiquitously
expressed; expression
levels depend on the
cell type. In the brain,
CD44 is expressed in
both glial and
neuronal cells
(Dzwonek &
Wilczynski 2015).

Upregulation of CD44
expression
associated with brain
injury, multiple
sclerosis, and CNS
tumours such as
glioblastoma
(Dzwonek &
Wilczynski 2015)

CD58
CHI3L1

Serves as a
physiological ligand of
the CD2 receptor; a
receptor that is crucial
for T cell activation
(Davis & Van Der
Merwe 1996; Wang et
al. 1999).

Expressed largely on
antigen presenting
cells, such as
macrophages, natural
killer cells, and T cells.
Also expressed on
non-hematopoietic
cells (Dengler et al.
1992).

Understanding of the
pathological roles of
CD58 is limited but
has been associated
with large B cell
lymphoma (ChallaMalladi et al. 2011)
and multiple sclerosis
(Kim et al. 2014).

May act as a growth,
adhesion, and
chemotactic factor for
several cell types.
Little else is known
about the mechanisms
of CHI3L1-mediated
cellular effects
(Coffman 2008).

Secreted by a wide
range of cell types,
such as macrophages,
chondrocytes,
neutrophils and
synovial cells.
(Coffman 2008).

Has largely cytoarchitectural functions
and is required for
astroglial activation
and glial scar
formation (Sofroniew
& Vinters 2010).

Expressed by all
reactive astrocytes
and some neural
progenitor cells (Liu
et al. 2010)

A major histocompatibility
complex cell
surface receptor

Main function is to
present antigenic
peptides.

A glycoside
hydrolase

Involved in the innate
immune system; its
antimicrobial activity
protects against
bacteria by catalysing
the hydrolysis of cell
wall peptidoglycans.

A small
transmembrane
mucin-like
protein (Renart
et al. 2015).

Roles in development,
tumorigenesis, and
immune cell
interactions (Astarita
et al. 2012; Wicki et al.
2006).

Expressed at high
levels in antigen
presenting cells such
as macrophages, B
lymphocytes and
dendritic cells
(Salgado et al. 2002)
Ubiquitously
synthesised and
expressed in a wide
variety of tissues and
cells. Highest levels
seen in secretions
such as human milk,
saliva, and tears
(Hankiewicz &
Swierczek 1974).
Wide range of tissue
types, including those
from the brain, heart,
kidney, lungs,
osteoblasts, and
lymphoid organs
(Astarita et al. 2012).

Expression
associated with
inflammatory
pathologies, such as
multiple sclerosis
(Bonneh-Barkay et al.
2010) as well as solid
carcinomas, such as
glioblastoma (Zhang
et al. 2010).
Increased expression
associated with
astroglial activation
and gliosis in
neuroinflammatory
and
neurodegenerative
diseases (Eng &
Ghirnikar 1994).
Details on the clinical
significance of HLADR is limited.

PDPN

LYZ

HLA-DR

GFAP

A highly
glycosylated
adhesion
molecule. Also
known as
lymphocyte
functionassociated
antigen 3 (LFA3).
A secreted
glycoprotein,
from the
glycosyl
hydrolase family
18, without
chitinase
activity
(Henrissat &
Bairoch 1993).
A type III
intermediate
filament protein
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Expression
associated with
prognosis of some
cancers, such as
breast cancer (Vizoso
et al. 2001).

Expressed in several
types of tumours,
including CNS
tumours (Schacht et
al. 2005; Shibahara
et al. 2006; Fukunaga
2005).

Its physiological
function is unclear; it
may protect some
tissues from
proteolytic enzymes by
inhibiting their activity.

A multi-domain
extracellular
matrix
glycoprotein
(Orend 2005).

Multifunctional
molecule. Reported
roles in tissue injury,
tumorigenesis
(Midwood & Orend
2009), and immune
response (Udalova et
al. 2011)

A cell surface
sialoglycoprotein
and a type I
membrane
protein from
the
immunoglobulin
superfamily
Type III
intermediate
filament
protein.

Serves as a cell
adhesion molecule and
functions to regulate
immuno-surveillance
and inflammation
(Cook-Mills et al.
2011).

VIM

VCAM-1

TNC

SERPINA3

An α-globulin
glycoprotein

Wide variety of
biological processes,
such as normal cellular
homeostasis,
inflammation,
apoptosis, and viral
infection (Ivaska et al.
2007).

Synthesised mainly by
hepatocytes,
bronchial epithelial
cells and monocytes
but also expressed in
various organs such
as kidney, brain, and
prostate (Kalsheker
1996).
Expressed transiently
during development
and repair (Jones &
Jones 2000). In the
developing brain, it is
expressed by
immature astrocytes
and neurons, and
neural stem cells (Von
Holst et al. 2007).
Primarily expressed in
endothelial cells;
however, expression
in other cell types,
including dendritic
cells and fibroblasts,
have been reported
(El Shikh et al. 2007;
Wu et al. 2010)
Expressed in several
cell types of
mesodermal origin,
such as the
mesenchyme and
fibroblasts, and
certain cells from the
ectodermal lineage,
such as neural stem
cells.

Overexpressed in
many malignant
melanomas and
carcinomas (Chelbi et
al. 2012)

Re-expressed
pathological states
such as wound
healing,
inflammation, cancer
invasion (Jones &
Jones 2000).

Expression has been
associated with
inflammatory
diseases as well as
cardiovascular
diseases (Cook-Mills
et al. 2011).

Expression reported
in various
pathologies, mainly
cancers such as CNS
tumours (Satelli & Li
2011). Increased
expression also
associated epilepsy
(Stringer 1996).

Table 25 Biomarkers selected for immunohistochemical validation. Brief description of each of the
biomarkers with some of their known (published) functions and expression patterns.

Annexin A5 (ANXA5)
ANXA5 immunohistochemistry showed marked difference between the staining pattern in
BC cases and non-BC cases, suggesting that this marker could be used to differentiate BC
dysplasia from non-BC dysplasia. Representative staining patterns of ANXA5 in samples from
BC-dysplasia and non-BC dysplasia are shown in Figure 6.2.
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In BC cases, the majority of BCs showed weak cytoplasmic immunoreactivity; a few negative
BCs were also noted. Both dysmorphic and normal neurons in these cases were mostly
negative for ANXA5. Small glial cells in BC cases were always positive for ANXA5; the intensity
of staining ranged from weak to strong, although the majority were moderately stained.
Many endothelial cells demonstrated moderate to strong immunostaining in BC cases. The
neuropil of these BC cases was largely very strongly stained. The white matter from the BC
cases were mostly moderated stained. In non-BC cases, neurons (dysmorphic or normal)
were negative. Similar to the BC cases, endothelial cells and small glial cells showed mainly
moderate, sometimes strong, immunoreactivity. However, in contrast to the BC cases, the
two brain structures analysed – the neuropil and the white matter – were largely weakly
stained in the non-BC cases; in some cases, there were no staining of these structures.
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Figure 6.2 Annexin A5 (ANXA5) immunostaining. Images of representative immunohistochemical
staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical
dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath
each of the immunostaining images is a radar plot showing the intensity of staining. The intensity of
staining of various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).

B-cell CLL/lymphoma 6 (BCL6)
BCL6 immunostaining was found to be similar across BC and non-BC cases, whereby neurons
and small glial cells expressed BCL6. Therefore, based on these results, this marker cannot
be used to differentiate BC-dysplasia from non-BC dysplasia. Representative staining
patterns of BCL6 in samples from BC-dysplasia and non-BC dysplasia are shown in Figure 6.3.
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In BC cases, BCs and dysmorphic neurons were negative for this marker. An exception to
these observations was the very weak cytoplasmic staining seen in a few dysmorphic neurons
& BCs in two TS cases. Many normal neurons in BC cases showed weak to moderate
immunostaining; while the majority of these neurons had nuclear staining, there were some
with cytoplasmic staining. Small glia were the second cell type to express BCL6; many of these
cells exhibited moderate cytoplasmic staining. A subpopulation of negative normal neurons
and small glial were also noted; the proportion of which varied across the cases. The
remaining cell types/brain structures (endothelial cells, BCs, the neuropil and the white
matter) were largely negative for BCL6. Similar to BC cases, small glial cells and normal
neurons were the only cell types to show BCL6 immunoreactivity in non-BC cases. Many of
these cell showed nuclear or cytoplasmic immunostaining; however, there were also a
significant population of these cells that were negative.
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Figure 6.3 B-cell CLL/lymphoma 6 (BCL6) immunostaining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale
bar 20μm. Beneath each of the immunostaining images is a radar plot showing the intensity of
staining. The intensity of staining of various cell types and brain regions is scored from 0 (negative) –
3 (heavily stained).

CD44 molecule (CD44)
CD44 immunostaining showed a clear staining pattern which can be used to differentiate BCdysplasia from non-BC dysplasia, primarily due to the heavy staining of the neuropil in BC
cases. Representative staining patterns of CD44 in samples from BC-dysplasia and non-BC
dysplasia are shown in Figure 6.4.
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In the BC cases, the neuropil was very heavily stained such that these cases could easily be
identified in tissue microarray. BCs were negative for CD44. A subpopulation of small glial
cells in BC cases showed weak immunostaining; however, a significant population were also
found to be negative. Neurons (normal and dysmorphic) did not express CD44. Endothelial
cells were also negative in these cases. The white matter in BC cases exhibited weak, and
sometimes moderate, immunoreactivity. In the non-BC cases, the white matter showed weak
staining. The neuropil, which was very heavily stained in BC cases, was found to be negative
in non-BC cases. No staining was seen in any of the cell types assessed; neurons, small glia,
and endothelial cells did not express CD44 in non-BC cases.

Figure 6.4 CD44 molecule (CD44) immunostaining. Images of representative immunohistochemical
staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical
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dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath
each of the immunostaining images is a radar plot showing the intensity of staining. The intensity of
staining of various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).

CD58 molecule (CD58)
The staining patterns of CD58 (CD58 molecule) have been discussed in Chapter 5.2.3 (Figure
5.11). The results suggest that CD58 may be used to differentiate BC-dysplasia from non-BC
dysplasia. In summary, the majority of BCs demonstrated CD58 cytoplasmic
immunoreactivity in BC cases. Furthermore, the neuropil was found to be more strongly
stained in BC cases compared to non-BC cases. Neurons from all of the four disease types
exhibited weak CD58 immunostaining. No other cell types were found to be positive for
CD58.

Chitinase 3 Like 1 (CHI3L1)
The staining patterns of CH3L1 have been discussed in Chapter 4.2.5 (Figure 4.6). The
differential staining pattern of CHI3L1 between BC cases and non-BC cases suggests that this
marker could be used to differentiate BC-dysplasia from non-BC dysplasia. In summary,
although many BCs were negative for CHI3L1, a notable population exhibited cytoplasmic
immunopositivity. Strong cytoplasmic CHI3L1 immunostaining was seen in glial cells, many
of which were found frequently adjacent to BCs. The neuropil expressed moderate
immunopositivity in BC cases, whereas the neuropil of non-BC cases were general negative.

Glial Fibrillary Acidic Protein (GFAP)
GFAP immunohistochemistry showed differential staining between BC cases and non-BC
cases, primarily due to BC staining and stronger neuropil staining in BC cases. Representative
staining patterns of GFAP in samples from BC-dysplasia and non-BC dysplasia are shown in
Figure 6.5.
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In the BC cases, a subpopulation of BCs showed immunoreactivity, while a subpopulation was
negative. Astroglial cells demonstrated very strong immunostaining. The staining intensity of
the GFAP-positive BCs varied from weak to moderate. The neuropil of BC cases showed
moderately levels of GFAP staining. The white matter of these cases also had moderate
immunostaining. Neurons and endothelial cells were negative for GFAP. Similar to BC cases,
astroglial cells also showed very strong immunostaining in BC cases. Neurons and endothelial
cells were also negative in these cases. Another similarity between BC cases and non-BC cases
was the moderately stained white matter. However, the neuropil of the non-BC cases
showed weak immunoreactivity compared to the moderately levels seen in BC cases.

Figure 6.5 Glial Fibrillary Acidic Protein (GFAP) immunostaining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
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C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale
bar 20μm. Beneath each of the immunostaining images is a radar plot showing the intensity of
staining. The intensity of staining of various cell types and brain regions is scored from 0 (negative) –
3 (heavily stained).

Major Histocompatibility Complex, Class II, DR (HLA-DR)
HLA-DR immunohistochemistry showed significant difference in staining patterns between
BC cases and non-BC cases, indicating that this marker can potentially differentiate between.
Representative staining patterns of HLA-DR in samples from BC-dysplasia and non-BC
dysplasia are shown in Figure 6.6.

In BC cases, a population of BCs was positive for HLA-DR; these HLA-DR-positive BCs showed
cytoplasmic staining with many darker stained punctate dots. The staining intensity of the
BCs varied from weak to moderate; the majority of which were moderately stained.
However, not all BCs were positive; a significant population of BCs did not express HLA-DR.
The proportion of these negative BCs varied between the cases. Normal neurons as well as
dysmorphic neurons were always negative in BC cases; no positive neuron was seen. Positive
immunostaining was observed in a population of glial cells in BC cases; although not all glial
cells in these cases expressed HLA-DR. The positive glial cells largely expressed strong
cytoplasmic immunostaining. Similarly, while a significant population of endothelial cells
showed strong HLA-DR immunostaining, negative endothelial cells were also noted. The
brain structures assessed, the neuropil and the white matter, were negative for HLA-DR in
BC cases. In non-BC cases, HLA-DR immunostaining was largely negative. Immunoreactivity
was only seen in a few glial cells and endothelial cells; the proportion of these positive cells
was significantly less in these non-BC cases compared to BC cases. The staining intensity of
the glial and endothelial cells were generally weak, particularly in control HS cases. Like in
the BC cases, neurons, the white matter and the neuropil did not stain for HLA-DR in the nonBC cases.
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Figure 6.6 Major Histocompatibility Complex, Class II, DR (HLA-DR) immunostaining. Images of
representative immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B)
tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal
sclerosis (HS). Scale bar 20μm. Beneath each of the immunostaining images is a radar plot showing
the intensity of staining. The intensity of staining of various cell types and brain regions is scored from
0 (negative) – 3 (heavily stained).

Lysozyme (LYZ)
LYZ immunohistochemistry showed positivity in several cell types across all the cases.
However, the more strongly stained neuropil and glial cells coupled with the heavy staining
of BCs in BC cases can possibly allow this marker to differentiate BC-dysplasia from non-BC
dysplasia. Representative staining patterns of LYZ in samples from BC-dysplasia and non-BC
dysplasia are shown in Figure 6.7.
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In BC cases, all BCs had cytoplasmic staining; the majority of these were strongly stained.
Furthermore, a significant population of small glial cell in BC cases exhibited LYZ
immunoreactivity; the staining intensity of which was mostly moderate with some slightly
weaker stained glial cells. The neuropil of BC cases was also moderately stained. Dysmorphic
and normal neurons in BC cases demonstrated weak cytoplasmic staining. Neurons that had
similar levels of staining as the neuropil were often harder to identify. Endothelial cells were
another cell type that showed weak LYZ immunoreactivity in BC cases. The white matter of
BC cases did not stain for LYZ. In the non-BC cases, a population of neurons (dysmorphic and
normal) displayed weak cytoplasmic LYZ immunoreactivity. The proportion of these positive
neurons varied between the cases. Unlike the BC cases, neurons in non-BC cases were largely
negative. The neuropil of non-BC cases had weak immunostaining. A population of glial cells
and vascular endothelial cells also showed weak, occasionally moderate, immunostaining.
The weak staining of these different cell types in BC cases meant that they were sometimes
difficult to identify them from the weak neuropil staining. Similar to BC cases, the white
matter of non-BC cases did not stain for LYZ.
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Figure 6.7 Lysozyme (LYZ) immunostaining. Images of representative immunohistochemical staining
in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type
IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale bar 20μm. Beneath each of the
immunostaining images is a radar plot showing the intensity of staining. The intensity of staining of
various cell types and brain regions is scored from 0 (negative) – 3 (heavily stained).

Podoplanin (PDPN)
The staining patterns of PDPN have been discussed in Chapter 5.2.1 (Figure 5.3). PDPN
immunohistochemistry was striking in that only BC cases had immunostaining, whereas nonBC cases were entirely negative. Thus, suggesting that PDPN has potential a biomarker that
could differentiated BC-dysplasia from non-BC dysplasia. In summary, the majority of BCs
exhibited very strong staining. Although dysmorphic neurons expressed very strong
cytoplasmic immunostaining, normal neurons, small glial cells and endothelial cells were
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generally negative in the BC cases. In non-BC cases, no staining was seen; all the cell types
were negative for PDPN.

Serpin Peptidase Inhibitor, Clade A, Member 3 (SERPINA3)
The differential staining patterns of SERPINA3 between BC and non-BC cases suggest that
SERPINA3 can be a useful marker in differentiating BC-dysplasia from non-BC dysplasia.
Representative staining patterns of SERPINA3 in samples from BC-dysplasia and non-BC
dysplasia are shown in Figure 6.8.

In the BC cases, the majority of BCs demonstrated strong cytoplasmic SERPINA3
immunoreactivity. The majority of glial cells were also showed strong staining positive; some
of these positive glial cells had cytoplasmic staining, some had nuclear staining, and others
had both nuclear and cytoplasmic staining. Normal neurons were mostly weak
immunostaining, whereas dysmorphic neurons were mostly moderately stained. The staining
of these neurons was cytoplasmic. Furthermore, a population of strongly and moderately
stained endothelial cells were also seen. The neuropil of BC cases were mainly moderately
stained. However, certain regions of the neuropil expressed weaker immunostaining; it
appears that BCs may influence this staining pattern as BC-rich regions had stronger neuropil
staining. The white matter from these cases did not stain for SERPINA3. In non-BC cases,
neurons

(dysmorphic

and

normal)

demonstrated

weak

cytoplasmic

SERPINA3

immunostaining. Endothelial cells mostly showed mainly weak, sometimes moderate,
immunoreactivity. The majority of small glial cells in these cases were negative for SERPINA3;
however, a small population of weakly stained glial cells were observed. The neuropil of nonBC cases was mainly negative; two cases had very weak staining. Similar to BC cases, the
white matter of non-BC cases was negative for SERPINA3.
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Figure 6.8 Serpin Peptidase Inhibitor, Clade A, Member 3 (SERPINA3) immunostaining. Images of
representative immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B)
tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal
sclerosis (HS). Scale bar 20μm. Beneath each of the immunostaining images is a radar plot showing
the intensity of staining. The intensity of staining of various cell types and brain regions is scored from
0 (negative) – 3 (heavily stained).

Tenascin C (TNC)
The staining patterns of TNC have been discussed in Chapter 4.2.4 (Figure 4.5). The key
difference in the staining pattern of TNC between BC and non-BC cases was the heavily
stained BCs. In summary, the majority of BCs showed very strong TNC cytoplasmic staining
in BC cases. Neurons, endothelial cells and glial cells were largely negative in both BC and
non-BC cases. The neuropil and white matter was very heavily stained, regardless of the
tissue type.
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Vascular Cell Adhesion Molecule 1 (VCAM-1)
VCAM-1 immunostaining was interesting given that it was only seen in vascular endothelial
cells. Given that the expression pattern of VCAM-1 was similar across all four tissue types,
VCAM-1 cannot be considered as a potential marker to differentiate between BC-dysplasia
and non-BC dysplasia. Representative staining patterns of VCAM-1 in samples from BCdysplasia and non-BC dysplasia are shown in Figure 6.9.

In the BC cases, BCs were negative for VCAM-1. A population of endothelial cells expressed
weak VCAM-1 staining; however, not all such cells were positive. No other cell type (glial
cells, dysmorphic neurons, and normal neurons) or brain structure (the neuropil and the
white matter) showed any immunoreactivity. Similarly in non-BC cases, the only cell type to
express VCAM-1 immunostaining was endothelial cells; the staining intensity of which was
largely weak. All other cell types and brain structures were negative for VCAM-1 in non-BC
cases; again similar to the BC cases.
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Figure 6.9 Vascular Cell Adhesion Molecule 1 (VCAM-1) immunostaining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Scale
bar 20μm. Beneath each of the immunostaining images is a radar plot showing the intensity of
staining. The intensity of staining of various cell types and brain regions is scored from 0 (negative) –
3 (heavily stained).

Vimentin (VIM)
The staining patterns of VIM have been discussed in Chapter 3.1.2 (Figure 5.4). The heavy
staining of BCs and the neuropil of BC cases can allow VIM immunostaining to differentiate
BC-dysplasia from non-BC dysplasia. In summary, virtually all BCs in cases exhibited very
strong cytoplasmic VIM immunoreactivity. Strong neuropil immunostaining was also seen in
BC cases, whereas the neuropil was negative in non-BC cases. Endothelial cells and small glia
were also found to express moderate VIM immunostaining in both groups of cases.
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Summary
The selected candidate biomarkers were assessed for their potential as diagnostic
biomarkers using immunohistochemistry. To this end, the expression patterns of 13
biomarkers were tested in FCDIIb, TS, FCDIIa and control HS cases with goal of using such
biomarkers to differentiate BC-dysplasia (FCDIIb/TS cases) from non-BC dysplasia (FCDIIa/HS
cases). For most of the biomarkers, there was a clear visual distinction between the two
groups (Figure 6.11 multiple panel); the columns for the BC-dysplasia group are more heavily
stained than the columns for the non-BC dysplasia group. Due the heavy staining of the
neuropil in BC cases, five of the 13 biomarkers (ANXA5, CD44, PDPN, SERPINA3, and VIM)
could be used to differentiate between the two groups. The differential staining patterns of
the biomarkers was assessed by analysing the expression and staining intensity of the
biomarkers in 5 main cell types (normal neurons, dysmorphic neurons, balloon cells, glial
cells, and endothelial cells) and 2 brain structures (the neuropil and the white matter). Figure
6.10 shows pie charts with the number (and %) of the biomarkers that stained each cell
type/brain structure more heavily in BC cases compared to the non-BC cases. Out of the 13
biomarkers tested, 11 biomarkers (ANXA5, CD44, CD58, CHI3L1, GFAP, HLA-DR, LYZ,
SERPINA3, PDPN, TNC, and VIM) stained BCs; given that BCs are a unique feature of FCDIIb/TS
cases, this staining of BCs was only seen in these cases. Two (SERPINA3 and PDPN), none, two
(HLA-DR and SERPINA3), five (CD44, CHI3L1, HLA-DR, LYZ and SERPINA3), nine (ANXA5, CD44,
CD58, CHI3L1, GFAP, LYZ, PDPN, SERPINA3, and VIM) and one (ANXA5) of the biomarkers
stained dysmorphic neurons, normal neurons, endothelial cells, small glial cells, the neuropil
and the white matter, respectively, more heavily in BC cases compared to those of non-BC
cases. Overall, all of the biomarkers tested, except BCL6 and VCAM-1, exhibited a differential
expression between the two disease groups. The majority of these have a potential as
diagnostic biomarkers.
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Figure 6.10 Staining of key cell types by the biomarkers. The pie charts show the number (and %) of
the biomarkers that stained each cell type more heavily in FCDIIb/TS cases compared to the FCDIIa/HS
cases. The red represents the markers that were different between the two disease groups.
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Figure 6.11 Representative immunohistochemical staining of candidate biomarkers using tissue
microarrays. The biomarkers tested are labelled on the left. The 4 different diseases is show on the
top: FCDIIb and TS (BC-dysplasia group); FCDIIa and control HS (non-BC dysplasia group). Images have
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been selected to show the staining patterns of as many of the main cell types as possible including
BCs, neurones, endothelial cells, small glia as well as the neuropil. Scale bar 40μm.

Proteomic approach
Mass spectrometry (MS) based proteomics was performed using FFPE FCDIIb (n=4) and
normal control (n=4) tissue, as described in the Methods Chapter 3.9. This method was
successfully in identifying a large number of proteins from FFPE tissue. Overall, 1357 proteins
were detected (See Appendix 4 for a complete list). Of these 451 proteins were found to be
upregulated in FCD compared to the control, of which 21 reached statistical significance at
p<0.05 and 4 reached statistical significance at p<0.005. The top 10 upregulated proteins,
that were statistically significant, is shown in the first part of Table 26. The remaining 906
proteins were downregulated in FCD, of which 73 reached statistical significance at p<0.05
and 7 reached statistical significance at p<0.005. The top 10 of these downregulated proteins,
that were statistically significant, is shown in the second part of Table 26.

Upregulated in FCD
Protein name
Sterile alpha motif domain-containing protein 10 (SAMD10)
Vimentin (VIM)
Alpha-crystallin B chain (CRYAB)
Heat shock protein beta-1 (HSPB1)
Annexin A1 (ANXA1)
Inositol monophosphatase 1 (IMPA1)
Transgelin (TAGLN)
Glial fibrillary acidic protein (GFAP)
Rho GTPase-activating protein 1 (ARHGAP1)
Downregulated in FCD
cGMP-dependent 3',5'-cyclic phosphodiesterase (PDE2A)
Proteasome subunit beta type-6 (PSMB6)
Cystatin-C (CST3)
Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 3 (PTPLAD1)
Bcl-2/adenovirus E1B 19 kDa-interacting protein 2-like protein (BNIPL)
Gamma-aminobutyric acid receptor-associated protein-like 2
(GABARAPL2)
40S ribosomal protein S23 (RPS23)
Toll-interacting protein (TOLLIP)
40S ribosomal protein S16 (RPS16)
Ras-related protein Rab-3A (RAB3A)
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p value
0.0317
0.00425
0.0101
0.0139
0.00299
0.00237
0.0288
0.0153
0.0189

Fold Change
11.0
7.05
6.53
5.21
4.29
3.92
3.13
2.61
2.60

0.0499
0.00658
0.0328
0.0343
0.0439

3.08
3.05
2.98
2.67
2.63

0.0336

2.617

0.0282
0.0431
0.0220
0.000579

2.56
2.42
2.38
2.11

Table 26 Top 10 up- and down-regulated proteins in FCDIIb detected by mass spectrometry based
proteomics. Only the differentially expressed proteins that reached statistical significance p<0.05 are
shown.

Analysis of key molecular functions, biological processes, cellular components, protein
classes, and pathways associated with the 21 (significantly) upregulated proteins and the 73
(significantly) downregulated proteins in FCD was performed using the PANTHER
classification system. Analyses of the up- and downregulated proteins are shown in Figure
6.12 and Figure 6.13, respectively. From the upregulated proteins, 10 had binding functions,
15 were involved in metabolic processes, 7 were constituent parts of a cell, and 6 were
classified as cytoskeletal proteins. From the downregulated proteins, 24 had catalytic activity,
33 were involved in metabolic processes, 15 were constituent parts of a cell, and 6 were
classified as oxidoreductases. Both the up- and downregulated proteins were also shown to
be involved various signally pathways.
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Figure 6.12 Functional analysis of 21 upregulated proteins in FCD using the PANTHER classification
system. The results show the key molecular functions, biological processes, cellular components, the
type of protein, and pathways associated with the upregulated proteins. Accession codes are also
provided.
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Figure 6.13 Functional analysis of 73 downregulated proteins in FCD using the PANTHER
classification system. The results show the key molecular functions, biological processes, cellular
components, the type of protein, and pathways associated with the downregulated proteins.
Accession codes are also provided.
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Proteins of 33 out of 338 DEGs between FCDIIb v HS (from the microarray data; Appendix 1)
were detected by the proteomics method. Table 27 lists these 33 proteins and compares fold
change and p values from the microarray data to that of the proteomics data. However, only
5 of the differentially expressed proteins reached statistical significance at p<0.05. These
statistically significant differentially expressed proteins are highlighted in red in Table 27.

Microarray data

Proteomics data

Fold
Change

p value

Up/downregulated
in FCD

ANXA1

18.3

1.12 x10-7

up

4.29

0.00299

up

SOD2

7.76

6.46 x10-7

up

1.66

0.379

up

VIM*

4.89

1.50 x10-6

up

7.05

0.00425

up

CLU

2.36

1.77 x10-6

up

1.18

0.355

up

SERPINA3*

30.3

2.03 x10-6

up

1.56

0.0394

up

MAOB

8.28

3.56 x10-6

up

1.75

0.0445

up

NAMPT

3.23

1.94 x10-5

up

1.12

0.508

down

SYNM

3.01

2.80 x10-5

up

1.87

0.126

up

TNC*

6.42

5.03 x10-5

up

1.48

0.850

up

ACTN1

2.44

6.42 x10-5

up

1.17

0.780

up

VCL

2.09

1.28 x10-4

up

1.59

0.264

down

CD44*

5.77

1.62 x10-4

up

4.70

0.983

up

AKAP12

2.11

2.39 x10-4

up

1.69

0.564

up

MYL12A

2.23

3.50 x10-4

up

1.13

0.476

down

MSN

2.32

4.02 x10-4

up

1.16

0.426

down

WARS

2.09

6.28 x10-4

up

1.36

0.660

up

TAGLN2

2.38

7.20 x10-4

up

1.18

0.439

up

SORBS1

2.06

8.15 x10-4

up

1.93

0.168

down

FABP7

2.80

9.82 x10-4

up

1.38

0.301

up

AKR1C1

2.61

0.00224

up

2.61

0.0718

up

SYNE2

2.45

0.00314

up

1.746

0.0272

down

HLA-DR*

4.48

0.00500

up

1.33

0.287

down

HSPB8

2.52

0.00501

up

1.03

0.701

up

GNG12

2.20

0.00878

up

1.15

0.913

up

Gene/protein
name
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Fold
Change

p value

Up/downregulated
in FCD

GFAP*

2.99

0.00900

up

2.61

0.0153

up

C3

2.06

0.0172

up

1.24

0.211

down

TNR

2.02

2.04 x10-4

down

1.23

0.145

down

SH3GL3

2.64

6.10 x10-4

down

1.32

0.409

up

PDE1A

2.12

0.00347

down

1.97

0.121

down

DLG2

2.05

0.00417

down

1.10

0.738

down

GRM3

2.37

0.00553

down

4.27

0.118

down

RPH3A

2.23

0.0480

down

1.28

0.364

down

ASAH1

1.92

1.27 x10-5

up

4.12

0.668

up

Table 27 Details of genes/proteins that were found in both FCD microarray data and FCD proteomics
data. Highlighted in red are the 5 differentially expressed proteins to reach statistical significance at
p<0.05. Asterisks (*) indicate genes whose expression patterns were validated by
immunohistochemistry in an earlier section of this Chapter.

In comparison with the immunohistochemical results (Figure 6.11) which identified 11
differentially expressed proteins between BC-dysplasia and non-BC dysplasia, the mass
spectrometry based proteomics detected confirmed the differential expression of 6 of these
proteins (Table 27). However, only two of the proteomics-detected proteins (GFAP and VIM)
reached statistical significance at p<0.05 (Table 27).

Discussion of results
Three approaches were used to identify diagnostic biomarkers that could differentiate
between BC-dysplasia and non-BC dysplasia: a bioinformatic (in silico) approach, an
immunohistochemical approach, and a proteomic approach.

The bioinformatics software IPA Ingenuity identified 75 potential diagnostic biomarkers from
differentially expressed genes (DEGs) between a BC dysplasia group (FCDIIb and Tuberous
Sclerosis) and a non-BC dysplasia group (FCDIIa and neocortex from Hippocampal Sclerosis)
generated from Affymetrix™ Human Exon 1.0ST microarrays. Thirteen of these biomarkers
were selected and validated by immunohistochemistry using tissue arrays. All, except 2, of
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the selected biomarkers exhibited a different pattern of expression between BC-dysplasia
and non-BC dysplasia. The differentiating factor was largely due to staining of BCs and/or the
neuropil. Other cell types, such as glial and endothelial cells, also contributed to the
differentiation between the two groups. Interestingly, 8 of the 13 proteins validated by
immunohistochemistry in this study had been previously reported to exhibit enhanced
expression in cortical tubers (Boer et al. 2010). These included the immune/inflammatory
molecules SERPINA3 and BCL6, the cell adhesion molecules CD44, TNC and VCAM1, and the
intermediate filament proteins GFAP and VIM. Given it is widely accepted that inflammation
plays an important role in FCD and epilepsy (Boer et al. 2006), increased expression of
inflammatory molecules is not a surprise. Increased expression of adhesion proteins and
intermediate filament proteins may be due to the disorganisation of cortical lamination
found in cortical dysplasia. Elevated levels of CD44 may contribute to enhanced inflammation
by increasing the permeability of the blood brain barrier (Puré & Cuff 2001). HLA-DR, a
marker of activated microglia, was another protein validated by immunohistochemistry to
show significant differential staining between BC-dysplasia and non-BC dysplasia. A study by
Boer and colleagues have suggested that the increased expression of HLA-DR-positive
microglial cells in FCD correlates with the duration and frequency of seizures before surgery
(Boer et al. 2006).

Mass spectrometry based proteomics identified 1357 proteins of which 94 exhibited
significant differential expression (p<0.05). Of these 94 differentially expressed proteins, 21
were upregulated and 73 were downregulated in FCD compared to control. Analysis of the
literature for the top 20 significantly differentially expressed proteins (up- and downregulated) (Table 26) indicated that the majority had not been previously associated with
cortical dysplasia and/or epilepsy. Of those that were upregulated included CRYAB (α-Bcrystallin), a small heat shock chaperone protein. CRYAB is upregulated in various neuro-
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pathophysiological settings in response to ‘cell stresses’. In the CNS, CRYAB is potent negative
regulator of several inflammatory pathways and has anti-apoptotic and neuroprotective
roles (Ousman et al. 2007). CRYAB has been suggested to be a reliable tissue marker of
epileptic foci in paediatric resections, where immunoreactivity is most intense at or near the
epileptic focus. Overexpression has also been reported in astrocytes, oligodendrocytes and
balloon cells in cortical tubers (Sarnat & Flores-Sarnat 2009; Sosunov et al. 2008). Another
upregulated protein from the proteomics data that is associated with epilepsy in the
literature is ANXA1 (annexin 1), a member of the family of phospholipid and calcium-binding
proteins. ANXA1 is an anti-inflammatory mediator in the brain. A recent study suggested an
important role for ANXA1 in epilepsy by alleviating inflammatory damage and protecting
neurons (Yao et al. 2015). Of particular relevance to balloon cells in FCD, there is evidence to
suggest ANXA1 has anti-proliferative functions. The overexpression of ANXA1 mediates the
disruption of normal cell morphology and inhibition of cyclin D1 expression, thus limiting
cellular proliferation. This appears to occur through the sustained activation of the ERK1/2
MAPK signalling pathway (Alldridge & Bryant 2003). There is also a suggestion that ANXA1 is
likely to be an mTOR effector gene in TS (Tyburczy et al. 2010).

The expression pattern of two proteins – VIM and GFAP – were significantly different
between FCD and control whether analysed using immunohistochemistry or proteomics.
Their expression at the gene level was also significantly different. It is well-known that these
intermediate filament proteins associated with specific cell types which are present, or
upregulated, in FCD. For instance, VIM is used as a marker of BCs, which of course is a cell
type specific to FCD.

The work represented in this Chapter is the first study to analyse the proteomic profile of
FCD. These various findings demonstrate that the proteomes of BC-dysplasia clearly differs
to that of non-BC dysplasia. This led to the identification of a broad range of proteins that
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could differentiate BC-dysplasia from non-BC dysplasia. However, to find one single protein
to serve as a specific biomarker for BC-dysplasia was not easy. Changes in the expression
levels of a few key proteins, rather than a single protein, may be more effective in detecting
BC-dysplasia. Such proteins could be useful as diagnostic, prognostic, or even, therapeutic
biomarkers in children with FCD.

Limitations of study
Immunohistochemistry, like all immunoassays, is limited largely by the availability of specific
antibodies. This becomes an issue when the biomarkers (i.e. proteins of interest) are novel.
In this regard, the immunohistochemistry approach may not be appropriate for validating
entirely novel biomarkers.

FFPE tissue samples and their associated diagnostic records represent a potential resource
for biomarker discovery. However, formalin-induced protein cross-links and modifications of
proteins and nucleic acids are problematic in proteomic studies. Advances in methodology
meant that proteins recovered from FFPE tissue can yield an acceptable representation of
the proteins recovered from identical fresh or frozen samples. There are two main types of
limitations in a proteomic analysis that could affect the results: pre-analytical and analytical
factors. Pre-analytical factors such as the degree of ischemia before fixation, fixation
conditions, size of sample, tissue processing conditions, storage conditions, and the age of
the archival FFPE specimen. Analytical factors such as incomplete protein solubilisation from
FFPE tissues, the incomplete reversal of protein formaldehyde adducts and cross-links and
protein degradation, all of which affects accurate protein quantitative analysis (Fowler et al.
2013). Furthermore, proteins can be lost during the sample preparation steps; for example,
the use of a gel to clean up the samples, automatically excludes certain proteins. Any of these
factors could have affected the results in this Chapter.
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Immunohistochemistry and MS-based proteomics are different techniques that can used to
study a proteome of interest. Both of these techniques have advantages and disadvantage,
as such they are known to detect different proteins. This can be explanation for some of the
results presented in this Chapter. If either of the techniques fails to detect a certain protein,
it does not necessarily mean the protein is not there but rather it has simply not been
detected. Additionally, the MS results reflect the expression across a large region of tissue
and not in specific cell types, unlike in immunohistochemistry.

A significant limitation of this study is sample size; this is particularly a concern for the
proteomics part of the study where only FCDIIb samples were analysed and compared to HS
controls. More convincing results should also involve samples from other disorders including
FCDIIa and TS. Lastly, it is difficult to know whether the changes in gene expression seen in
this study reflect the disease pathogenesis or represent the effects of clinical factors (such as
medication and seizure activity).

Future directions
The next stage of this study is to determine if biomarkers can be identified in CSF. If
biomarkers of BC-dysplasia can be identified in the CSF, these could be used in the
preoperative assessment of patients for epilepsy surgery. CSF samples, surplus to diagnostic
requirements, are currently stored with the surgical samples. Protein expression in CSF from
patients with BC-dysplasia can be compared to those from patients with other disorders
coming to surgery using MS-based proteomics. A pilot study could include 3-5 BC cases and
3-5 non-BC cases (from HS or FCDIIa). This approach would allow us to 1) assess whether the
biomarkers identified in BC tissue (data presented in this Chapter) are also differentially
expressed in CSF and 2) identify any additional biomarkers found in CSF. This CSF study may
also be replicated in blood in order to identify differentially expressed markers in a less
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invasive biofluid. Future studies could also make use of complementary MS-based biomarker
discovery techniques such as glycomics, metabolomics, lipidomics, and peptidomics
(involving the global study of glycomes, metabolites, lipids and peptides, respectively, in test
and control samples). Despite the emphasis based on diagnostic biomarkers in this Chapter,
these techniques can be used to identify putative markers of chemoresistance that could
guide treatment or predict therapeutic response in patients. Once desired biomarkers
(diagnostic, prognostic and/or therapeutic) has been identified, they can be developed into
an MS-based test that can be used in a pathology laboratory. Although these strategies have
their own limitations, identifying novel biomarkers from the proposed studies would allow
for more personalised healthcare in patients with FCD thus improving patient outcome.
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Chapter 7 Investigation into the Role of Senescence in
Balloon Cells
Introduction
Several studies have suggested BCs do not proliferate and could be immature cells that have
arrested at early G1 phase of the cell cycle, as discussed in Chapter 1.6.1. These observations,
together with the known cellular morphology of BCs, indicate that BCs may be senescent
cells. The main aim of this chapter is to investigate the hypothesis that BCs are senescent
cells.

Are balloon cells in a state of cellular senescence?
In order to determine if BCs are in a state of cellular senescence, the expression of various
senescence markers were assessed in BCs: cell cycle inhibitors (p16, p21 and p53), cellular
proliferation (Ki67), DNA damage foci (γH2AX), senescence associated heterochromatin foci
(SAHF), senescence associated β-galactosidase (SA-β-gal) and lysosomal accumulation (LYZ).
A description of each of the selected senescence markers and their (known) expression
patterns in senescent cells and non-senescent cells is summarised in Table 28. The results of

Ki-67

Marker

the immunostaining of these senescence markers are discussed in turn.
Description

Known functions

Expression in
senescent cells

Expression in nonsenescent cells

A nuclear
protein

Expression is strictly
associated with
cellular proliferation.
Expression increases
through the cell cycle
and reaches a
maximum during G2
and mitosis phases. It
is absent during G0
and early G1 (Scholzen
& Gerdes 2000).

A lack of expression
has frequently been
used, along with
markers of
senescence, to identify
senescent cells.

A lack of expression is
a feature of all nonproliferating cells;
therefore it cannot
distinguish between
quiescent, terminally
differentiated and
senescent cells
(Campisi & d’Adda di
Fagagna 2007).
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Hydrolyses the
terminal betagalactose from
ganglioside,
glycoproteins, and
glycosaminoglycans.
Involved in the innate
immune system; its
antimicrobial activity
protects against
bacteria by catalysing
the hydrolysis of cell
wall peptidoglycans.

Expression high
enough to be detected
at pH6 (Kurz et al.
2000; Lee et al. 2006;
Zhang et al. 1994).

Expression detected at
pH4 but not at pH6
(Lee et al. 2006).

No published
information.

A tumour
suppressor
protein

Considered as the
‘guardian of the
genome’ due to its
many biological
functions in
maintaining genomic
stability (Lane 1992;
Strachan 1999).

Several studies have
reported increased
p53 levels in senescent
cells (Chen et al. 1998;
Serrano et al. 1997;
Dimri et al. 2000).

Ubiquitously
synthesised and
expressed in a wide
variety of tissues and
cells. Highest levels
seen in secretions such
as human milk, saliva,
and tears (Hankiewicz
& Swierczek 1974).
Expression of p53 in
normal (i.e.
unstressed) cells is
undetectable using
standard
immunohistochemical
methods (Jiang et al.
2001; Midgley & Lane
1997).

A tumour
suppressor
protein

Cyclin-dependent
kinase inhibitor that
inhibits the cell cycle
by inactivating CDKs
(such as CDK4 and
CDK6) that
phosphorylate
retinoblastoma (Rb)
protein (Sano et al.
1998).

Cyclindependent
kinase
inhibitor

p21 protein inhibits
the cell cycle by
inactivating cyclinCDK2, CDK1, and
CDK4/6 complexes,
and thus functions as a
regulator of cell cycle
progression at G1 and
S phase (Gartel &
Radhakrishnan 2005).

Some studies support
p16-dependent
senescence (GraySchopfer et al. 2006;
Alcorta et al. 1996).
Expression levels also
reported to increase
with age (a
consequence of
senescence)
(Krishnamurthy et al.
2004; Waaijer et al.
2012; Ressler et al.
2006).
Although much
information is
available on the role of
p21 in senescence,
there is limited data
assessing p21 protein
levels (through IHC or
otherwise) in
senescent cells. p21
expression levels has
been shown to
increase with age
(Tahara et al. 1995).

GLB1

A lysosomal
enzyme

p21

p16

p53

LYZ

A glycoside
hydrolase
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Cellular p16 expression
in normal human adult
and infant tissues
appears to be highly
selective. p16
expression has been
reported in infants to
the thymus, the only
organ committed to
early senescence
(Nielsen et al. 1999).

p21 levels also
increase in arrested
cells including
quiescent cells. While
some studies have
found little or no IHC
expression of p21 in
normal tissue, others
have reported p21
positivity in various
normal tissues
(Wohlschlegel et al.
2002).

γH2AX

Histone
protein, and a
tumour
suppressor
protein.

Marker of DNA
damage. Has a crucial
role in the DNA
damage response
(DDR) to double strand
breaks. Phospho-H2AX
(i.e. γH2AX) serves as a
docking site for the
recruitment of various
DDR proteins
(Valdiglesias et al.
2013).

DNA damage foci or
γH2AX foci in
senescent cells are
large and persistent
compared to the
transient and smaller
foci seen in nonsenescent cells
(Sedelnikova et al.
2004).

γH2AX expression has
been shown in
quiescent and cycling
cells, and during all cell
cycle phases, including
mitosis. Expression
also found in human
pre-malignant lesions
and various tumours
(Valdiglesias et al.
2013).

Table 28 Senescence markers. Brief description of each of the markers with some of their known
functions and expression patterns in senescent cells and non-senescent cells.

Ki-67 staining
Given that senescence is defined as irreversible cell cycle arrest, a lack of cellular proliferation
would be a primary marker. Ki-67 immunohistochemical staining was used to assess the
proliferative nature of BCs. BCs were largely negative for this marker Figure 7.1A). In one
case, there were a few BCs with weak cytoplasmic Ki-67 staining but no nuclear staining. The
size of these positive BCs was relatively small. Although Ki-67 is a nuclear protein and
predominately expressed in the nucleus, cytoplasmic positivity has previously been reported
(Grzanka et al. 2000; Faratian et al. 2009; Pleşan et al. 2010). The role of Ki-67 in the
cytoplasm is not clear. It might be related to its biosynthesis (Grzanka et al. 2000) or it could
be as a result of non-specific cross reaction with other proteins, technical problems or the
relocation of Ki-67 during the cell cycle (Pleşan et al. 2010; Leonardo et al. 2007). Besides the
weak cytoplasmic staining of a few BCs in one case, there was no other positive staining in
any of the cell types. Neurons are post-mitotic cells which lack proliferative capability
therefore it is expected that they lack Ki-67 staining. Representative images of Ki67 staining
on FCDIIb, TS, FCDIIa, and control cases are shown in Figure 7.1.
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Figure 7.1 Ki67 immunostaining. Images of representative immunohistochemical staining in A) focal
cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa),
and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows. Positive
tonsil control (insert). Scale bar 20μm.

Markers of cell cycle arrest
Immunohistochemistry was used to test the hypothesis that BCs have characteristics of
arrested cells by using three markers of cell cycle arrest – p53, p16, and p21.

p53 staining
p53 immunostaining showed strong nuclear positivity in all BCs. A small population of
moderately stained neurons were also seen in BC cases (Figure 7.2A and Figure 7.2B). In nonBC cases, many neurons demonstrated weak to moderate immunoreactivity. Weak staining
in a population of small cells (possibly glial cells) were also observed in these cases (Figure
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7.2C and Figure 7.2D). Representative images of Ki67 staining on FCDIIb, TS, FCDIIa, and
control cases are shown in Figure 7.2.

Figure 7.2 p53 immunostaining. Images of representative immunohistochemical staining in A) focal
cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa),
and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows. Scale bar
20μm.

p16 staining
p16 immunohistochemistry showed that all BCs expressed p16; strong nuclear staining was
observed in all BCs, no negative BC was seen. Nuclear staining of p16 was also found in
majority of other cells, suggesting these cell types may have arrested or undergone
senescence, similar to the BCs. These included neurons and small glia from FCDIIb, TS, FCDIIa,
and control cases. Representative images of p16 staining are shown in Figure 7.3.
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Figure 7.3 p16 immunostaining. Images of representative immunohistochemical staining in A) focal
cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa),
and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows. Scale bar
20μm.

p21 staining
p21 immunohistochemistry showed that the majority of BCs demonstrated very strong
nuclear and cytoplasmic p21 staining. Some of the cytoplasmic staining was diffuse while
others were peripherious. The different staining patterns of p21 in BCs, as shown in Figure
7.4A and Figure 7.4B. p21 immunostaining is usually nuclear; it is nuclear p21 that blocks cell
cycle progress after DNA damage and is also important in senescence growth arrest.
However, cytoplasmic p21 has been associated with having anti-apoptotic effects and
tumour progression (Sohn et al. 2006; Huang et al. 2013). Thus, it appears the function of
p21 appears to depend on its cellular localisation. One study found nuclear p21 expression
primarily in the normal tissues, whereas the cancerous tissues exhibited both nuclear and
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cytoplasmic p21 expression (Huang et al. 2013). Strong nuclear and cytoplasmic p21 staining
was also seen in majority of neurons and glial cells across all tissue types examined (FCDIIb,
TS, FCDIIa, and control cases). Representative images of p21 staining are shown in Figure 7.4.

Figure 7.4 p21 immunostaining. Images of representative immunohistochemical staining in A) focal
cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa),
and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows. Scale bar
20μm.

Senescence-associated β-galactosidase (SA-β-gal) staining
Another feature of senescence is increased activity of -galactosidase, otherwise known as
SA-β-gal (Dimri et al. 1995; Itahana et al. 2007; Debacq-Chainiaux et al. 2009). To test SA-βgal expression in BCs, a histochemical stain for -galactosidase activity at pH 6 was used on
frozen surgical sections from BC cases and control cases. Large cells characteristic of BCs
showed clear blue (SA-β-gal) staining in FCDIIb and TS cases (Figure 7.5A and Figure 7.5B).
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The staining appears to be specific to BCs as no other cell types showed SA-β-gal staining.
Furthermore, there was no SA-β-gal staining in FCDIIa or control cases (Figure 7.5C and Figure
7.5D). Representative images of Ki67 staining on FCDIIb, TS, FCDIIa, and control cases are
shown in Figure 7.5.

Figure 7.5 Senescence-associated β-galactosidase staining. Images of representative
immunohistochemical staining in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS),
C) focal cortical dysplasia type IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Balloon
cells are indicated with arrows. Scale bar 10μm.

Consistent with the literature, the highly specific staining of SA-β-gal was not seen with
immunostaining using a β-galactosidase antibody. Since immunohistochemical staining
cannot be adjusted to detect proteins at a chosen pH, the antibody detects any cell that
produces β-galactosidase (which encompasses majority of cells). Therefore, GLB1
immunoreactivity was found in most cell types (Figure 7.6A). However, the majority of BCs
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showed very strong punctate cytoplasmic staining. Other cells such as neurons and glial cells
also showed cytoplasmic staining of varying intensities. BCs and a population of neurons
showed the strongest staining, suggesting that they may have increased β-galactosidase
activity (Figure 7.6B).

Figure 7.6 GBL1 immunostaining. Although several cell types expressed GLB1 (A), balloon cells (solid
arrow) and neurons (dotted arrow) showed very strong staining (B). Scale bar 50μm and 20μm for (A)
and (B), respectively.

Given that SA-β-gal expression reflects increased in lysosomal mass (Dimri et al. 1995),
Lysozyme (LYZ) expression in BCs was analysed by immunohistochemistry. BCs showed
strong cytoplasmic LYZ staining (Figure 7.7). Small glia were weak to moderately stained, and
neurons (normal and dysmorphic) were weakly stained. While different cell types were
positive for LYZ, BCs were the most heavily stained cell type and could clearly be identified
even under lower magnifications. This lysosomal accumulation in BCs was previously
confirmed by our group. Yasin et al. showed strong positivity for the lysosomal enzyme, acid
phosphatase, in BCs. The two major lysosomal glycoproteins, LAMP1 and LAMP2, were also
prominently expressed in BCs from culture and FFPE tissue (Yasin et al. 2013). Representative
images of LYZ staining in FCDIIb, TS, FCDIIa, and control cases are shown in Figure 6.7
(Chapter 6.3.8).
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Figure 7.7 LYZ immunostaining. Balloon cells (arrows) in A) focal cortical dysplasia type IIb (FCDIIb)
and B) tuberous sclerosis (TS) demonstrated strong cytoplasmic immunostaining. Scale bar 20μm.

Senescence associated heterochromatin foci (SAHF)
The formation SAHF is another feature of senescence. These foci contribute significantly to
the senescence cell cycle arrest by preventing the transcription of proliferation-promoting
genes (Narita et al. 2003). Immunohistochemical staining looking at the expression of key
proteins associated with transcriptionally inactive heterochromatin would show the
presence of SAHF and thus can be used as a marker of senescence. Alternatively, a quicker,
cheaper and more efficient way of detecting SAHF is by staining the DNA with DAPI.
Therefore, to test whether BCs have DAPI foci (representative of SAHF), DAPI was co-stained
with vimentin (a marker of BCs) by using immunofluorescence. The results showed that BCs
always contained punctate DAPI foci, typical of SAHF (Figure 7.8).

Figure 7.8 DAPI staining in balloon cells (BCs). BCs show punctate foci of DNA, a distinct feature of
senescent cells. DAPI (blue) was co-stained with vimentin (red), a marker of BCs, using
immunofluorescence. Scale bar 10μm.
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In addition the DAPI staining, existing electron microscopy images were used to study the
ultrastructure of BCs. The results showed, what seems to be, randomly arranged compact
punctate foci of heterochromatin in the nuclei of BCs (Figure 7.9). The ultrastructural
examination of BCs also showed abundant mitochondria, intermediate filament and dense
cored lysosomes in the cytoplasm consistent with previously published data (Yasin et al.
2013).

Figure 7.9 Ultrastructural examination of balloon cells (BCs) by electron microscopy. The images
show electron micrographs from two different focal cortical dysplasia type IIb cases (A,B). There are
clear punctate heterochromatin foci (examples shown by the red arrows) in the nuclei (blue arrows)
of the BCs. Scale bar 5μm.

Taken together, the results strongly support the presence of senescence associated
heterochromatin foci in BCs. Interestingly, DAPI-stained foci were also seen in the nuclei of
cell types besides BCs, suggesting other cells may have also undergone senescence. To have
an idea what these cells were, further immunofluorescence experiments were conducted.
NeuN (a marker of neurons) was co-stained with DAPI to see whether the DAPI foci were
found in neurons (Figure 7.10A). Similarly, GFAP (a marker of astroglia) was co-stained with
DAPI to see whether astroglial cells contain the DAPI foci (Figure 7.10B). The results showed
many neurons to contain these foci, whereas this observation was not seen in astroglia. This
further supports the idea that a population of neurons may have undergone cellular
senescence.
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Figure 7.10 DAPI staining in neurons and astrocytes. Punctate DAPI foci seen in neurons (A; arrows)
and astrocytes (B; arrows). DAPI (blue) was co-stained with NeuN, a marker of neurons (A) or GFAP, a
marker of astrocytes using immunofluorescence. Images taken at 40x magnification.

Senescence-associated DNA damage foci (SDF)
The formation of another type of focus associated with senescence is known as SDF (d’Adda
di Fagagna et al. 2003). Phosphorylated H2AX (γ-H2AX) is an essential protein component of
SDF, and thus was used as a maker of SDF in this study. γH2AX immunohistochemistry
showed that all BCs were positive for this marker. No negative BC was seen; all BCs exhibited
nuclear immunoreactivity. Many BCs demonstrated very strong focal nuclear staining (Figure
7.11A and Figure 7.11B). These staining suggests the presence of γH2AX foci. Other nuclear
staining in BCs, however, were seen as diffuse staining across the entire nuclei and did not
appear as foci. A subpopulation of BCs showed weak cytoplasmic staining; some of these BCs
exhibited stronger spotted staining in the cytoplasm. There is currently no information on
the significance, if any, of cytoplasmic γH2AX. This may be due to non-specific binding.
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Figure 7.11 γH2AX immunostaining. Images of representative immunohistochemical staining in A)
focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa
(FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows.
Scale bar 20μm.

The nuclei of other cell types also appeared to have very distinct clear foci. While it is difficult
to determine the identity of many of these cells with punctate nuclear foci, a population is
clearly neurons (Figure 7.12A). The remaining are mostly glial cells, possibly astrocytes
(Figure 7.12B).
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Figure 7.12 γH2AX immunostaining in neurons and glial cells. Punctate foci seen in neurons (A;
arrows) and glial cells (B; arrows). Scale bar 20μm.

Like the immunohistochemistry results, immunofluorescence staining showed punctate focal
γH2AX staining mainly in BCs (Figure 7.13A), but also in some other cell types. These γH2AX
foci (in the red stain) did not always co-localise with the DAPI foci (in the blue stain) (Figure
7.13), suggesting they may be different entities.

Figure 7.13 Immunofluorescence staining of γH2AX in balloon cells (BCs). Punctate focal staining seen
in the nuclei of BCs from in an FCDIIb case (A) and a TS case (B). Scale bar 10μm.
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Are balloon cells accompanied by a senescence associated
secretory phenotype?

Cellular senescence is generally accompanied by an increase in the secretion of several
factors, known as SASP. As discussed in the Introduction (Chapter 1.7), the SASP can have
important implications in disease through both autocrine and paracrine mechanisms.
Evidence for a SASP in BCs was investigated using a variety of techniques, and will be
discussed subsequently.

SASP regulation data suggest the BCs are associated with the SASP
The SASP factors are regulated by various proteins, including DNA damage proteins (Rodier
et al. 2009), transcriptional factors NF-κB and C/EBPβ (Kuilman et al. 2008; Salminen et al.
2012), p38MAPK (Freund et al. 2011), the interleukin IL-1α signalling pathway (Orjalo et al.
2009) and microRNAs (Bhaumik et al. 2009). Four of these regulators – active NF-κB, ATM,
IL-1α and the microRNAs miR-146a/b – were selected for further investigation. A brief
description of these regulators of SASP and their (known) expression patterns in senescent

phosphoIκBα

NF-κB p65

Marker

cells and non-senescent cells is summarised in Table 29.

Description

Known functions

Expression in
senescent cells

Expression in nonsenescent cells

p65 is the
functional
subunit of
the NF-κB
complex

Important role in
regulating proinflammatory
responses.

Present in many cell
types. In normal
unstimulated cells, NFκB is sequestered in the
cytoplasm by its binding
to inhibitory IκB
proteins.

Inhibitory
protein

Functions to inhibit
the NF-κB
transcription factor

Upon activation, NF-κB
translocation from the
cytoplasm into the
nucleus, where it
activates the
expression of target
genes, such as IL-6 and
IL-8.
See above.
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See above.

ATM

Involved in DNA
damage response,
resulting in cell
cycle arrest, DNA
repair or apoptosis.

Required for secretion
of several SASP factors,
including IL-6 and IL-8.
(Rodier et al. 2009)

Under the normal
condition, ATM is
ubiquitously expressed,
at low levels, in all
human tissues (Gately
et al. 1998).

A pleiotropic
cytokine

Plays a central role
in immune and
inflammatory
responses.

Robust inducer of
senescence-associated
secretion of IL-6 and IL8 (Acosta, Banito, et al.
2013)

Micro-RNAs

Regulate the
expression of
several genes,
particularly those
involved in immune
responses. May
also serve as
potential tumour
suppressors.

The SASP factors IL-6
and IL-8 have been
shown to be negatively
regulated by miR-146a
and miR-146b
(Bhaumik et al. 2009; Li
et al. 2010).

Active forms of IL-1α
usually exist as
intracellular or
membrane-associated,
but are very rarely
secreted especially at
high levels (Apte et al.
2006).
Downregulated in
several cancers
(Bhaumik et al. 2008;
Garcia et al. 2011)

miR-146a/b

IL-1α

A serine/
threonine
protein
kinase

Table 29 Key regulatory factors of senescence-associated secretory phenoype (SASP). Brief
description of each factor with some of their known (published) functions and expression patterns.

Expression of active NF-κB in BCs
NF-κB is a key promoter of SASP in senescence (Chien et al. 2011; Crescenzi et al. 2011;
Rovillain et al. 2011; Salminen et al. 2012). The nuclear expression of NF-κB and phosphoIκBα (nuclear or cytoplasmic) indicates an active NF-κB. The expression of NF-κB and
phospho-IκBα in balloon cells was analysed by immunohistochemistry (Figure 1.4). Given its
functional importance, an antibody against the RELA (p65) subunit of NF-κB was used to
study expression of active NF-κB. BCs exhibited weak to moderate cytoplasmic NF-κB
immunoreactivity (Figure 7.14A). A subpopulation of BCs were completely negative. The
majority of BC nuclei were negative for NF-κB but a few were weakly stained (Figure 7.14A).
There was no positive nuclear NF-κB staining in any cell type. Furthermore, a small population
of neurons from all cases (FCDIIb, TS, FCDIIa, and control cases) showed cytoplasmic staining
with varying staining intensities (from weak to strong), while the remaining neurons were
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negative. Representative images of NF-κB immunostaining from FCDIIb, TS, FCDIIa, and
control cases are shown in Figure 7.14.

Figure 7.14 NF-κB immunostaining. Images of representative immunohistochemical staining in A)
focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa
(FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows.
Scale bar 20μm.

Phospho-IκBα immunostaining showed strong nuclear and cytoplasmic immunoreactivity in
all BCs, where the nuclei were more heavily stained (Figure 7.15A and Figure 7.15B) Strong
nuclear staining noted in a population of small cells, possibly small glia, in all cases (BC and
non-BC cases). Nuclear and cytoplasmic neuronal phospho-IκBα staining was also seen in all
cases – again the nuclear staining appears to be more heavily staining compared to the
cytoplasmic staining in the majority of these cells. Representative images of phospho-IκBα
immunostaining from FCDIIb, TS, FCDIIa, and control cases are shown in Figure 7.15.
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Figure 7.15 Phospho-IκBα immunostaining. Images of representative immunohistochemical staining
in A) focal cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type
IIa (FCDIIa), and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows.
Scale bar 20μm.

Expression of ATM in BCs
ATM immunohistochemistry showed all the BCs to express strong nuclear staining (Figure
7.16). There were no negative BCs. Interestingly, several other cells, namely neurons and
small glia, also expressed ATM. However, unlike BCs that all expressed positive nuclear
staining, several negative neuronal and glial cells were seen.
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Figure 7.16 ATM immunostaining. Images of representative immunohistochemical staining in A) focal
cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa),
and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows. Scale bar
20μm.

Expression of IL-1α in BCs
IL-1α immunohistochemistry showed that a subpopulation of BCs to have very strong
cytoplasmic staining (Figure 7.17A and Figure 7.17B). However, there were also BCs with
weaker cytoplasmic staining and even negative BCs. Very weak cytoplasmic neuronal staining
was also noted in BC cases. A small population of very faintly stained neurons were also seen
FCDIIa and control cases, otherwise neuronal staining was negative (Figure 7.17C and Figure
7.17D). Representative images of Ki67 staining on FCDIIb, TS, FCDIIa, and control cases are
shown in Figure 7.17.
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Figure 7.17 IL-1α immunostaining. Images of representative immunohistochemical staining in A) focal
cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa),
and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows. Scale bar
20μm.

Expression of miR-146a and miR-146b
Until now, the expression of miR-146a and miR-146b in FCD has not been investigated. Our
lab has previously generated miRNA expression data in FCD using NanoString nCounter
Human microRNA microarray (Chapter 2.2). For this Chapter, I focussed on differentially
expressed microRNAs between FCDIIb vs FCDIIa. This is the best comparison group that could
provide an insight into the expression of miR-146a and miR-146b in BCs, given that the major
difference between the two groups is the presence of BCs. Both miR-146a and miR-146b
were found to be down-regulated in FCDIIb compared to FCDIIa in the microarray data (Table
30). Subsequently, qPCR experiments were set up to validate the microarray data. However,
the qPCR results did not show significant difference in miR-146a and miR-146b expression in
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FCDIIb compared to FCDIIa (p>0.05) (Table 31; Figure 7.18). These results remain inconclusive
given that standard deviation values were very high. This high variability may be due to a
heterogeneous composition of the tissue used or the low n number used. Results from a
priori and post-hoc statistical power analyses suggests that this experiment is underpowered
to detect significant change in miRNA expression. An online a priori power calculator for
Student’s t-test showed that the minimum sample size required to give a reasonable chance
(80%) of detecting an effect was 128. A post-hoc power test showed a 7-16% chance of
getting a statistically significant result with the current standard deviation and n numbers
(Table 32).

microRNA

Fold change

P value

miR-146a

-1.83

0.017

miR-146b

-1.97

0.018

Table 30 Differentially expressed micro-RNAs in FCDIIb (FCD with BCs) and FCDIIa (FCD without BCs)
from NanoString nCounter Human microRNA microarray data. Negative fold change indicates
downregulation in FCDIIb.

Relative miRNA expression

2.5
2
1.5
1
0.5
0

FCDIIa

FCDIIb

miR-146a

miR-146b

Figure 7.18 qPCR validation of the micro-RNAs miR-146a and miR-146b expression in FCDIIb (FCD
with BCs) and FCDIIa (FCD without BCs). No significant difference was seen in the expression of miR146a and miR-146b in FCDIIb compared to FCDIIa. Standard deviation shown as error bars.
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Sample

FCDIIb

FCDIIa

1
2
3
1
2
3

FCDIIb

FCDIIa

Sample
1
2
3
1
2
3

RNU6B
Cт mean
27.9
26.8
26.8
27.3
27.6
27.1

miR-146b
Cт mean
25.8
26.8
25.6
26.4
25.8
26.0

miR-146b
ΔCт
Average
ΔΔCт
-2.09
-0.970
-0.0702
1.05
-1.20
-0.0809
-0.928
0.193
-1.84
-0.717
-1.19
-0.0644

RQ =
2^(-ΔΔCт)
1.96
0.483
1.06
0.875
1.64
1.05

Mean
RQ
1.17

0.744

1.19

0.404

RNU6B
Cт mean
27.9
26.8
26.8
27.3
27.6
27.1

miR-146a
Cт mean
26.7
27.9
26.5
27.7
26.5
26.9

miR-146a
ΔCт
Average
ΔΔCт
-1.29
-1.12
1.06
1.23
-0.281
-0.110
0.388
0.558
-1.06
-0.889
-0.263
-0.0926

RQ =
2^(-ΔΔCт)
2.17
0.427
1.08
0.679
1.85
1.07

Mean
RQ
1.23

SD
0.881

1.20

0.598

SD

p
value
0.966

p
value
0.968

Table 31 Results from qPCR validation of micro-RNA expression. The expression levels of miR-146a
and miR-146b in FCDIIb (FCD with BCs) were compared to those in FCDIIa (FCD without BCs). The Cт
(cycle threshold) value is the number of cycles required for the fluorescent signal to exceed the
threshold (ie background level). The Ct value is inversely proportional to the amount of target DNA in
the sample. The higher the amount of DNA, the sooner the accumulated DNA products can cross the
threshold level, and the lower the Ct value. Data represent the mean Cт value of technical triplicates.
RNU6B served as housekeeping gene (an endogenous control). Relative quantification (RQ) were
calculated by 2(−ΔΔCt) method and expressed as relative to endogenous control. SD, standard deviation.
P value was calculated using Student’s t-test.

Mean RQ
FCDIIa
FCDIIb

1.17
1.19
Mean RQ

FCDIIa
FCDIIb

1.23
1.20

miR-146b
Standard
Deviation
0.744
0.404
miR-146a
Standard
Deviation
0.881
0.598

p value
0.966
0.966
p value
0.968
0.968

Statistical power
(%)
7.6
16.0
Statistical power
(%)
8.1
10.3

Table 32 Post-hoc statistical power test for the results from qPCR data (Table 31).
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There is no convincing evidence for the expression of IL-6 and IL-8 at the
protein and mRNA levels
Given that IL-6 and IL-8 are considered as two major SASP factor, immunohistochemistry was
used to assess the expression patterns of these interleukins in BCs. All BCs were negative for
IL-8 (Figure 7.19A and Figure 7.19B), despite using two different IL-8 antibodies. There was
no IL-8 staining in any cell type from any of the cases examined. Representative images of
Ki67 staining on FCDIIb, TS, FCDIIa, and control cases are shown in Figure 7.19. Positive tonsil
control staining (shown in Figure 7.19 (insert) indicates that the antibody has worked but BCs
do not express IL-8 at the protein level.

Figure 7.19 IL-8 immunostaining. Images of representative immunohistochemical staining in A) focal
cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa),
and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows. Positive
tonsil control (insert). Scale bar 20μm.
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IL-6 immunohistochemistry showed diffuse staining across all of the tissues tested (Figure
7.20). Therefore, I interpreted this as non-specific staining. Immunostaining with this
antibody is clearly not useful, and cannot be used to understand the expression/secretion of
IL-6.

Figure 7.20 IL-6 immunostaining. Images of representative immunohistochemical staining in A) focal
cortical dysplasia type IIb (FCDIIb), B) tuberous sclerosis (TS), C) focal cortical dysplasia type IIa (FCDIIa),
and D) neocortex from hippocampal sclerosis (HS). Balloon cells are indicated with arrows. Scale bar
20μm.

Overall, there is no evidence from immunohistochemistry results to suggest that BCs secrete
IL-6 or IL-8. Given that IL-6 and IL-8 are secreted factors, immunohistochemistry may not be
the best method to determine this as it is often difficult to detect secreted factors using this
method. Furthermore, SASP factors are generally induced at the level of mRNA. For these
reasons, another method – RNAscope (a novel method of in situ hybridization) – was used to
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study the expression of IL-6 and IL-8 in BCs at the RNA level. Despite using this method,
neither IL-8 nor IL-6 RNA was detected in BCs (Figure 7.21). Therefore, the RNAscope results
support the immunohistochemical results in that BCs do not express/secrete the SASP factors
IL-8 and IL-6.

Figure 7.21 In situ staining of IL-8 and IL-6 in balloon cells (BCs). BCs (arrows) were negative for IL-8
(A) and IL-6 (B). Positive control (insert). Scale bar 20μm.

FCDIIb may be associated with a unique secretome
Although IL-8 and IL-6 are considered as two major SASP factors, they are not the only SASP
factors. It is also crucial to remember that the type of SASP factors secreted by senescent
cells depend on the cell type and in the senescent inducing insult. Therefore, it was important
to investigate whether BCs are accompanied by any other SASP factors.

Gene Set Enrichment Analysis (GSEA) showed that FCD is enriched for SASP genes
To assess the association of SASP with FCD, Gene Set Enrichment Analysis (GSEA) was used
to study the similarity between our FCD microarray expression data and SASP. Analyses using
two SASP datasets (SASP1 and SASP2; described in Methods Chapter 3.2.2) showed that FCD
was enriched for the SASP genes. The enrichment plots using SASP1 and SASP2 are shown in
Figure 7.22 and Figure 7.23, respectively. The corresponding statistical analyses are shown in

274

Table 33 and Table 35. The enrichment for SASP genes appears to occur in a hierarchical
manner: FCDIIb (with BCs) being most enriched followed by FCDIIa (without BCs) and lastly
HS (normal cortex control). The genes contributing to the enrichment score (ES) are shown
in Table 34 (using the SASP1 geneset) and Table 36 (using the SASP2 dataset). Genes that
consistently contribute to the ES are more likely to be of biological importance). Neither IL-6
nor IL-8 are amongst the genes that contribute to the ES. Although it is not clear, from these
results, whether a particular cell type is contributing to the enrichment, FCD does appear to
be associated with SASP genes.

Figure 7.22 Gene Set Enrichment Analysis (GSEA) showed that SASP1 geneset was enriched in FCD
with balloon cells. Four analyses were performed on differentially expressed genes obtained from
microarray data: A) BC group (FCDIIb & TS) vs control group (FCDIIa & HS), B) FCDIIb vs HS, C) FCDIIb
vs FCDIIa, and D) FCDIIa vs HS. For each analysis there is an enrichment plot, where a positive
enrichment score (ES) indicates geneset enrichment at the top of the ranked list; a negative ES
indicates gene set enrichment at the bottom of the ranked list. Enrichment appears to occur in a
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hierarchical manner: FCDIIb (FCD with BCs) being most enriched followed by FCDIIa (FCD without BCs)
and lastly HS (normal cortex control).

BC group vs
control group
FCDIIb vs HS
FCDIIb vs FCDIIa
FCDIIa vs HS

ES
0.68

NES
1.99

NOM p value
0.000

FDR q value
0.000

0.73
0.65
0.49

2.14
2.02
1.79

0.000
0.001
0.002

0.000
0.002
0.003

Table 33 Enrichment of SASP1 geneset in FCD using gene set enrichment analysis (GSEA). Statistics
for GSEA results: ES, enrichment score; FDR q value, false discovery rate q value; NES, normalized
enrichment score; NOM p value, nominal p value.

BC vs control
Genes
from
SASP1
Core
geneset
enrichment

FCDIIb vs HS
Genes
from
SASP1
Core
geneset
enrichment

FCDIIb vs FCDIIa
Genes
from
SASP1
Core
geneset
enrichment

FCDIIa vs HS
Genes
from
SASP1
Core
geneset
enrichment

CCL2

Yes

CHI3L1

Yes

CHI3L1

Yes

THBS1

Yes

ANXA2

Yes

CCL2

Yes

CCL2

Yes

HGF

Yes

CHI3L1

Yes

HGF

Yes

ANXA2

Yes

SCG2

Yes

HGF

Yes

ANXA2

Yes

PRSS23

Yes

QPCT

Yes

CXCL10

Yes

CXCL10

Yes

HGF

Yes

B4GALT1

Yes

PRSS23

Yes

PRSS23

Yes

CXCL10

Yes

NT5E

Yes

TIMP1

Yes

TIMP1

Yes

SRPX

Yes

STC1

Yes

SRPX2

Yes

THBS1

Yes

SRPX2

Yes

TIMP1

Yes

LTBP1

Yes

SCG2

Yes

TIMP1

Yes

NRP1

Yes

C3

Yes

NAMPT

Yes

NAMPT

Yes

NTNG1

Yes

CXCL2

Yes

DCBLD2

Yes

CXCL2

Yes

SERPINA1

Yes

SRPX

Yes

LTBP1

Yes

LTBP1

Yes

HSPA13

Yes

NAMPT

Yes

SRPX2

Yes

DCBLD2

Yes

IGF2

Yes

IGFBP7

Yes

IGFBP7

Yes

IGFBP7

Yes

IL8

Yes

DCBLD2

Yes

NTNG1

Yes

C3

Yes

CST3

Yes

SCG2

Yes

C3

Yes

ERAP1

Yes

NAMPT

Yes

THBS1

Yes

CDCP1

Yes

CDCP1

Yes

VEGFA

Yes

CDCP1

Yes

STC1

Yes

IGFBP5

Yes

NTM

Yes

IGFBP5

Yes

SERPINA1

Yes

AK3

Yes

INHBA

Yes

PLAUR

Yes

SRPX

Yes

THBS2

Yes

FN1

Yes

ERAP1

Yes

PLAUR

Yes

SCG2

Yes

TFRC

Yes

AK3

No

IGFBP5

Yes

PLAUR

No

CSF3

No

ESM1

No

CXCL2

Yes

CTSL1

No

ANXA2

No

CTSL1

No

CTSL1

Yes

THBS1

No

PRSS23

No

THBS2

No

QPCT

Yes

NTNG1

No

CHID1

No

SERPINA1

No

ERAP1

Yes

ESM1

No

PLAUR

No

IGF2

No

IGF2

Yes

SERPINA1

No

DCBLD2

No

PLAU

No

CST3

No

PLAU

No

AK3L1

No
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NTNG1

No

B4GALT1

No

PLAT

No

CXCL10

No

STC1

No

ESM1

No

STC1

No

CTSL1

No

FN1

No

FN1

No

IGF2

No

CXCL3

No

CST3

No

AK3

No

CST3

No

LTBP1

No

PLAT

No

PLAU

No

MINPP1

No

PLAU

No

VEGFA

No

HSPA13

No

FN1

No

VEGFC

No

SPON2

No

VEGFA

No

CXCL5

No

C21orf33

No

PVR

No

THBS2

No

SPON2

No

CDCP1

No

HSPA13

No

PLAT

No

SFRP1

No

ESM1

No

CXCL1

No

NRP1

No

PVR

No

PVR

No

C21orf33

No

CXCL5

No

VEGFA

No

CCL2

No

CHID1

No

VEGFC

No

VEGFC

No

COL18A1

No

IL8

No

PVR

No

C21orf33

No

CXCL5

No

VEGFC

No

SPON2

No

HSPA13

No

B3GNT1

No

MINPP1

No

C21orf33

No

CXCL1

No

SPON2

No

CXCL5

No

CHID1

No

COL18A1

No

IGFBP7

No

CXCL3

No

TFRC

No

BMP2

No

CXCL1

No

COL18A1

No

AK3L1

No

IL6

No

IGFBP5

No

INHBA

No

CXCL3

No

CHID1

No

PLAT

No

AK3L1

No

COL18A1

No

CXCL3

No

C3

No

B3GNT1

No

INHBA

No

AK3L1

No

SEMA6D

No

NRP1

No

IL8

No

B3GNT1

No

IL6

No

SFRP1

No

CXCL1

No

TFRC

No

SFRP1

No

QPCT

No

MINPP1

No

INHBA

No

MINPP1

No

CSF3

No

SFRP1

No

B4GALT1

No

AK3

No

IL6

No

CSF3

No

QPCT

No

ERAP1

No

TFRC

No

B3GNT1

No

SEMA6D

No

BMP2

No

BMP2

No

IL6

No

NRP1

No

SRPX2

No

SEMA6D

No

BMP2

No

IL8

No

THBS2

No

NTM

No

NTM

No

CSF3

No

CXCL2

No

B4GALT1

No

SEMA6D

No

NTM

No

CHI3L1

No

NT5E

No

NT5E

No

NT5E

No

SRPX

No

Table 34 Genes contributing to the Enrichment Score (ES) in the enrichment of SASP1 genes in focal
cortical dysplasia (FCD). The genes that were found by Gene Set Enrichment Analysis (GSEA) to
contribute to the enrichment are labelled with ‘Yes’ and those that do not are labelled with ‘No’.
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Figure 7.23 Gene Set Enrichment Analysis (GSEA) showed that SASP2 geneset was enriched in FCD
with balloon cells. Four analyses were performed on differentially expressed genes obtained from
microarray data: A) BC group (FCDIIb & TS) vs control group (FCDIIa & HS), B) FCDIIb vs HS, C) FCDIIb
vs FCDIIa, and D) FCDIIa vs HS. For each analysis there is an enrichment plot, where a positive
enrichment score (ES) indicates geneset enrichment at the top of the ranked list; a negative ES
indicates gene set enrichment at the bottom of the ranked list. Enrichment appears to occur in a
hierarchical manner: FCDIIb (FCD with BCs) being most enriched followed by FCDIIa (FCD without BCs).
However the SASP genes appear to be randomly distributed in FCDIIa (FCD without BCs) and HS
(normal cortex control).

BC group vs
control group
FCDIIb vs HS
FCDIIb vs FCDIIa
FCDIIa vs HS

ES
0.80

NES
2.19

NOM p value
0.000

FDR q value
0.000

0.72
0.72
0.29

2.12
2.15
0.96

0.000
0.001
0.518

0.000
0.002
0.518

Table 35 Enrichment of SASP2 geneset in FCD using gene set enrichment analysis (GSEA). Statistics
for GSEA results: ES, enrichment score; FDR q value, false discovery rate q value; NES, normalized
enrichment score; NOM p value, nominal p value.

278

BC vs control
Genes
from
SASP2
geneset

FCDIIb vs HS

Core
enrichment

Genes
from
SASP2
geneset

CCL2

Yes

FAS

FCDIIb vs FCDIIa

Core
enrichment

Genes
from
SASP2
geneset

IL1R1

Yes

Yes

HGF

CCL4

Yes

IL1R1

FCDIIa vs HS

Core
enrichment

Genes
from
SASP2
geneset

Core
enrichment

IL1R1

Yes

HGF

Yes

Yes

HGF

Yes

CXCL12

Yes

CCL2

Yes

CCL2

Yes

TIMP1

Yes

Yes

FAS

Yes

FAS

Yes

KITLG

Yes

HGF

Yes

IL1B

Yes

IL1B

Yes

CCL7

Yes

IL1B

Yes

CXCL11

Yes

CXCL11

Yes

IGFBP4

Yes

TIMP1

Yes

CCL4

Yes

CCL4

Yes

IL7

Yes

CCL8

Yes

TIMP1

Yes

TIMP1

Yes

MMP2

Yes

ANG

Yes

PIGF

Yes

PIGF

Yes

VEGFA

Yes

CXCL2

Yes

IGFBP7

Yes

IGFBP7

Yes

PLAUR

No

IL7

Yes

MMP2

Yes

MMP2

Yes

IGFBP6

No

IGFBP7

Yes

IL7

Yes

IL7

Yes

IL1R1

No

MMP2

Yes

CXCL13

Yes

CXCL13

Yes

CXCL3

No

KITLG

Yes

IGFBP5

Yes

IGFBP5

Yes

CTSB

No

TIMP2

Yes

KITLG

Yes

KITLG

Yes

CCL1

No

IGFBP5

Yes

ANG

Yes

ANG

Yes

PDAP1

No

PIGF

Yes

TIMP2

Yes

TIMP2

Yes

CCL2

No

PLAUR

Yes

TNFSF18

Yes

TNFSF18

Yes

CXCL5

No

CTSB

Yes

CXCL2

No

CXCL2

No

EGFR

No

CXCL11

Yes

FGF2

No

FGF2

No

IL6R

No

CXCL13

No

CTSB

No

CTSB

No

IGFBP7

No

EGFR

No

CCL8

No

CCL8

No

CXCL1

No

CCL5

No

PLAUR

No

PLAUR

No

IGFBP5

No

TNFSF18

No

CXCL12

No

CXCL12

No

TIMP2

No

FGF2

No

CCL7

No

CCL7

No

FAS

No

SERPINE1

No

EGFR

No

EGFR

No

CCL13

No

IL6R

No

CCL5

No

CCL5

No

CCL8

No

VEGFA

No

IL6R

No

IL6R

No

IL6

No

CXCL12

No

SERPINE1

No

SERPINE1

No

ANG

No

CXCL1

No

VEGFA

No

VEGFA

No

CCL5

No

IGFBP4

No

CXCL5

No

CXCL5

No

FGF2

No

CCL7

No

PDAP1

No

PDAP1

No

CXCL13

No

CXCL5

No

CXCL3

No

CXCL3

No

SERPINE1

No

CXCL3

No

IGFBP4

No

IGFBP4

No

TNFSF18

No

CCL1

No

CCL1

No

CCL1

No

CCL4

No

CCL13

No

CCL13

No

CCL13

No

IL1B

No

PDAP1

No

IL6

No

IL6

No

PIGF

No

IGFBP6

No

IGFBP6

No

IGFBP6

No

CXCL2

No

IL6

No

CXCL1

No

CXCL1

No

CXCL11

No
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Table 36 Genes contributing to the Enrichment Score (ES) in the enrichment of SASP2 genes in focal
cortical dysplasia (FCD). The genes that were found by Gene Set Enrichment Analysis (GSEA) to
contribute to the enrichment are labelled with ‘Yes’ and those that do not are labelled with ‘No’.

Possible NF-κB driven secretory pathway in FCD
Another interesting finding that supports a unique secretome in FCD is the identification of
a network (Figure 7.24) which appears to have several secreted factors under the control of
NF-κB. This network was generated by IPA Ingenuity using FCD microarray data (Chapter
2.1.2; Chapter 2.3.2). Given that NF-κB is a known key positive regulator of senescence
associated secreted factors, this network raises the possibility that there may be a
senescence-associated secretory pathway driven by NF-κB in FCDIIb.
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Figure 7.24 A possible senescence-associated secretory pathway driven by NF-κB in focal cortical
dysplasia type IIb (FCDIIb). A network generated by IPA Ingenuity using FCD microarray data.
Highlighted in red is NF-κB, which appears to interact with several secreted factors.

Discussion of results
BCs, which are known for their enlarged cellular morphology, are consistent with the typical
morphology of senescent cells (Narita 2007; Mehta et al. 2007; Hayflick 1965; Serrano et al.
1997; Parrinello et al. 2003; Denoyelle et al. 2006; Chen & Ames 1994). In this Chapter, BCs
have been shown to express several markers of senescence, including markers of cell cycle
arrest (p21, p16, p53), DNA damage response (γ-H2AX), senescence-associated
heterochromatin foci (SAHF) and increased senescence associated β-galactosidase activity,
and a lack of cellular proliferation (Ki-67). The results must be looked at together; analysis of
the expression one protein alone cannot be attributed solely to senescence. For example, an
upregulation of p53 is a feature of various biological processes such as cell cycle arrest,
apoptosis, senescence and terminal differentiation.

To take this further, BCs were assessed to determine whether they develop and express a
senescence-associated secretory phenotype (SASP). Given that SASP can be regulated at
different levels by different proteins, various markers of SASP regulators were investigated.
Among the proteins required for SASP are ATM, a DNA damage repair protein, and IL-1α, an
upstream promotor of SASP. Both of these found to be expressed in BCs by
immunohistochemistry. Increased NF-κB activity also upregulates SASP factors.
Phosphorylation of inhibitory IκB proteins (which inhibit the activity of NF-κB) is an indicator
of active NF-κB. In this study, phospho-IκBα was used as a marker of active NF-κB. BCs
showed very strong nuclear staining for phospho-IκBα. Finally, SASP factors can be regulated
post-transcriptionally by microRNAs. miR-146a and miR-146b negatively regulate the
senescence-associated secretion of IL-6 and IL-8, two key SASP factors. microRNA microarray
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showed a significant downregulation of both these miRNAs in FCDIIb compared to FCDIIa.
However, qPCR failed to show a difference in the expression of miR-146a and miR-146b in
FCDIIb compared to FCDIIa. Subsequently, BCs were assessed for the expression of IL-6 and
IL-8; however, immunohistochemistry and in situ hybridization failed to detect both of these
at the protein and RNA level, respectively. The failure to detect the SASP factors IL-6 and IL8 was initially disappointing. However, the SASP encompasses a wide range of factors and is
not restricted to IL-6 and IL-8. Interestingly, GSEA showed that FCD is enriched for a unique
set of SASP genes.

Overall, the results suggest that BCs could be senescence cells as they express several of the
well know markers of senescence but do not express the typical SASP factors IL-6 or IL-8. It is
well-documented that the type and number of SASP factors associated with senescent cells
depends on the cell type. A study by Coppé and colleagues has suggested that cells which
senesce due the p16 or p21 overexpression do not tend to develop the typical SASP (Coppé
et al. 2011). This could be an explanation of the lack of typical SASP factors IL-6 or IL-8 seen
in this Chapter as BCs have been shown to express high levels of both p16 and p21 (Figure
7.3 and Figure 7.4). Further to this, our results indicate that there could possibly be a unique
secretome, which does not include IL-6 and IL-8, associated with BCs or in the wider context
of FCD. It is unknown what effect, if any, the SASP has on BCs and other cells in FCD.
Components of the SASP may reinforce senescence in BCs, interfere with processes of
immunoclearence or apoptosis, change the microenvironment by recruiting certain cell
types, and/or induce paracrine senescence in normal cells.

Various results from this Chapter indicate that BCs are not the only cells to express the typical
senescence markers. What are these other cells? As discussed in the Introduction Chapter
1.7.5, several studies have shown phenotypical markers of senescence in neurons, glial cells
and NSCs (Tan et al. 2014; Chinta et al. 2015). Such studies show that various cells of the
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brain do indeed undergo senescence. This is likely to the explanation for why there are other
cells, in addition to BCs, expressing markers of senescence in the various data.

Limitations of study
While the results from this Chapter contribute significantly to our understanding of BCs and
senescence, there are clear limitations of the study. Firstly, senescent cells express different
features depending on the cell type and nature of stimuli; consequently, careful side-by-side
comparisons are limited for studying BCs. Secondly, studies such as the miRNA expression
rely heavily on deduction and are not performed specifically on BCs. Therefore, studies
focussing specifically on BCs would be of paramount importance. Additionally, as mentioned
previously, the expression of most, if not all, of the known senescence markers are not
entirely specific for senescent cells, and cannot always be attributed to senescence. Thus,
the identification of novel and more specific markers would help immensely in the
identification of senescent cells. Another major limitation of this study, and perhaps this field,
is that the senescence feature SASP does not appear to be well-defined. The number and
type of the SASP features depends on the cell type. Given that the majority of studies on
SASP, and indeed senescence as a whole, is based on fibroblasts, it is likely there are many
‘SASP’ factors that are yet to be identified. SASP associated with senescence in the brain is
likely to be different to that of fibroblasts. Again, this means there are no effective/sufficient
comparisons for this study (in terms of BCs). This is coupled by challenges of detecting
secreted factors. Immunohistochemistry, as used in this Chapter, may not be the best
method for detecting secreted factors. Furthermore, quantification studies on SASP factors
were not performed. In this regard, comparisons between FCD subtypes may not detect small
increases in SASP secretion as there may be several senescent cell types secreting factors
across all types of FCD. Finally, this the studies in this Chapter does not address important
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phenotypical questions such as, if BCs are indeed senescence cells, why and how do they
escape immunosurveillance to remain in the body? Similarly, the effects of removing balloon
cells on the phenotype seen in FCDIIb are not addressed. All these points can form the basis
of possible future work in this area of research, some of which are discussed subsequently.

Future directions
Gene expression studies can be performed on isolated BCs by using single cell RNA
sequencing. BCs can be isolated in different ways, for example using the BC model
(mentioned below) or by using laser-capture microdissection. Analysis with prior knowledge
(e.g. IPA or GSEA) can be used assess whether known genes involved in senescence are also
found in BCs by comparing the transcriptome of BCs with those of known senescent cells.
Analysis without prior knowledge can be used to identify novel genes that could be involved
in senescence and its regulation. Thus following a similar workflow as some of the genomic
studies presented in this thesis. This should provide a more in-depth understanding
specifically on BCs as senescent cells, and identify any key genes and pathways that may be
involved.

The BC culture model established in our lab (Yasin et al. 2010) can be used to further study
whether BCs secrete SASP factors. Isolated BCs can be maintained in culture for a given
period of time before using one of many commercially available multiplex cytokine
immunoassays to detect different cytokine SASP factors simultaneously in the cell culture
supernatant. Additionally, the cells that are secreting, and not just producing and storing, the
cytokines can be detected using MACS® Cytokine Secretion Assays. These assays allow for the
analysis of cytokine secretion at single-cell level, simultaneous phenotyping of cytokinesecreting cells, and the detection of co-expression of different cytokines. A next step can be
to quantify the cytokines detected in the supernatant. Although ELISA is considered as the
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most widely used and best validated method to address this, it can only measure one protein
per sample. Recent developments in cytokine quantification technology, such as multiplex
arrays, can be used to overcome such situations. In this regard, BD™ Cytometric Bead Array
can measure a variety of soluble and intracellular proteins, including cytokines, chemokines,
growth factors using flow cytometry and beads of known sizes and fluorescence conjugated
with a specific antibodies. This method can be extended to studying the SASP associated with
various senescent brain cells in order to gain a better understanding of SASP associated with
these particular cell types. Furthermore, this can be complimented by studying the
senescence-associated secretome of BCs using quantitative proteomics following a modified
version of the methodology proposed in recent study (Acosta, Snijders, et al. 2013). Acosta
and colleagues described a powerful, unbiased method to identify components of the
secretome of senescent cells using stable isotope labelling with amino acid in cell culture
(SILAC)-based quantitative proteomics to compare the conditioned media of senescent to
that of normal cells. This approach could also be used to analyse the effect of various factors
on the senescence secretome.

The accumulation of senescent cells may be attributed to a decline in immune cell function,
often referred to as ‘immunosenesence’. Melanocytic naevi (moles), for example, contain
many senescent melanocytes and can persist in the body for decades without stimulating
any immune response (Michaloglou et al. 2005). In this regard, senescence has been
associated with the upregulated of several immunosuppressive mechanisms. These
mechanisms may allow senescent cells to evade immunosurveillance. This includes increased
immune suppressive cells such as T regulatory cells, the upregulation of HLA-E (a non-classical
MHC class I molecule that has an inhibitory function and inhibits NK and T cell killing), the
presence of myeloid derived suppressor cells (cells that can suppress CD4 and CD8 T cell
activation), an upregulation of IDO (an immunosuppressive molecule that can inhibit the
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activation of T cells), and the expression B7 family molecules (which are involved in the
regulation of T cell tolerance and T cell activation) (Fulop et al. 2010). The expression of all
or some of these proteins in BCs can be investigated. This will help our understanding of
why/how BCs remains in FCD and are not cleared by immune surveillance.

A final idea can be to explore the effects of targeting BCs (given that they are senescent cells)
and the phenotypic consequences. This would help answer questions such as: what are the
effects of eliminating balloon cells, a key pathological cell type, on the phenotype seen in
FCDIIb? Are the senescent BCs and/or their SASP mere bystanders or do they have direct or
indirect effects on the phenotype? Could they have had a deleterious effect during
development (affecting cortical architecture/cell migration/cellular development) but
currently remain as bystanders? One strategy could be to interfere with pathways associated
with the senescence growth arrest. The inactivation of p53, p16 and/or pRb – key
components of two important pathways – can reverse senescence (Dirac & Bernards 2003;
Sage et al. 2000; Alcorta et al. 1996). This approach should, however, be taken with caution
as inhibiting such pathways could lead increased susceptibility to cancers (Krimpenfort et al.
2001; Xue et al. 2007; Haferkamp et al. 2009). Another important strategy could be to inhibit
the development of SASP or its deleterious effects. Pathways involved in SASP regulation
(such as DDR, IL-1α signalling, NF-κB and microRNAs) can be inhibited to investigate the
effects of the SASP. Any studies looking at any potential drug targeting SASP should aim to
selectively suppress its deleterious effects while preserving its beneficial effects. An
interesting study by Laberge and colleagues showed that glucocorticoids can suppress the
production and secretion of a selected component of the SASP, namely pro-inflammatory
cytokines, without preventing the tumour suppressive growth arrest. The suppression of the
SASP factor IL-6 was achieved by inhibiting, IL-1α signalling and NF-κB transcriptional activity,
two SASP regulatory pathways (Laberge et al. 2012). A final strategy for targeting cellular
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senescence could be aimed at eliminating senescent cells, as previously suggested (Tchkonia
et al. 2013). This could entail the development of 1) viral-based gene therapy or vaccines, 2)
antibodies that can specifically recognise and target senescent cells, or 3) small molecules
that can selectively kill senescent cells. A transgenic mouse model has recently been
developed that allows the elimination of p16-positive senescent cells upon drug
administration (Baker et al. 2011). Models such as this can be used as a basis for ablating
senescence cells in a possible FCD mouse model.
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Chapter 8: Exploration of a Mouse Model
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Chapter 8 Exploration of a Mouse Model of FCD
Introduction
Animal models have been used to study the pathogenesis, epileptogenesis, and causes of
FCD. However, the currently available animal models of FCD are limited in their capacity to
recapitulate key cellular abnormalities, particularly the BCs. It is, therefore, important to
develop effective animal models in which to study the disease, and to test putative
biomarkers and therapeutic targets.

The cerebral cortex is largely considered as a homogeneous structure across mammalian
species (Rakic 1988). This homogeneity has been exploited in many models of cortical
development. The mouse cerebral cortex, like that of the human, covers the cerebral
hemispheres and consists of consists of six layers (I-VI). The organisation of these 6 layers are
similar to that of the human. However, the mouse cerebral cortex has no gyri or sulci.

The aim of this Chapter was to attempt to develop a mouse model of FCD using a knockout
of the Depdc5 gene, given that the human gene has previously been identified as a genetic
cause of FCD (as discussed in Chapter 1.2.4.1).

Depdc5 knockout (KO) mouse model
A total of 25 litters were phenotyped and there were no homozygotes, suggesting that
homozygous Depdc5 KO is embryonic lethal. The homozygous embryos appear to be alive at
12.5 dpc (Dr M Stewart, International Knockout Mouse Consortium, pers. comm.). Attention
was therefore focused on the heterozygous mice. The live heterozygous mice did not present
with any visible phenotype. A review of the pathology using H&E staining showed no

289

significant disruption to cortical layering or cortical thickness. There were also no clear
cytological abnormalities; abnormal cells, heterotopia or abnormal neuronal clustering
(Figure 8.1).

Figure 8.1 Representative H&E images of coronal cortical sections from Depdc5 knockout (KO) and
wild type mice. No significant difference in cortical cytoarchitecture was seen between the Depdc5
KO and the wild type cortices. Images taken at x4, x10, x20 and x40 magnifications.

To specifically study neuronal differences between the Depdc5 KO and wild type, three
commonly used neuronal markers NeuN, MAP2 and neurofilament-200kDa (clone RT97)
were used. NeuN is a neuron-specific nuclear protein (Mullen et al. 1992). MAP2 is a neuronspecific cytoskeletal protein that is abundant in dendrites but also found in neuronal cell
bodies (Kanai & Hirokawa 1995). RT97 is an antibody clone that recognises phospho-epitopes
on neurofilament 200kDa (Veeranna et al. 2008). Results from immunohistochemistry
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showed no significant difference in staining between Depdc5 KO and wild type cortices Figure
8.2, Figure 8.3, Figure 8.4).

Figure 8.2 Representative images from NeuN immunohistochemistry on Depdc5 knockout (KO) and
wild type mice. No significant difference in neuronal staining was seen between the Depdc5 KO and
the wild type cortices. Scale bar 100μm.
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Figure 8.3 Representative images from MAP2 immunohistochemistry on Depdc5 knockout (KO) and
wild type mice. No significant difference in neuronal staining was seen between the Depdc5 KO and
the wild type cortices. Scale bar 100μm.
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Figure 8.4 Representative images from Neurofilament (RT97) immunohistochemistry on Depdc5
knockout (KO) and wild type mice. No significant difference in neuronal staining was seen between
the Depdc5 KO and the wild type cortices. Scale bar 100μm.

Given that Depdc5 is a repressor of mTOR activity, the knockout of this gene is expected to
result in the hyperactivation of the mTOR pathway. Accordingly, two routinely used markers
of mTOR activation, pS6 and p4EBP1, were used to assess mTOR activation in the Depdc5 KO
mice. Many cells were found to express pS6 in both the Depdc5 KO mice and the wild type
mice. These pS6-positive cells included neurons and glial cells. Interestingly, cells in the
Depdc5 KO mice were more heavily stained compared to those in the wild type mice (Figure
8.5). This stronger pS6 staining was evident even at lower magnifications. However, this
differential staining pattern was not seen with p4EBP1. There were no distinctive changes in
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the expression of p4EBP1 in the Depdc5 KO mice compared to the wild type mice. p4EBP1
immunostaining were generally negative in all of the samples tested. All cells, including
neurons, did not express p4EBP1 (Figure 8.6). All positive controls (kidney, heart and gut) for
p4EBP1 on mouse tissue were positive; positive staining of gut mouse tissue is shown in
Figure 8.6.

Figure 8.5 Representative images from pS6 immunohistochemistry on Depdc5 knockout (KO) and
wild type mice. Increased expression of pS6 was seen in the Depdc5 KO mouse cortex compared to
the wild type control cortex. Scale bar 20μm.
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Figure 8.6 Representative images from p4EBP1 immunohistochemistry on Depdc5 knockout (KO)
and wild type mice. Immunostaining was negative in both the Depdc5 KO and wild type mouse cortex.
Positive gut control (inset). Scale bar 20μm.

Discussion of results
Human DEPDC5 gene has been identified as a potential genetic cause of FCD (Dibbens et al.
2013; Ishida et al. 2013; Baulac et al. 2015). This Chapter explores the possibility of using a
Depdc5 knockout (KO) model as a mouse model of FCD.

The GATOR complex has been identified as a modulator of the mTOR pathway. GATOR
complex is consists of two sub-complexes: GATOR1 and 2. GATOR1 is composed of subunits
DEPDC5, Nprl2, and Nprl3, and GATOR2 is composed of subunits Mios, WDR24, WDR59,
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Seh1L, and Sec13 (Bar-Peled et al. 2013). GATOR1 and GATOR2 have opposing effects on
mTOR activity; GATOR1 inhibits the mTORC1, whereas GATOR2 activates it (Figure 8.7). The
loss of function of any of the GATOR1 subunits leads to the overactivation of the mTORC1
pathway (Bar-Peled et al. 2013).

Figure 8.7 The role of DEPDC5 in the mTORC1 pathway. The GATOR complex, composed of subcomplexes GATOR1 and 2, has been identified as a modulator of the mTORC1 pathway. DEPDC5 is part
of the GATOR1 complex, which is an inhibitory regulator of the mTORC1 pathway (left). DEPDC5 lossof-function (through mutations or complete knockout) means the GATOR1 complex no longer inhibits
mTORC1, leading to the over-activation of the mTORC1 pathway. Diagram adapted from Panchaud et
al. (2013).

The genetics of the DEPDC5 gene is not clearly defined. All of the studies that have associated
the DEPDC5 gene with focal epilepsy and/or FCD in humans have identified heterozygous
mutations in the gene (Dibbens et al. 2013; Ishida et al. 2013; Baulac et al. 2015; Picard et al.
2014; Martin et al. 2013; Scheffer et al. 2014), suggesting that heterozygous loss-of-function
in humans was important in the association of the gene with epilepsy and FCD. DEPDC5
mutations are largely dominantly inherited in such patients; however, de novo mutations
have been reported (Scheffer et al. 2014). Pandolfo and colleagues reported the only study
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to investigate the role of the Depdc5 gene in mouse. They differentiated Depdc5+/- and wild
type mouse embryonic stem cells into cortical progenitors and neurons and subsequently
assessed the cells for mTOR activation. The Depdc5+/- embryonic stem cells expressed higher
levels of pS6 than the wild type embryonic stem cells (Pandolfo et al. 2015). This supports
the role of heterozygous Depdc5 loss-of-function in the hyperactivation of the mTOR
pathway. In the current study, homozygous Depdc5-/- KO appears to be embryonic lethal in
mice. Heterozygous Depdc5+/- KO exhibited no significant visible abnormalities. H&E staining
showed no significant differences in cortical architecture and cytology between the Depdc5+/KO brain and the wild type control brain. While increased expression of pS6 was seen in
Depdc5+/- KO brain compared to the control brain, p4EBP1 immunostaining was negative in
both types of brain. The increased expression of pS6, but not p4EBP1, can be explained by
different patterns of mTOR activity. It is well described that, depending on the cell type, pS6
and p4EBP1 can be differentially regulated (Choo et al. 2008). In line with this, the
upregulation of pS6 is considerably more consistent in BCs of FCD than that of p4EBP1.
Furthermore, previous studies have shown the expression and/or overexpression of different
downstream targets, including one study that showed the expression of pS6 in BCs in FCD
but failed to detect p4EBP1 (Baybis et al. 2004). However, the overexpression of one
downstream substrate alone is not a convincing indication of mTOR activation. Therefore,
more markers of mTOR activation should be investigated. Increased mTOR activity in the
absence of structural abnormalities may lead to epileptogenesis; a recent study found
mutations in the MTOR gene in epileptic encephalopathies without malformations of cortical
development (Allen et al. 2013). This can be a possible explanation for the lack of
cytoarchitecture abnormalities seen in the Depdc5+/- mouse brain described in the current
study.
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To conclude, the results from this Chapter show that there are limited differences between
the Depdc5+/- KO and wild type cortical cytoarchitecture. It likely that a ‘’second-hit’’ model
would be required to recapitulate a more broad spectrum of FCD-related features in a mouse
model. The second hit, possibly a somatic mutation in the other DEPDC5 allele, or in another
mTOR pathway gene, in addition to the existing mutation, would further exacerbate the
effects seen in cortical pathology. The second hit can also come from an alternative dysplasiainducing factor, such as irradiation. Alternatively, it may be that a mouse model cannot
recapitulate the human disease adequately.

Future directions
The results presented in this Chapter are preliminary data; therefore, a great deal of future
work is required if the desired FCD mouse model is to be established. With the current
Depdc5+/- mouse model, it would useful to assess disruption to cortical layering using cortical
layer-specific markers, instead of the use H&E staining alone. For instance, the transcription
factors Nurr1, ER81, Ror-β, and Cux2, are commonly used markers of layers VI, V, IV, and
superficial layers (II-IV), respectively. Furthermore, phospho-S6K immunohistochemistry
would reveal whether another downstream substrate of the mTOR pathway is
hyperactivated. Double immunofluorescence studies can demonstrate which cell types are
overexpressing pS6.

The long-term future aim would be to create the best model with both cellular and
phenotypic abnormalities seen in FCDIIb. As discussed in Chapter 1.8, conditional deletion of
key genes in neural stem cells have produced the most convincing models of cortical
dysplasia so far. These models can be improve through a ‘second hit’ with irradiation. This
approach can be investigated firstly with well-established genes in cortical dysplasia (e.g.
Tsc2) and later with novel genes (e.g. Depdc5). In order to determine the optimal conditions
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for the irradiation, a range of time points (i.e. developmental stages) and doses should be
investigated. The presence of balloon-like cells and other cellular/structural abnormalities
can be studied using histochemical, immunohistochemical and immunofluorescence
staining. Phenotypic abnormalities such as epilepsy and cognitive defects can be investigated
with electrophysiological recordings and mouse behavioural tests, respectively. If successful,
the novel model of FCD can be used for a wide variety of in vivo and in vitro studies.
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Chapter 9 Summary of Findings & Conclusion
Summary of findings
Identification of a glial progenitor cell population in FCD
IPA Ingenuity was used to identify a network of interacting genes that was dysregulated in
FCDIIb compared to normally formed cortex. Some components of this network were
expressed in BCs but others were expressed in another cell population. This is potentially a
novel cell population that are pathological in nature given that the cells are only seen in
FCDIIb and not in controls. Double immunofluorescence studies suggested this cell
population has a phenotype of glial progenitor cells. Paracrine signalling between BCs and
these glial progenitor cells may be involved in the pathogenesis of FCDIIb.

Identification of co-expressed network of genes in FCD
Weighted Gene Correlation Network Analysis (WCGNA), a systems biology approach,
identified disease-associated and non-disease associated genes networks in FCD. The
disease-associated networks may have an important role in the pathogenesis of FCD, and
therefore provide potential therapeutic targets for the disease. The identification of nondisease associated networks is equally as important as they can provide a better
understanding of transcriptional regulation in the brain.

Identification of biomarkers in FCD
Given the clinical need to develop effective diagnostic biomarkers that could differentiate
between BC-dysplasia and non-BC dysplasia, three different approaches were used: a
bioinformatic (in silico), an immunohistochemical, and a proteomic approach. Analysis of the
results showed several biomarkers that were differentially expressed between BC-dysplasia
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and non-BC dysplasia, and thus could potentially be used as biomarkers. Together, these
results provide a first step in the development of diagnostic biomarkers that can be used preoperatively in children with FCD.

Investigation into the role of senescence in FCD
BCs were shown to exhibit various well-established markers of cellular senescence. These
included: a lack of cellular proliferation, the expression of cell cycle inhibitors (p21, p16, and
p53), increased senescence-associated β-galactosidase (SA-β-gal) activity, formation of
senescence-associated DNA damage foci (SDF) and senescence-associated heterochromatin
foci (SAHF) and the development of the senescence-associated secretory phenotype (SASP).
Of particular interest, FCD appears to be associated with a unique secretome, which can have
important implications in disease through both autocrine and paracrine mechanisms.

Exploration of a mouse model of FCD
Given the lack of effective animal models of FCD, a knockout approach was used in exploring
the possibility of using a Depdc5 knockout model as a mouse model of FCD. While some
features were consistent with the human disease, this mouse model failed to recapitulate
key cellular abnormalities. This model can be used as basis for establishing a more effective
mouse model of FCD.

Tying together key findings
Various results from this thesis indicate the importance of cellular heterogeneity in FCD. BCs,
which has a senescence-associated secretome (Chapter 7), are likely communicating with
various other cell types by secreting factors. CHI3L1 is likely to be a key secreted factor
involved in in cell-to-cell communications. CHI3L1 has been suggested to be a SASP factor
(Chapter 7). CHI3L1 is also expressed in a population of glial progenitor cells, while the
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receptor of CHI3L1 is expressed in BCs (Chapter 4). The interesting immunostaining pattern
of CHI3L1 suggests that this marker could possibly be used a biomarker to differentiate
between BC-cases and non-BC cases (Chapter 6). Furthermore, WGCNA was used to study
expression patterns of network genes in major known cell types; although cell-type specific
networks were not identified, the results suggest that different cell types contribute to the
staining patterns (Chapter 5). Previously unknown cell types may participate in cell-to-cell
communications, which could be important the pathogenesis of FCD (Figure 9.1).
Investigations into other potential cell types and interactions between them are currently
ongoing as part of a subsequent PhD project in our lab.

Figure 9.1 Proposed cellular heterogeneity in FCD. Balloon cells are likely to be communicating with
various other cell types through secretory factors (senescence-associated secretory phenotype; SASP).
An investigation into identifying previous unknown cell types involved in FCD is currently ongoing. The
extent and nature of cell-to-cell communications between these cell types is also been explored.
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Conclusion
A genomic characterisation of FCD has provided a better understanding of the cellular
abnormalities FCD from a molecular perspective. In addition to the identification of several
differentially expressed gene networks, various results suggest an importance of cellular
heterogeneity in FCDIIb, a disease currently defined by one key cell type (i.e. BCs). Cell-tocell communications between different cell types in FCDIIb could be important in driving the
disease pathogenesis.
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Appendices
Appendix 1: FCD microarray data
Intensity values (post RMA filtering) used for Gene Set Enrichment Analysis. Please see the
enclosed CD-ROM.

Appendix 2: FCD microarray data
Differentially expressed genes (BC group vs Control). Please see the enclosed CD-ROM.

Appendix 3: FCD microRNA expression data
Differentially expressed miRNAs (FCDIIb vs FCDIIa). Please see the enclosed CD-ROM.

Appendix 4: FCD proteomics data
Please see the enclosed CD-ROM.

Appendix 5: Optimisation experiments for immunofluorescence on
FFPE tissue
1. Blocking nonspecific staining
Three different blocking solutions were tested: Serum blocking buffer, TNB blocking buffer
(a commercially available buffer), and casein. The protocols for these were as follows.

Serum blocking buffer
250μl of Triton X-100 (0.1%), 375mg of glycine (0.15%), and 500mg of BSA (2mg/ml) was
mixed thoroughly, with a magnetic stir, in 250ml of 1X PBS. [1X PBS prepared by adding 100
phosphate buffered saline tablets to 1 litre of MilliQ (purified) water]. This solution was
stored at -4oC. Shortly prior application, 10% heat-inactivated sheep serum (HISS) was diluted
in the buffer solution (containing PBS, Triton, glycine and BSA).
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PerkinElmer TNB blocking buffer
0.1M TRIS-HCL (pH7.5) prepared by adding 6.35g TRIS-HCL to 1.18g TRIS-base to 500ml MilliQ
water. This was then mixed with 4.383g of NaCl diluted in 500ml MilliQ water. 2.5g of
Blocking Reagent (PerkinElmer; Catalog No.: FP1012) was subsequently added slowly to the
buffer solution in small increments whilst being stirred. The solution was gradually heated to
55oC with continuous stirring until the Blocking Reagent was completed dissolved (for
approx. 40 minutes). The blocking buffer was brought to room temperature before use and
stored in aliquots at -20oC.

Thermo Scientific Blocker Casein in PBS
A ready-to-use, PBS solution of purified 1% casein (ThermoFisher Scientific; Catalog No.:
37528).

Each of these blocking buffers were tested on control FFPE brain tissue. Primary antibody
was omitted to serve as a control for nonspecific staining. The serum blocking buffer was
found to be the best out of the three. It significantly reduced the nonspecific staining
(Appendix 5; Figure 1). It was later decided that 40% HISS (instead of 10%) was the most
effective concentration for this blocking buffer.
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Appendix 5; Figure 1: The effects of three different blocking buffers on nonspecific staining in
immunofluorescence. A) Nonspecific staining without any blocking treatment. B) 40% heatinactivated sheep serum (HISS) reduced nonspecific staining to a sufficient level for
immunofluorescence. Significant nonspecific staining remained despite the application of C)
PerkinElmer blocking buffer or D) Casein. 40x magnification.

2. Reducing autofluorescence
Several chemical procedures have been devised to reduce autofluorescence without
significantly affecting the tissue or the ‘real’ immunofluorescence signal. These procedures
include CuSO4 in ammonium acetate buffer or Sudan Black B for reducing or eliminating
lipofuscin-like autofluorescence (Schnell et al. 1999), Pontamine Sky Blue for collagen and
elastin autofluorescence (Cowen et al. 1985), Ammonia/Ethanol (Baschong et al. 2001),
Sodium borohydride (Clancy & Cauller 1998) or Trypan Blue (Mosiman et al. 1997; Wan et al.
1993) treatment for formaldehyde fixation induced autofluorescence, and illumination with
visible or ultra-violet (UV) light for general autofluorescence (Neumann & Gabel 2002). These
methods can be used alone or in combination.
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For the optimisation of immunofluorescence in this thesis, the effects of four chemical
reagents (Sudan Black B, Ammonia/Ethanol, CuSO4 in ammonium acetate buffer and a
commercially available solution [MaxBlock]) were tested on control FFPE brain sections. The
protocols for preparing these buffers were as follows.

0.1% Sudan Black B in 70% ethanol (EtOH)
This was prepared by mixing 70 ml of 100% EtOH, 30ml MilliQ (purified) water, and 0.1g of
Sudan Black B. The resultant solution was then kept on a magnetic stirrer in the dark (with
foil) for 1 hour.

1% CuSO4 in 50mM ammonium acetate buffer
1g CuSO4 was added to ammonium acetate buffer (prepared by dissolving 0.385g of
ammonium acetate in 100ml MilliQ water, and then adjusted to pH5). The solution was mixed
until the CuSO4 was completely dissolved.

70% Ammonia/ 0.25% ethanol
This was prepared by mixing 70 ml of 100% EtOH, 30ml MilliQ water, and then adding
ammonia (in a fume hood). The solution was subsequently mixed thoroughly.

MaxVision’s MaxBlock™ Autofluorescence Reducing Reagent Kit (MaxVision; Catalog No.:
MB-M)
This is a commercially available solution ready-to-use kit. The kit consists of Reagent A
(Autofluorescence Reducing Reagent; which is added before the primary antibody
incubation) and Reagent B (Post-Detection Conditioner; which is added after the secondary
antibody incubation).

In order to test the effects of these chemical reagents on the autofluorescence in FFPE brain
tissue, an autofluorescence control protocol was used. Firstly the slides were deparaffinised,
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cleared and rehydrated. Subsequently a chemical reagent was added at room temperature;
whether it was Sudan Black B (for 20 minutes), CuSO4 ammonium acetate buffer (for 30
minutes), Ammonia/Ethanol (for 1 hour), or MaxBlock (Reagent A and Reagent B for 5
minutes each). The slides were then washed thoroughly, with agitation, in PBS (with tween)
for 10 minutes; in the case of Sudan Black, any excess Sudan Black was removed from around
the tissue section using soft tissue. Finally, the slides were mounted in fluorescence mounting
medium with DAPI and coverslipped. No blocking solution, antibodies, or fluorophoredetection systems were used.

Slides treated with one of each of the four chemical reagents were prepared side by side to
compare their effects on autofluorescence. Sudan Black B was found to be the best at
reducing autofluorescence (Appendix 5; Figure 2).

Appendix 5; Figure 2. The effects of four chemical reagents on reducing autofluorescence. A)
Autofluorescence without treatment. B) Sudan Black B (SBB) completely removed autofluorescence.
No significant reduction in autofluorescence was seen with C) Ammonia/Ethanol (NH 3/EtOH) or D)
CuSO4 in ammonium acetate buffer. E) MaxBlock significantly reduced autofluorescence, although not
as well as Sudan Black B. 10x magnification.
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