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Abstract 
 

Copy number variants affecting the chromosomic locus ch15q11.2 are associated with 

an increased risk for the development of neuropsychiatric disorders. CYFIP1 is one of 

the four genes within the 15q11.2 region and is the most studied thus far. While multiple 

studies have demonstrated a role for CYFIP1 in the physiology and morphology of neu-

ronal cells, how altered expression of CYFIP1 and the other 15q11.2 genes confer risk 

to neuropsychiatric disorders remain largely unknown. 

Increased levels of CYFIP1 caused a delayed in neurogenesis while decreased levels 

caused the progenitor cells to prematurely differentiate into neural cells.This thesis in-

vestigates the transcriptional changes associated with altered levels of CYFIP1 in order 

to elucidate the mechanisms behind the observed cellular phenotypes. RNAseq analysis 

revealed altered overlapping pathways in these cells that could explain the observed 

phenotype. This also revealed new functions associated with CYFIP1-regulated genes 

involving mitochondrial and cholesterol metabolism. Common variant analysis indicated 

that amongst the CYFIP1-regulated genes, those that are targets of FMRP show a sig-

nificant enrichment for genetic variants conferring increased risk for schizophrenia. 

In-depth analysis indicated that AKT3 was one of the top candidate genes involved in 

the development of the abnormal phenotype observed in cells with altered CYFIP1 ex-

pression. Genetic manipulation of ATK3 using a lentiviral CRISPR/Cas9 system showed 

evidence that AKT3 is involved, in part, in the maintenance of the neural progenitor cells 

in CYFIP1tg cultures. 

This thesis demonstrates that the defects caused by altered CYFIP1 expression can be 

explained partly by changes in AKT3 activity elucidating a potential mechanism behind 

the neuropsychiatric phenotype associated with 15q11.2 CNVs. 
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1.1 Introduction 

Neuropsychiatric disorders such as schizophrenia (SZ) and autism spectrum disorders 

(ASD) are debilitating psychiatric diseases affecting around 1% of the world population 

(Tandon, Nasrallah and Keshavan, 2009; McRae et al., 2017). Individuals suffering from 

these disorders experience reduced life quality and expectancy and tend to require long-

term care (Chesney, Edward, Goodwind, Guy M. and Fazel, Seena, 2014). The devel-

opment of these disorders not only has a huge negative impact on the patients them-

selves but also represent a great economic burden to the society (Buescher et al., 2014; 

Chong et al., 2016) 

SZ is characterised by a combination of positive and negative symptoms. The positive 

symptoms include delusions and hallucinations, while the negative symptoms consist of 

impaired speech, reduced motivation, social isolation, and cognitive impairment (Owen, 

Sawa and Mortensen, 2016). This disorder has an early onset manifesting during the 

late adolescence or early adulthood. However, the development of SZ tends to be pre-

ceded by a prodromal phase, in which no apparent symptoms are present (Makeev, 

1978). ASD is commonly known by the manifestation of severe psychiatric symptoms 

which include social anxiety, opposing defiant disorder, intellectual disability (ID), atten-

tion deficit and hyperactivity disorder (ADHD) (Masi et al., 2017). ASD is also accompa-

nied by multiple medical conditions such as sleep disorders, epilepsy and mitochondrial 

disorders, amongst others (Oliveira et al., 2005; Weissman et al., 2008; Bauman, 2010). 

Both SZ and ASD have a heritable component, at 80% in SZ and 40-60% in ASD re-

spectively (Cardno and Gottesman, 2000; Shih, Belmonte and Zandi, 2004; Gaugler et 

al., 2014; Polderman et al., 2015). Both SZ and ASD have heterogeneous mechanisms 

underlying the cause of these disorders, combining the effect of the individual genetic 

background with environmental factors (Brugha et al., 2014; Owen, Sawa and 

Mortensen, 2016).  

Hundreds of chromosomic loci have been associated with an increased risk of develop-

ing these conditions. However, how these risk loci contribute to the aetiology of the dis-

orders and the cellular mechanisms behind them remain largely unknown. This could be 

explained in part by the large pleiotropic effect of the genes involved and the existing 

overlap of common risk variants between SZ, ASD and other neuropsychiatric disorders 

(Lee et al., 2013). 

The vague understanding of the pathological mechanisms underlying the disorders pre-

sents a major challenge in the development of new therapies. Gain- and loss-of-function 

animal models have been traditionally used by scientists to elucidate the developmental 

origin of multiple disorders and diseases. The study of neuropsychiatric disorders in 
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animals is often not feasible or unable to lead to conclusive results. Two main reasons 

are behind this: 1) chromosomal alterations harbouring multiple genes confer increased 

risk of development of psychiatric disorders, which make it difficult to generate an animal 

model to study the disease. 2) The complexity of the human neocortex compared to 

classic model organisms.  

Human pluripotent stem cells (hPSC)-derived models allow the study in relevant human 

cells, albeit in vitro. For example, combining the use of DNA editing tools such as 

CRISPR/Cas9 to mimic known mutations and patient-derived induced pluripotent stem 

cells (iPSCs) carrying defined risk variants, with the generation of neuronal types reca-

pitulating the human embryonic cortical development and whole-transcriptome shotgun 

sequencing, commonly known as RNA sequencing (RNAseq), allow researchers to in-

vestigate the effects of mutations in one or multiple risk genes on transcription and cel-

lular behaviour at stages of interest during in vitro neural development. This approach 

represents an advantage in characterising the pathological effects of risk variants and in 

identifying altered pathways and ultimately provides a platform for identification of drug 

targets and screening studies. 

 

1.2 Cortical development 

The brain is considered the most complex organ in the human body, and the cortex is 

the largest and most complex structure. The cortex contains the higher cognitive func-

tions involved in consciousness and perception, making it particularly interesting in the 

context of psychiatric disorders (Frith and Dolan, 1996). Consisting of six stratified corti-

cal layers, the cortex is formed in an inside-out fashion, where newly born neurons settle 

on top of the layer that preceded them (Rakic, 1974) (Figure 1.1). Structural, cellular and 

molecular studies of neocortical development have been based on mouse and rat mod-

els. These animals largely recapitulate the development of the human neocortex in terms 

of layer organisation and regionalisation into areas containing specific functions. How-

ever, the rodent cortex is 1,000-fold smaller compared to that of the human and is non-

folded (Rakic, 2009). Moreover; while the process of neurogenesis takes 7 days in the 

mouse, it takes 70 days in the human. These implications reveal the inherent limitations 

of extrapolating findings in animal models. 

The neocortex is formed by a wide variety of cells, of which pyramidal excitatory neurons 

are the most abundant (approximately 85%). The remaining neuronal cells are GABAer-

gic inhibitory interneurons. Both cell types are formed in the prosencephalon (or fore-

brain). Pyramidal neurons are born in the dorsal telencephalon, interneurons are gener-

ated in the ventral telencephalon in the medial and caudal ganglionic eminence. 
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Interneurons constitute approximately 10% of the cerebral neocortex mass in rodents 

and ~20% in primates (Marín & Müller, 2014). These cells use tangential migration to 

reach their final destination in the cortex.  

 

 

Figure 1.1 Development and structure of the mammalian cortex 
As the cortical telencephalon develops, neuroepithelial cells will give raise to radial glia. These 
cells will divide and expand in numbers to finally generate glutamatergic neurons. Before termi-
nally differentiating, radial glia will generate intermediate progenitors that will undergo several 
rounds of division before generating neurons. With time, interneurons arrive from ganglionic em-
inences through tangential migration and stablish themselves in the cortical plate. SP: subplate; 
SVZ: subventricular zone; VZ: ventricular zone. Adapted from (Greig et al., 2013). 

 

1.2.1 The early stages of cortical development 

The central nervous system (CNS) originates from the patterning of the embryonic neural 

plate, which generates the neural tube, a hollow structure that develops into the brain 

and spinal cord. Four subdivisions are present in the neural tube that form the distinct 

regions of the CNS: the prosencephalon (forebrain), mesencephalon (midbrain), rhom-

bencephalon (hindbrain) and spinal cord (Smith and Schoenwolf, 1997; Sadler, 2005). 

The neural tube is populated by neuroepithelial cells which give rise to radial glial cells 

(RGC), which reside in the ventricular zone (VZ) of the neural tube (Mukhtar and Taylor, 

2018). As embryonic development progresses, the prosencephalon further develops into 

the telencephalon: the part of the brain containing the cortex as well as multiple subcor-

tical nuclei. 
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In the telencephalon, RGCs are in contact with the ventricular (apical) surface where the 

cell body lies, and pial (basal) surface through the extension of a cellular process (Rakic, 

1971, 1972; Hartfuss et al., 2001; Noctor et al., 2002). It has been shown in the mouse 

brain that apical progenitors generate an epithelial niche where they undergo a series of 

symmetric divisions expanding the pool of progenitor cells. Apical progenitors cells gen-

erate basal neural progenitor cells (or intermediate progenitors), a transient progenitor 

population that divide and differentiate to excitatory neurons (Rakic, 1995; Malatesta et 

al., 2000; Miyata et al., 2001; Noctor et al., 2001). Basal neural progenitors migrate to-

wards the subventricular zone (SVZ) where intermediate progenitors undergo the major-

ity of neuron-producing cell divisions (Kowalczyk et al., 2009). It is these cells that con-

tribute to a major expansion of the cortical volume in primates and humans. 

In rodents, intermediate progenitors only exist for a short period of time (hours) in the 

SVZ, dividing only once before generating two terminally differentiated neurons (Noctor 

et al., 2004). Conversely, in primates, the SVZ is more complex and is subdivided into 

inner and outer SVZ, which is often split by a thin fibre layer (Smart et al., 2002; Zecevic, 

Chen and Filipovic, 2005; Fish et al., 2008). TBR2 (EOMES) expressing intermediate 

progenitors are maintained for a longer period of time (up to a week) in the  outter SVZ, 

where they undergo multiple neurogenic divisions (Kriegstein, Noctor and Martínez-

Cerdeño, 2006) (Figure 1.2). According to the radial unit hypothesis, new-born neurons 

will migrate along the process of the RGC to reach the basal surface and form the cortical 

plate (Rakic, 1988). The different waves of differentiation will give rise to the multi-lay-

ered structure of the cortex. The final number of neuronal cells in the cortical plate will 

be dependent on the balance between progenitor proliferation and terminal differentia-

tion. These processes are controlled by multiple signalling molecules that are released 

locally, and through gradients that diffuse at different concentrations in the brain through 

cerebrospinal fluid. The following section will review some of the relevant cellular path-

ways underpinning the work carried out in this thesis.These pathways are involved in the 

governing the ratio between neural progenitor proliferation and neural differentiation. 
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Figure 1.2 Comparison of rodent and human neocortical development 
A comparative view of the rodent (A)and human (B) corticogenesis. The presence of an outer 
subventricular zone creates a niche for intermediate progenitors to undergo transient amplifica-
tion before terminally differentiating into postmitotic neurons generating the obvious difference in 
size with the rodent cortex. IP: intermediate progenitor; ISVZ: inner subventricular zone; OSVZ: 
outer subventricular zone; vRG: ventricular radial glia. Figure taken from (Lui, Hansen and 

Kriegstein, 2011). 

 

1.2.2 Pathways involved in neocortical development 

(I) NOTCH signalling pathway 

The Notch signalling pathway has a highly conserved role in embryonic morphogenesis 

and neurogenesis in both vertebrates and invertebrates (de la Pompa et al., 1997; 

Artavanis-Tsakonas, Rand and Lake, 1999; Lai and Kimble, 2004). This signalling path-

way involves a family of cell-surface receptors, NOTCH 1-4 in humans, activated by the 

different orthologs of the Delta-like (DLL) and Jagged ligands, and requires physical in-

teraction between the signalling cells (Gaiano and Fishell, 2002). The interaction be-

tween Notch and its ligands promotes the proteolytic cleavage and release of the intra-

cellular domain, which translocates to the nucleus. In the nucleus, the intracellular Notch 

domain interacts with centromere-binding protein 1; suppressor of Hairless and Lag-1, 

collectively known as CSL, switching its repressor function to co-activator mediating the 

transcription of Notch target genes (Lai and Kimble, 2004). The activity of Notch signal-

ling is negatively regulated by the protein Numb, which can bind the Notch ligands DLL 

and Jagged, promote the degradation of the active Notch intracellular domain, or pro-

moting the endocytosis of Notch from the cell membrane (Giebel and Wodarz, 2012). 
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In neural development, Notch signalling regulates the generation of neurons in waves. 

Notch promotes the expression of the basic helix-loop-helix transcription factors hairy 

and enhancer of split homolog-1 and hairy and enhancer of split homolog-5 (HES1 and 

HES5 respectively). HES1 and HES5 act as repressors of the proneural genes neuro-

genein-2 (NEUROG2) and achaete-scute homologue 1 (ASCL1), promoting the mainte-

nance of the proliferative state in one of the basal progenitors. Notch drives this effect 

through the process of lateral inhibition, where a specified cell exercises an inhibitory 

pressure over the immediate surrounding cells, in order to stop them from becoming the 

same cellular type (Haddon et al., 1998). DLL and Jagged are expressed at different 

levels by different cell populations. Cells with a higher expression of the Notch ligands 

induce high levels of HES1 and HES5, repressing terminal differentiation (Figure 1.3 A) 

(Heitzler and Simpson, 1991). 

Giano and colleagues demonstrated the importance of this signalling for maintaining the 

balance between proliferation and differentiation. By overexpressing the activated notch 

intracellular domain, the authors observed increased numbers of RGC indicating that 

Notch is associated with this state (Gaiano, Nye and Fishell, 2000). On the other hand, 

loss-of-function of the downstream effectors, and in particular CBF1, promote premature 

differentiation and depletion of the RGC in favour of the postmitotic neuronal fate 

(Mizutani et al., 2007; Imayoshi et al., 2010). 

(II) β-Catenin (βCAT) 

One of the central regulators of neural development is βCAT (encoded by the CTNNB1 

gene). This protein exerts a number of roles in the cell. When it is first synthesized, βCAT 

binds to E-Cadherin participating in cell adherens junctions, excess of free βCAT in the 

cytoplasm can translocate to the cell nucleus where they act as transcriptional co-acti-

vators. Moreover, βCAT could have a function in regulating cell division and polarity by 

interacting with the centrosome (Chilov et al., 2011; Mbom, Nelson and Barth, 2013; 

Marín and Müller, 2014). βCAT is a point of convergence of multiple cellular signalling 

pathways. Many studies have characterised the importance of this protein in the devel-

opment of the cortex. βCAT is required for the establishment of the telencephalon fate, 

maintaining the structural integrity of the neuroepithelium and promoting the survival of 

NPCs (Gunhaga et al., 2003; Machon et al., 2003; Backman et al., 2005; Junghans et 

al., 2005) 

A well-described mechanism is the connection between Wnt and βCAT. In normal con-

ditions, free βCAT is rapidly phosphorylated by the glycogen synthase 3 β (GSK3β) pro-

moting the degradation of the former. Binding of Wnt to its receptor Frizzled and the co-

receptor low-density lipoprotein receptor-related protein 5 and 6 (LRP5 and LRP6) inhibit 
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the destruction activity promoted by GSK3β, which allows the accumulation of βCAT and 

translocation to the cell nucleus acting as a co-activator of TCF/LEF allowing the expres-

sion of Wnt target genes. However, βCAT can be activated by multiple stimuli in the cell, 

such as adhesion proteins. Zhang and colleagues demonstrated that reduction of N-

Cadherin (NCAD) was directly related to the loss of activated βCAT and an increase in 

progenitor differentiation (Zhang et al., 2010). A similar event was observed following 

direct removal of βCAT (Mutch et al., 2010). The authors showed that this change was 

not caused by Wnt signalling pathways but by a combination of direct activation of βCAT 

through AKT and, perhaps, by a reduction in phosphorylation through GSK3β (Figure 

1.3 B) (Zhang et al., 2010, 2013). 

Expression of a dominant-negative form of βCAT in neural progenitors promotes differ-

entiation of the RGCs to a neuronal fate, indicating a role for βCAT in the maintenance 

of undifferentiated RGCs (Mutch et al., 2010). In support of this finding, expression of 

stabilised βCAT in mouse promoted self-renewal of the RG, resulting in a massive ex-

pansion of the progenitors residing in the VZ (Chenn and Walsh, 2002). Further analysis 

of transgenic mice with elevated levels of stabilised βCAT revealed defects in neuronal 

migration and disruption of the cortical lamination (Chenn and Walsh, 2003). Loss of 

GSK3β results in the over-proliferation of SOX2 positive RGs with a concomitant acti-

vated βCAT (Kim et al., 2009). The same effect was also seen by transgenic expression 

of a constitutively active form of βCAT in mice (Chenn and Walsh, 2002). 

(III) PI3K-AKT signalling 

The PI3K-AKT pathway can be activated by a variety of signals including, amongst oth-

ers, growth factors and the extracellular matrix (Nicholson and Anderson, 2002). Upon 

reception of the right stimuli, PI3K converts phosphatidylinositol (PI) to PI 3,4,5-triphos-

phate (Fruman, Meyers and Cantley, 1998). These phosphorylated lipids remain an-

chored to the cell membrane and recruit proteins with a pleckstrin homology (PH) do-

main. This allows the interaction of phosphoinositide-dependent kinase 1 (PDK1) and 

AKT, leading to the phosphorylation of AKT in S308 (Cantley, 2002). Complete activation 

of AKT requires a second phosphorylation in S473, which can be given by other proteins 

with kinase activity, including the mechanistic target of rapamycin complex (mTOR), or 

even through a mechanism of autophosphorylation (Hemmings and Restuccia, 2012). 

However, AKT can also be activated independently from PI3K activity. This can be given 

by response to specific growth factors, DNA damage or increases in Ca
2+

 concentration 

(Derkach, Barria and Soderling, 1999; Zheng et al., 2010; Saki, Toulany and Rodemann, 

2013). Activation of AKT is negatively regulated by phosphatase and tensin homolog 
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(PTEN), protein phosphatase 2 (PP2A) and the PH-domain leucine-rich-repeat-contain-

ing protein phosphatases (PHLPP1/2) (Hemmings and Restuccia, 2012). 

The PI3K-AKT pathway is required for radial migration in new-born neurons. Overex-

pression of Akt in mouse cortex at E13.5 increased the velocity in which cells migrated 

towards the cortical plate. However, expression of an inactive form of the protein reduced 

the neuronal migration, stalling the cells in the SVZ/VZ (Itoh et al., 2016). Mutations af-

fecting the PI3K-AKT signalling are a cause of malformations during cortical develop-

ment, which can be implicated in the development of ASD, developmental delay and 

epilepsy. Research has shown that alterations in this signalling pathway generate corti-

cal dyslamination (alterations in the cortex laminar structure) and enlarged soma. Treat-

ment with rapamycin, a drug inhibiting mTOR during embryonic developmental can re-

vert the abnormal migration caused by altered PI3K-AKT signalling (Baek et al., 2015).  

Despite being a well-known pathway in postmitotic neurons, current knowledge about a 

role for PI3K-AKT signalling in NPCs is rather limited. Multiple studies in mice have 

shown that increased activity of AKT pathway induces cell proliferation, whereas the in-

hibition reduces the proliferation of cortical progenitor cells (Cheng et al., 2018). AKT 

phosphorylates over 100 proteins, two of which, forkhead box protein G1 (FOXG1) and 

βCAT, may be responsible for the above-mentioned effects. A FOXG1 gradient is re-

quired for the formation and dorsoventral patterning of the mammalian telencephalon 

(Martynoga et al., 2005; Kumamoto and Hanashima, 2017). Mutations affecting FOXG1 

function cause structural brain abnormalities, severe intellectual disability and autism 

(Ariani et al., 2008). During cortical development, FOXG1 acts as a repressor of tran-

scription. When AKT is active, it phosphorylates FOXG1, displacing it to the cytoplasm 

and allowing the transcriptional expression of its target genes (Regad et al., 2007). Fur-

thermore, AKT participates in the regulation of βCAT signalling, independently of WNT 

activation, through two mechanisms. Firstly, AKT can directly phosphorylate βCAT, lead-

ing to its activation and translocation to the nucleus. Secondly, AKT phosphorylates and 

inactivates GSK3β, the protein that represses the activity of βCAT (Figure 1.3 B). This 

further amplifies the signalling effect by βCAT and has a direct effect over the cell cycle 

and the proliferation/differentiation balance of cortical progenitor cells (Zhang et al., 

2010, 2013).  
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Figure 1.3 Pathways involved in radial glia maintenance and differentiation 
(A) Schematic representation of Notch signalling in cortical development. Migrating new-born 
neurones secrete the Delta ligand that will bind to the RGC activating HES1/5 and inhibiting the 
expression of proneural genes. (B) Regulation of βCAT through ATK and WNT signalling by di-
rectly inactivating GSK3β. Figure adapted from (Lui, Hansen and Kriegstein, 2011; Zhang et al., 
2013). 

1.2.3 Aberrant cortical development 

The neural tube expands during cortical development in order to form the brain. Altera-

tions in the process of neurogenesis can have devastating effects on normal brain struc-

ture and function. These alterations are associated with neurodevelopmental disorders 

(NDD) which affect normal cognition, learning abilities and self-control amongst others 

(Thapar, Cooper and Rutter, 2017) amongst these disorders we can find SZ and ASD. 

Several studies have identified a reduction of the total volume and neuronal number in 

subcortical structures, such as the thalamus, in SZ patients (Pakkenberg, 1990; Young 

et al., 2000; Csernansky et al., 2004). Moreover, it is widely known that SZ patients show 

abnormalities in cortical grey matter volume (Gur et al., 1999; Vita et al., 2012; Xiao et 

al., 2013; Yue et al., 2016). It has been hypothesised that this thinning is caused by 

antipsychotic drugs. However, research in drug-naïve SZ patients show similar, if not 

more pronounced defects, indicating pre-existing structural abnormalities (Haijma et al., 

2013). Concomitant with these defects, the dorsolateral prefrontal cortex show increased 

neuronal density, suggesting that the defects originate from alterations in neural connec-

tivity (Selemon, Rajkowska and Goldman-Rakic, 1995). Importantly, all these abnormal-

ities can be recapitulated in non-human primates. By radiating gestating macaques in 

the first gestational trimester, Racik and colleagues were able to inhibit neurogenesis in 

cortical and subcortical areas. These monkeys presented all the above mentioned struc-

tural abnormalities as well as cognitive deficits reminiscent of SZ, suggesting a neuro-

developmental origin for the disorder (reviewed by (Selemon and Zecevic, 2015). 
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Contrary to the findings in SZ brains, the cortical surface area in a subset of ASD patients 

appears to be increased (Ohta et al., 2016). This could be explained, at least in part, by 

an increased number of neurons in the prefrontal cortex (Courchesne et al., 2011). This 

theory is supported by blood analysis of ASD patients as well as in post-mortem brains, 

where large numbers of cell-cycle genes have found to be dysregulated (Pramparo et 

al., no date; Chow et al., 2012). It is known that controlling cell-cycle is one of the critical 

elements for balancing between proliferation and differentiation of the NPCs and have a 

repercussion over the cerebral cortex area, thus being a likely mechanism for the aetiol-

ogy of ASD (Lange, Huttner and Calegari, 2009; Pilaz et al., 2009). In support of a neu-

rodevelopmental origin of ASD hypothesis, genetic studies in ASD patients have identi-

fied many genes involved in neurogenesis as candidate genes conferring a strong risk 

for the development of the disorder (De Rubeis et al., 2014; Iossifov et al., 2014; Sanders 

et al., 2015). 

Indeed, the research in ASD and SZ suggest for a genetic neurodevelopmental origin for 

these disorders. Thanks to the development of high throughput sequencing, researchers 

have been able to identify rare mutations associated with the development of malfor-

mations and neurological disorders (Hu, Chahrour and Walsh, 2014). The following sec-

tion will review the implication and advances of genetic studies in the research for the 

origin of psychiatric disorders. 

 

1.3 Psychiatric genetics in SZ and ASD 

1.3.1 Overview 

Traditionally the study of the origin of NDDs has been based on the knowledge of Men-

delian principles on inheritance, where the mutation of one gene was associated to a 

phenotype. Tools such as karyotyping and basic linkage analysis were the techniques 

used to identify the genetic basis of lissencephaly. This approach identified two genes: 

LIS1 and doublecortin (DCX) (Reiner et al., 1993; Lo Nigro et al., 1997; des Portes et al., 

1998; Gleeson et al., 1998).  

The liability of ASD is driven mainly by common variants, and de novo mutations repre-

senting the individual liability (Yoo, 2015). Early ASD studies were based on candidate 

gene approaches to identify common variation of the genetic structure caused by single 

nucleotide polymorphisms (SNPs) (Yoo, 2015). SNPs are the most common variations 

in the genome. They account for differences between single nucleotides in the same 

position found in different individuals (Twyman, 2009). SNPs are single base substitu-

tions that can occur in 1:300 nucleotides and vary within populations (Schwab and 
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Wildenauer, 2013). On the other hand, copy number variants (CNV) involve differing 

numbers of copies of sections of the genome (McCarroll and Altshuler, 2007). Linkage 

studies were able to identify single genes affected by these variations in the genome as 

the causal genes for syndromic ASD (Table 1.0.1). However, these studies failed to 

identify the origin of idiopathic ASD. Recent developments in the use of next generation 

sequencing and the introduction of whole exome sequencing has identified protein-dis-

rupting mutations which could underlie idiopathic ASD (Geschwind and State, 2015).  

As with ASD, initial research describing SZ incorporated the theory of monogenic inher-

itance due to its simplicity and the familial aggregation of the disorder (Bleuler and Jung, 

1908). This theory was rapidly abandoned after the first systematic family study for SZ 

revealing that the data did not fit the Mendelian models of inheritance (Rüdin, 1916). 

Nonetheless, familial, twin and adoption studies establish a strong evidence for a genetic 

origin in SZ (reviewed in Henriksen, Nordgaard and Jansson, 2017). These studies re-

vealed that the prevalence of SZ was higher in patients with an affected relative as com-

pared to the general population. These studies show that monozygotic (genetically iden-

tical) twins have a higher rate of SZ than dizygotic twins (up to 65% and 28%, respec-

tively). The same study estimated a heritability of 80% (Cardno and Gottesman, 2000). 

Thanks to the development of molecular genetics, linkage studies were perfected. These 

types of studies are based on the premise that alleles that are close together are more 

likely to be transmitted as a unit during meiosis (Lander and Kruglyak, 1995). In SZ and 

ASD, linkage studies identified genomic regions that harboured variants increasing the 

risk for the disorder. Some of the most relevant regions identified using this technique 

included the 1q21-22 and 6p24-p22 in SZ (Moises et al., 1995; Straub et al., 1995; 

Brzustowicz et al., 2000; Schwab et al., 2000; Rosa et al., 2002); and 3p25 and 7q35 in 

ASD (Lauritsen et al., 1999; Ylisaukko-oja et al., 2006). However, these results are diffi-

cult to reproduce mainly due to the small effect driven by these variants and the small 

sample sizes making it impossible to detect the linkage (Risch and Merikangas, 1996). 
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Causal 

gene 
Syndrome Locus Clinical phenotype 

NLGN3a - Xq13.1 Autism, Asperger syndrome, PDD-NOS 

NLGN4a - Xp22.33 
Autism, Asperger syndrome, X-linked 

mental retardation, PDD-NOS 

SHANK3a - 22q13.3 
Autism with severe language and social 

deficits 

NRXN1 
Pitt Hopkins-Like syn-

drome-2 
2p16.3 

Autism with seizures, facial dysmorphism 

spoken language deficits 

MeCP2 Rett’s syndrome Xq28 

Autism, learning disability, Angelman syn-

drome phenotype, variant of Rett syn-

drome 

HOXA1   7p15.3 ASD susceptibility 

PTEN Cowden syndrome 10q22.31 ASD with macrocephaly 

FMR1 
Fragile X syndrome 

(FXS) 
Xq27.3 

Elongated cranial features, low social in-

teraction, developmental delay, hyperac-

tivity 

NSD1 Sotos syndrome 
5q35.2-

q35.3 

Overgrowth in childhood, learning disabili-

ties, ADHD  

TSC1/ 

TSC2 

Tuberous sclerosis 

9q34.13/ 

16p13.3 

ADHD, impulsivity, social impairment, epi-

lepsy 

CACNA1C Timothy syndrome 12p13.33 
Severe verbal delay, developmental de-

lay, social avoidance 

NF1 
Neurofibromatosis 

type 1 
17q11.2 ADHD, social anxiety 

TRSP1 
Trichorhinophalangeal 

syndrome 
8q24.12 

Distinctive facial features, high-function-

ing autism 

Table 1.0.1 Causal genes of syndromic and non-syndromic ASD. 
Table summarising individual genes identified to be the origin of syndromic and non-syndromic 
cases of ASD. Table adapted from (Caglayan, 2010; Sztainberg and Zoghbi, 2016). 
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Even though the human exome harbours ~85% of disease-related variants, it is unclear 

whether whole exome sequencing is able to capture the genetic variants associated with 

complex disorders (Lacey, Chung and Lin, 2014), therefore the remaining non-coding 

sequences of the genome should also be investigated. The rapid development and re-

duction in price of next generation sequencing (NGS) represented a major breakthrough 

in the research for variants causing SZ and ASD, it has allowed the study of large co-

horts. In genome-wide association studies (GWAS), the genome of individuals is sur-

veyed in order to identify known common genetic variants. The following section will 

cover the fundamental aspects of GWAS and how they can be applied in the research 

for SZ and ASD. 

1.3.2 GWAS for neuropsychiatric disorders 

GWAS are observational studies of genetic variants of different individuals at the ge-

nome-wide level. Using a phenotype-first approach, the objective of GWAS is to identify 

genetic risk factors for complex diseases through a hypothesis-free method (Bush and 

Moore, 2012). Typically, a GWAS is focused on a case-control setup where individuals 

are grouped according to a specific trait or phenotype. In order to detect genetic variants 

in the individuals, DNA is genotyped using probes for at least 100,000 SNPs (Cirillo et 

al., 2018). Differences in allele frequency can be investigated between each group re-

porting an odds ratio for each group to have a specific SNP, determining the association 

for that particular SNP towards the development of the phenotype. 

GWAS have led to the identification of common and rare variants such as CNVs and 

SNPs that contribute to the development of a disease (McCarroll et al., 2008). In 2005, 

the first GWAS for age-related macular degeneration marked a milestone with the iden-

tification of two SNPs with altered frequency between 96 patients and 50 controls (Klein 

et al., 2005). Since then, the publication of GWAS has increased significantly with more 

than 3900 human GWAS made available online (https://www.ebi.ac.uk/gwas/). Over 

time, GWAS studying larger cohorts have identified CNVs that could explain, in part, the 

development of neuropsychiatric disorders including SZ and ASD Table 1.2 (Sebat, 

2013). 

CNVs confer a significant increased risk for SZ (odds ratio 2-60) (Marshall et al., 2017). 

This association has been observed in a variety of studies including case control and 

family-based studies. Walsh et al. and the International SZ Consortium found up to 3-

fold enrichment in CNVs in cases compared to controls (Walsh et al., 2008; Ripke et al., 

2014). More than 30 GWAS for SZ have characterised SNPs that contribute to the de-

velopment of psychiatric diseases. The most recent study identified 145 SZ associated 

loci through meta-analysis (Pardiñas et al., 2018). This is an indication of the effect of 
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the sample size in the power of the GWAS. Sample sizes for ASD have been more lim-

ited compared to SZ making the analysis largely underpowered, limiting the ability to 

identify genome wide significant loci (Table 1.2). 

Genetic studies comparing autistic probands with unaffected siblings and parents iden-

tified an increased occurrence of de novo CNVs up to 5-fold higher in ASD patients 

(Autism Genome Project Consortium et al., 2007; Marshall et al., 2008; Weiss et al., 

2008; Fischbach and Lord, 2010). Duplications in 15q11-q13, including Prader-Willi  and 

Angelman syndromes (PWS and AS, respectively); and FXS have been consistently 

identified in patients with autism (Chung, Tao and Tso, 2014; Yoo, 2015). New CNVs 

are being reported in ASD as result of NGS studies. This demonstrates the relevance of 

NGS in identifying and confirming de novo mutations as a cause for ASD, since many 

causal CNVs haven’t been reported yet for ASD (Yoo, 2015). To date, the largest pub-

lished meta-analysis for ASD has only been able to identify a locus in 10q24.32 contain-

ing genes involved in proteasomal degradation pathway (Consortium, 2017). Altered in-

telligence is another psychiatric trait associated with chromosomal defects in 15q11.2 

region. A large-scale meta-analysis is available for intelligence which identified over 200 

loci associated with this trait (Savage et al., 2018). 

 

Table 1.2 CNVs conferring risk to the development of  SZ and ASD. 

Causal CNV Condition Reference 

1q21.1 del/dup 

SZ OR    

del = 8.3 

dup = 3.45 

ASD OR   

del = 1.6   

dup = 8.0 

(Autism Genome Project Consortium et al., 2007; 

Brunetti-Pierri et al., 2008; International Schizophrenia 

Consortium et al., 2008; Mefford et al., 2008; Stefansson 

et al., 2008; Walsh et al., 2008; Kirov et al., 2009; Need 

et al., 2009) 

15q13.3 del/dup 

SZ OR    

del = 10.7 

dup = NA 

ASD OR   

del = 10.8 

dup =  NA 

(International Schizophrenia Consortium et al., 2008; 

Stefansson et al., 2008; Ben-Shachar et al., 2009; Miller 

et al., 2009) 
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16p11.2 del/dup 

SZ OR    

del = 0.9 

dup = 9.4 

ASD OR   

del = 9.5 

dup =  11.8 

(Sebat et al., 2007; Christian et al., 2008; International 

Schizophrenia Consortium et al., 2008; Kumar et al., 

2008; Marshall et al., 2008; Walsh et al., 2008; Weiss et 

al., 2008; Bijlsma et al., 2009; Glessner et al., 2009; 

McCarthy et al., 2009) 

16p13.11 del/dup 

SZ OR    

del = 25.8 

dup = 2 

ASD OR  

del = 10.7 

dup = 1.5 
 

(International Schizophrenia Consortium et al., 2008; 

Kirov et al., 2009; Need et al., 2009; Ingason et al., 

2011) 

17p12 del/dup 

SZ OR    

del = 9.5 

dup = NA 

ASD OR   

del = 16.0 

dup =  NA 

(Autism Genome Project Consortium et al., 2007; 

International Schizophrenia Consortium et al., 2008; 

Stefansson et al., 2008; Weiss et al., 2008; Kirov et al., 

2009) 

22q11.2 del/dup 

SZ OR    

del = NA 

dup = 0.4 

ASD OR   

del = NA 

dup =  3.3 

(Xu et al., no date; Autism Genome Project Consortium 

et al., 2007; International Schizophrenia Consortium et 

al., 2008; Marshall et al., 2008; Glessner et al., 2009; 

Kirov et al., 2009; Need et al., 2009) 

22q13.3 del/dup 

SZ OR    

del = NA 

dup = NA 

ASD OR   

del = NA 

dup =  NA 

(Sebat et al., 2007; International Schizophrenia 

Consortium et al., 2008; Marshall et al., 2008; Glessner 

et al., 2009) 

Table summarising CNVs identified in patients with SZ and ASD conferring risk to the develop-
ment of the disorders. OR reported for SZ and ASD (Malhotra and Sebat, 2012; Rees et al., 2014; 

Kirov, 2015). NA = not available. 
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These studies show the complexity of psychiatric disorders, multiple genes can be af-

fected, leading to alterations in multiple pathways (Kushima et al., 2018). It is also known 

that the same mutation can have distinct effects in different patients. In turn, these altered 

pathways are likely to explain the phenotypical similarities between multiple neuropsy-

chiatric disorders, indicating that the combination of all variants in the genetic back-

ground of the individual play a determining role in the development of the disorder 

(Craddock and Owen, 2010; Kirov, 2015; Consortium, 2017; Savage et al., 2018; Grove 

et al., 2019). Consistent with this hypothesis, alterations in the biology of FMRP have 

been associated to the development of ID, ASD and SZ (Consortium, 2017).  

1.3.3 Heritability and genetic basis of SZ and ASD 

Rather than a single-locus, SZ follows a polygenic heritability model (Gottesman and 

Shields, 1967; O’Rourke et al., 1982). This indicates that the genetic risk is the combined 

association of alleles that can be present in a population in high to low frequencies, called 

common or rare variants (or alleles), respectively. Each allele presents a small contribu-

tion to the development of the schizophrenic phenotype (Craddock, O’Donovan and 

Owen, 2005). The accumulative effect of SNPs represent 23% of the liability in SZ, many 

of these being common variants identified through GWAS (Lee et al., 2012). 

The accumulative contribution of each variant can be calculated using a polygenic risk 

score (PRS) (Wray, Goddard and Visscher, 2007). The PRS can be calculated from 

GWAS summary statistics for each SNP tested. Therefore, a PRS can be computed for 

each tested individual, and the average PRS is expected to be higher in the case (man-

ifesting a disorder) than in control population (Figure 1.4 A, B). 

 

 

Figure 1.4 Polygenic signal of SZ. 
Manhattan plot with the identified variants in the SZ GWAS from (Pardiñas et al., 2018). Red line 
indicates the genome-wide threshold of significance. (B) Graphical representation of the accumu-
lative effect of polygenic risk score (PRS). Upon reaching a threshold, the accumulation of risk 
variants causes the appearance of the SZ phenotype. 
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Using the summary statistics of the Psychiatric Genetics Consortium for SZ and ASD 

GWAS, PRS for SZ has been used to accurately predict if individuals with first-episode 

psychosis will develop SZ or a different type of psychiatric disorders (Vassos et al., 

2017). In a recent study, PRS revealed that the heritable liability for SZ is mediated 

through pathways relevant to cognition including verbal memory, processing speed and 

visual memory (> 33%) (Toulopoulou et al., 2019). In ASD, PRS has been used as a 

measurement of cognitive ability and intelligence quotient (Clarke et al., 2016), or to 

identify specific alterations associated with the methylation profile in new-born children 

with the development of ASD (Hannon et al., 2018). However, this approach is not ap-

plicable to every cohort. It has been shown that PRS for SZ is highly associated with 

ancestry. For any given population, there is a non-random association of alleles at dif-

ferent loci. This is known as linkage disequilibrium (LD). Therefore, corrections for LD 

should be applied when working with individuals of diverse ethnicity (Curtis, 2018).  

 

1.3.4 Predicting dysregulated cellular processes using GWAS 

data 

The association of alleles with a phenotype are only one part of the information obtained 

from GWAS. Both ASD and SZ are caused by the combinatorial effect of multiple vari-

ants. Because of the large number of SNPs analysed, very stringent correction tests 

need to be applied, hence reducing the number of significant variants. Mechanisms to 

reduce this stringency have been developed in order to reduce multiple testing and there-

fore aggregate the effects of individual SNPs (obtained from GWAS) into individual 

genes. PRS, gene and gene-set analysis are powerful alternatives to single-SNP anal-

yses.  

In gene analysis, the multiple SNPs identified through sequencing are mapped to genes. 

By doing this, one can test for the aggregated association of all SNPs with the phenotype. 

However, in some cases SNPs are located outside the coding sequence of a gene. 90% 

of the SNPs affecting expression quantitative trait loci are located within 15 kb from the 

5’ and 3’ gene boundaries (Pickrell et al., 2010). However, the effect of these SNPs can 

vary due to great differences in LD. The use of genotype data can help to aggregate 

SNPs in LD blocks before identifying the overlap with gene regions (White et al., 2019). 

In gene set analysis (also referred to as pathway analysis in genetics), individual genes 

are grouped in sets of genes with common characteristics, either biological or functional. 

Pathway analysis is an approach that has been applied to GWAS since 2007 (Wang, Li 

and Bucan, 2007). This method presents multiple advantages: firstly, aggregating genes 
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in groups reduces the number of tests required allowing the identification of weaker ef-

fects. Secondly, gene sets provide direct insight into specific biological pathways or cel-

lular functions contributing to the aetiology of the phenotype (de Leeuw et al., 2015). 

The procedure of gene set analysis consists of three steps: 1) Gene sets are generated 

by the user with the genes to be investigated, 2) genetic variants (SNPs) are mapped 

onto genes, and 3) pathway enrichment is performed. Gene set p-values can be calcu-

lated using two different strategies: a one-step approach, where gene set p-values are 

calculated from genotype data, and a two-step approach, where single gene p-values 

are calculated first, from which the final pathway p-value is determined. Multiple soft-

ware, such as VEGAS, PLINK, INRICH, are available to perform this kind of analysis. 

The statistical power of most of these programmes are strongly dependent on local LD, 

which in turn reduces the power to detect association dependent on multiple SNPs 

(Moskvina et al., 2012). An approach to overcome this is by incorporating the information 

of the LD from different markers to detect multi-marker effects. This framework of analy-

sis is used by the GWAS analysis tool Multi-marker Analysis of GenoMic Annotation 

(MAGMA) (de Leeuw et al., 2015) (Figure 1.0.5 A). 

Using this methodology, Jansen and colleagues were able to identify that genes targeted 

by the Fragile X mental retardation protein (FMRP) were enriched amongst candidate 

genes for autism, and that risk variants for ASD were more significant in FMRP target 

genes than in any other group of genes (Figure 1.0.5 B). In a different study carried out 

by Schijven and colleagues, the same analysis workflow was used to identify altered 

gene ontology (GO) terms that could capture the genetic association for ASD. Indeed, 

the analysis with MAGMA suggests that genes involved in synaptic plasticity and neuron 

differentiation could be driving the pathogenic effects causing ASD (Figure 1.0.5 C). 
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Figure 1.0.5 Genetic enrichment analysis with MAGMA 
(A) Standard workflow for gene set enrichment analysis in MAGMA. (B) Quantile-quantile showing 
relationship between observed and expected pvalues of risk variants in the FMRP gene set. (C) 
Gene set enrichment analysis of GO with ASD associated genes tested in MAGMA. A and C from 
(Schijven et al., 2018) B from (Jansen et al., 2017). 

 

1.3.5 Ch15q11.2 CNVs, a risk for psychiatric disorders 

CNVs can range between 1,000 basepairs to several megabases (Mb) and can present 

as duplication (extra copy) or deletion (loss) of a segment of chromosomal DNA. They 

can be inherited or appear de novo, mainly through non-homologous recombination of 

low-copy repeat regions during meiosis (Gu, Zhang and Lupski, 2008). Both SNPs and 

CNVs have been associated to the development of human diseases and have been pro-

posed as mechanism for the development of psychiatric disorders (Need et al., 2009; 

Thapar and Cooper, 2013; Nishioka et al., 2018).  

CNVs affecting the long arm of chromosome 15 are estimated to be in the general pop-

ulation with a frequency of 0.3% (Grozeva et al., 2012). Low copy DNA repeat clusters, 

also called duplicons, are present in this area. Misalignment of these sequences during 

meiosis are responsible for non-allelic homologous recombination causing the formation 

of chromosomal abnormalities (Locke et al., 2004). Five breakpoints (BP) are present in 

the proximal region of the long arm of chromosome 15 (Figure 1.6Figure 1.6). Deletions 

and duplications in this region can involve combinations of these BPs (Butler, 2017). 
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Deletions of the paternal copy of the 15q11-q13 region are the cause for PWS, whereas 

deletions of the maternal chromosome are the cause for AS (Nicholls and Knepper, 

2001; Butler, 2017). This difference in the manifestation of the phenotype is due to the 

fact that multiple loci in the 15q11-q13 region are subject to genomic imprinting. During 

imprinting, specific alleles inherited by one of the parents are methylated leading to si-

lencing of the allele. Therefore, a deletion in the paternal copy of ch 15q11-q13 combined 

with the maternal imprinting of this region would lead to developing PWS. Conversely, 

the inheritance of a non-functional maternal copy of this same chromosomal region, com-

bined with the imprinting of the paternal equivalent are the cause of the development of 

AS. These disorders are characterised by neurodevelopmental phenotypes of variable 

severity. The deletions can be classified as type I when deletion occurs between BP1 

and BP3 (6.6 Mb), or type II when deletion occurs between BP2 and BP3 (5.3 Mb) (Butler 

et al., 2008). Individuals carrying the type I deletion present more severe intellectual and 

behavioural deficits suggesting the presence of dosage-sensitive genes playing an im-

portant role in neural development (Butler et al., 2004). 

The BP1-BP2 region spans approximately 500 Mb and contains four genes: NIPA1 (non-

imprinted in Prader-Willi and Angelman syndrome 1), NIPA2, CYFIP1 (cytoplasmic 

FMRP-interacting portion 1) and TUBGCP5 (tubulin gamma complex associated protein 

5, (Figure 1.6)) (Chai et al., 2003). Deletions affecting the 15q11.2 region have recently 

been classified as having a mild effect size (intellectual disabilities OR = 1.7, schizophre-

nia OR = 1.5 and epilepsy OR = 3.1), explaining only a small proportion of the phenotype 

presented by the carriers of this CNV (elise Jønch et al., 2019).  
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Figure 1.6 Ideogram of the 15q11.2 locus and the BPs affecting this region. 
Schematic representation of genes between BP1 and BP5 in the 15q11.2 region. Non-imprinted 
genes are shown in green. In blue, genes expressed from the paternal allele (PWS critical region). 
In red, genes expressed only from the maternal allele (AS critical region). Figure was taken from 
(Butler, 2017). 
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NIPA1 and NIPA2 encode for magnesium (Mg2+) transporters. NIPA1 is highly ex-

pressed in the developing and adult brain (Goytain et al., 2007; van der Zwaag et al., 

2009) and mutations affecting this gene are the cause of hereditary spastic paraplegia 

(Fink, 2003). NIPA2 is expressed in several organs including the brain. Mutations in 

NIPA2 have been implicated in the aetiology of childhood absence epilepsy (Goytain, 

Hines and Quamme, 2008; Jiang et al., 2012; Xie et al., 2014). 

TUBGCP5 is part of the gamma-tubulin complex required for microtubule nucleation at 

the centrosome (Murphy et al., 2001). This protein is highly expressed in subthalamic 

nuclei in the brain, a region related to the biology of ADHD and obsessive-compulsive 

disorder (Chai et al., 2003; Doornbos et al., 2009; Brem et al., 2014). 

CYFIP1 regulates mRNA translation via binding to FMRP, a protein with high expression 

in the CNS related to the development of fragile X syndrome (FXS). Moreover, CYFIP1 

can also interact with the WAVE regulatory complex (WRC) to control the actin cytoskel-

eton dynamics (Napoli et al., 2008; De Rubeis et al., 2013). Therefore, CYFIP1 can be 

part of two multi-protein complexes (Chai et al., 2003). Multiple studies have been re-

ported to characterise the biological function of this protein, which will be reviewed later 

in this chapter. 

CNVs affecting the region between BP1-BP2 of chromosome 15 (15q11.2) have been 

identified to contribute to the development of neurodevelopmental disorders. Murthy and 

colleagues reported the first study demonstrating the association between microdele-

tions affecting the 15q11.2 and neurodevelopmental disorders (Murthy et al., 2007). The 

clinical phenotype presented by patients carrying a deletion at 15q11.2 include develop-

mental delay and psychiatric disorders including ASD and SZ (Doornbos et al., 2009; 

Burnside et al., 2011; von der Lippe et al., 2011; Abdelmoity et al., 2012; Madrigal et al., 

2012; Cafferkey et al., 2014; Jerkovich and Butler, 2015; Vanlerberghe et al., 2015; 

Picinelli et al., 2016). Microduplications affecting 15q11.2 are less abundant in the liter-

ature. However, these patients also present developmental delay and ASD as well as 

dysmorphic features, motor coordination issues and seizures (van der Zwaag et al., 

2009; Burnside et al., 2011; Picinelli et al., 2016). 

GWAS have strengthened the association between CNVs in the 15q11.2 and psychiatric 

disorders. 15q11.2 microdeletions or microduplications are present at frequencies of 

0.55-0.82% in SZ and above 0.8% in ASD cases (Stefansson et al., 2008; Kirov et al., 

2009; Rees et al., 2014). In the context of deletions, it has been estimated that on aver-

age CNVs are inherited from unaffected parents in 51% of the cases and 35% from 

affected parents. On the other hand, de novo and idiopathic mutations represent 5-22% 
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of the cases (Cafferkey et al., 2014; Butler, 2017). This difference in the inheritance can 

be attributed to the low penetrance estimated for this CNV, where the presence of the 

mutation represents a small twofold increase over the overall population in the develop-

ment of the disease (Rosenfeld et al., 2013).  

The data presented above strongly indicate that genes present in the 15q11.2 BP-BP2 

have an important role in brain development and normal neuronal function. Dysregulated 

expression of these genes can significantly increase the risk of developing neuropsychi-

atric disorders such as SZ and ASD. In this context, CYFIP1 is considered the most 

promising causal risk gene in 15q11.2 CNVs, due to its known biological functions to be 

reviewed in the following section. 

1.4 Biology of CYFIP1 

1.4.1 Expression of CYFIP1 in the developing neocortex 

In situ hybridisation analysis showed that Cyfip1 is expressed in the mouse developing 

brain as early as E12 (van der Zwaag et al., 2009). The signal appears to be enriched in 

the VZ of the forebrain. This data is in agreement with expression data available in the 

Eurexpress database (http://www.eurexpress.org) (Figure 1.7 A). Cfip1 expression is 

maintained throughout embryonic development up to day E18.5. In the human brain, 

CYFIP1 has been detected at week 8 post-conception (http://www.brainspan.org), alt-

hough there is no data available prior to this stage. 

Research carried out by Yoon and colleagues provided further support that Cyfip1 is 

expressed in the developing cortex (Yoon et al., 2014). In this study, the expression of 

Cyfip1 appeared to be restricted to the VZ, specifically, on the ventricular surface of ra-

dial glial cells; and colocalised with NCAD and ΒCAT. The expression was lower in the 

intermediate zone. Cyfip1 protein expression was not found in the cortical plate, opposed 

to what has been found in the in situ hybridisation studies (Yoon et al., 2014) (Figure 1.7 

B, C). 
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Figure 1.7 Expression pattern of Cyfip1 in the embryonic mouse brain. 
(A) In situ hybridisation for Cyfip1 in mouse embryo E14.5 (from eurexpress.org). (B) Specific 
localisation of the expression of CYFIP1 in the VZ of mice brains at E15.5 and (C) in the RGC, 
where it accumulates close to the ventricular surface in regions rich in F-actin (adapted from Love 
et al 2014). CP: cortical plate, IZ: intermideate zone, VZ: ventricular zone. 

 

1.4.2 Functions of CYFIP1 in the neural system 

CYFIP1 was originally identified as a target of the small Rho GTPase Rac1 and was 

named as p140Sra-1 (Kobayashi et al., 1998). Involved in the processes of actin remod-

elling and organisation, Rac1 plays an important role in the growth and maintenance of 

neuronal structures. The identification of CYFIP1 was achieved by screening a mouse 

embryonic library using a yeast two-hybrid system to identify proteins binding to the N-

terminus of FMRP. In addition to CYFIP1, the assay also identified CYFIP2. Both pro-

teins are largely evolutionary conserved and share nearly 88% of their amino acidic se-

quence. Despite the similarities, CYFIP2 can bind to both FXR1P and FXR2P, as well 

as FMRP, whereas CYFIP1 shows a specific association with FMRP. 

However, Schenk and colleagues found that only a fraction of CYFIP1 could be immuno-

precipitated with FMRP. The authors interpreted this finding as an independent activity 

of CYFIP1 from FMRP. Indeed, CYFIP1 and CYFIP2 had been previously identified as 

interactors of members of the WAVE (WASP (Wiskott-Aldrich syndrome protein)-family 

verprolin homologous protein) proteins forming the WRC, which controls the actin cyto-

skeleton dynamics (Eden et al., 2002; Steffen et al., 2004). 

Two theories have been postulated on the role of CYFIP1 in the WRC. The first was 

proposed by Chen and colleagues, found that CYFIP1 played an inhibitory role in the 

WRC (Chen et al., 2010). However, further research carried out by De Rubeis and 
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colleagues suggests that the presence of CYFIP1 in the WRC is required for the actiava-

tion of the complex (De Rubeis et al., 2013). To date, the later is the most accepted 

hypothesis on the activity of CYFIP1 in the WRC. Both hypothesis will be summarised in 

the following section. 

(I) Role of Cyfip1 in the WRC 

The WRC is formed by WAVE1/2/3, ABI (Abelson interacting protein), NAP (NCK-asso-

ciated proteins), either CYFIP1 or CYFIP2 and HSPC300 (hematopoietic stem progeni-

tor cell 300) (Chen et al., 2010). These proteins form a hetero-pentameric complex con-

trolling the actin polymerisation through Arp2/3. This process is fundamental for cell ad-

hesion, migration, vesicle trafficking and neurite extension (Takenawa and Suetsugu, 

2007). The presence of a VCA (Verprolin-homology, Central and Acidic regions) domain 

in WAVE proteins allows them to bind to Arp2/3 and G-actin monomers promoting actin 

polymerisation (Mendoza, 2013).  

It was initially proposed that CYFIP1 and CYFIP2 could act as negative regulators of the 

WRC activity. In this model, the WRC would remain in a constitutively inactive form, with 

the VCA domain occupied by CYFIP1 and CYFIP2 preventing its interaction with Arp2/3. 

Specific cellular processes requiring the rearrangement of the actin cytoskeleton, such 

as the extension of lamellipodia, induce the activation of Rac1, which promotes the re-

lease of CYFIP1 and CYFIP2 from the VCA (Chen et al., 2010). Negatively charged lipids 

can recruit the WRC to the cell membrane promoting the oligomerisation of the complex, 

which enhances its efficacy at generating cell protrusions such as lamellipodia (Oikawa 

et al., 2004; Padrick et al., 2008). 

De Rubeis and colleagues investigated the mechanism CYFIP1 uses to alternate be-

tween the FMRP and the WRC complexes. Studying the crystallography structure of 

CYFIP1, the authors characterised mobile areas in CYFIP1 that could indicate changes 

in the 3D structure of the protein (Figure 1.8 A). To study this, the authors took ad-

vantage of Förster resonance energy transfer, where two fluorophores were linked to 

each end of the protein. If a conformational change occurs in the protein, a change in 

the fluorescence is observed. Using this methodology, the authors hypothesise that 

CYFIP1 has two conformations: a planar (open) and a globular (closed) conformation 

allowing the oscillation between the FMRP-eIF4E and the WAVE complex (Figure 1.8 

B). The same study concluded that this conformational change was driven, in part, by 

neural stimulation through brain-derived neurotrophic factor. This neurotrophic factor 

promotes the activation of Rac1, which consequently phosphorylates CYFIP1, promoting 

a structural change from the globular to planar conformation. Activation by Rac1 releases 

CYFIP1 from the FMRP-eIF4E-CYFIP1 complex and promotes its recruitment to the 
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WRC allows protein synthesis and actin polymerisation (De Rubeis et al., 2013) (Figure 

1.8 C).  

To validate this, the authors designed two mutant forms of CYFIP1 that were unable to 

interact with the WRC or the eIF4E. Each isoform was transfected separately into primary 

neurons, where CYFIP1 had been previously KD In this experiment, the authors ob-

served that expression of the CYFIP1 form unable to interact with FMRP was able to 

restore normal actin levels. On the other hand, expression of the mutant form unable to 

bind to the WRC only rescued the translational regulation of some of the known FMRP 

targets (De Rubeis et al., 2013). These results are conflicting with previous studies re-

porting a role for CYFIP1 as an inhibitory element in the actin polymerisation within the 

WRC. This difference could be explained by differences in the regulation of oscillation 

CYFIP1 between the two complexes. 

(II) Cyfip1 regulation of FMRP-dependent mRNA translation 

CYFIP1 and CYFIP2 interact with FMRP at the same domain that the latter uses for 

homo- and hetero-dimerisation with itself and other proteins, suggesting a potential role 

for CYFIP1 and CYFIP2 as modulators of FMRP activity (A. Schenck et al., 2001). FMRP 

can form a complex with CYFIP1 and the initiation factor 4E (eIF4E), binding to mRNAs 

containing the short-sequences motifs TGGA, GAC and TAY (Anderson et al., 2016). In 

this complex, CYFIP1 acts as a 4E-binding protein thus blocking the initiation of transla-

tion (Richter and Sonenberg, 2005; Napoli et al., 2008). 

FMRP is a ubiquitously expressed mRNA-binding protein, with high expression in the 

CNS. Mutations causing the loss-of-function of FMRP are the cause of fragile X syn-

drome (FXS), causing neurodevelopmental delay and autistic phenotype (Jacquemont 

et al., 2007). In fact, FXS is a frequent cause of monogenic ASD and the most common 

form of inherited intellectual disabilities. FMRP acts as a translational repressor, and in 

neuronal cells, promotes the localisation of mRNAs to the dendrites (Fernández, Rajan 

and Bagni, 2013). Multiple studies have reported the identification of mRNAs targeted 

by FMRP (Brown et al., 2001; Chen et al., 2003; Darnell et al., 2011), of which a signifi-

cant proportion have been identified as ASD risk genes through GWA studies, while a 

small fraction overlaps with mood- and SZ-associated genes dendrites (Fernández, 

Rajan and Bagni, 2013). 
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Figure 1.8 Structural conformation of CYFIP1 and oscillation between the FMRP and the 
WRC complexes. 
(A) 3D model of the conformational structure of CYFIP1 predicting two conformations. Arrows 
indicate the main movements during structural conformational changes. (B) Sketch of the Förster 
resonance energy transfer model structure used to detect the changes in CYFIP1 conformation 
upon Rac1 activation. (C) Proposed model for the oscillation of CYFIP1 between complexes. 
Activation by Rac1 promotes the dissociation of CYFIP1 from the FMRP complex towards the 
WRC, allowing the protein synthesis of mRNAs targeted by FMRP and the actin polymerisation. 
Figure adapted from (De Rubeis et al., 2013). 

1.4.3 CYFIP1-dependent dysregulation in neural development 

Animal and iPSC models in which CYFIP1 dosage is manipulated have been used as a 

tool for understanding its role in neural development and neuropsychiatric disorders. The 

following section will focus on the current stage of research involving the role of CYFIP1 

in neural development. Mouse embryos deficient in Cyfip1 (Cyfip1 -/-
) die at embryonic 

day 8.5, demonstrating a pivotal role of this gene for embryonic development (Pathania 

et al., 2014). The same study also showed that Cyfip1 appeared to be enriched in excit-

atory synapses in cultured hippocampal neurons. Reduction of Cyfip1 caused a de-

crease in dendritic branching, whereas high Cyfip1 expression increased the complexity 

in dendritic arborisation.  

Increased dosage of CYFIP1 was also found to cause disruption of dendritic growth in 

human neuroblastoma cells and cortical cells of CYFIP1 transgenic mice (Oguro-Ando 

et al., 2015). Neurites appeared to be shorter, accompanied by an increase in the num-

ber of branching and cell size in both models. Microarray analysis of cortical cells at day 

E13 of wild type (WT) and transgenic mice identified disruption in the mTOR pathway as 

the potential cause for the observed phenotypical changes. This hypothesis was con-

firmed by rescuing Cyfip1-caused morphological alterations with rapamycin, a specific 

inhibitor of mTOR (Oguro-Ando et al., 2015). 
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Activity of CYFIP1 has a direct repercussion in dendritic spine morphology. Cyfip1 KD in 

primary cortical neurons with shRNA caused a reduction of mature spine morphology 

(stubby and mushroom) whereas immature-looking spines were increased in number 

(De Rubeis et al., 2013). Moreover, mean spine length was increased in Cyfip1-silenced 

primary cultured neurons. This correlates with the finding in FMRP KO mice models. The 

only consistent finding in FXS patients and reported FMRP KO mouse models is an ab-

normality in dendritic spines that are too long, thin and slightly more numerous (Irwin et 

al., 2001; De Rubeis et al., 2013). 

CYFIP1 is one of the four genes present in the 15q11.2 BP1-BP2 CNV. Because large 

chromosomal aberrations are hard to replicate in animal models, CNV carrier derived 

iPSCs represent a useful tool to investigate the effect of CNVs involving multiple genes. 

The first report of 15q11.2 iPSCs came from Yoon et al. (Yoon et al., 2014), who ob-

served the abnormal organisation of the neural rosettes. This rosette defect was pheno-

copied by control iPSCs with shRNA mediated CYFIP1 KD, demonstrating CYFIP1 as 

the causal factor for this phenotype. The same authors also reported ectopic radial glial 

cell distribution outside the VZ in E13.5 mouse cortex following in utero electroporation 

of Cyfip1 shRNA, thus establishing a requirement for CYFIP1 in maintaining cortical pro-

genitor polarity (Yoon et al., 2014). 

Another study by Das and colleagues showed morphological changes in dendritic spines 

in iPSC-derived neuronal cells carrying 15q11.2 deletion. However, no quantitative anal-

ysis was reported for this observation (Das et al., 2015). The same paper also reported 

a reduction of CYFIP1, NIPA1, NIPA2 and TUBGCP5 at the mRNA level in undifferenti-

ated iPSCs and the derived NPCs (Das et al., 2015). 

The effect of reduced CYFIP1 expression in iPSC-derived NPCs was further explored 

by Nebel and colleagues. In this study, the authors differentiated ‘control’ iPSCs into 

cortical NPCs and performed shRNA knock-down of CYFIP1 followed by RNAseq (Nebel 

et al., 2016). Transcriptome analysis revealed dysregulation of genes involved in cyto-

skeletal regulation, a finding that is expected. Moreover, genes dysregulated in CYFIP1
 

KD NPCs appeared to be over-represented amongst SZ and epilepsy-associated risk 

genes (Nebel et al., 2016). 
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1.4.4 Work leading to this thesis 

In our laboratory, multiple hESCs lines have been engineered to either express excess 

levels of CYFIP1 through nucleofection of a constitutively active expression cassette, or 

loss of CYFIP1 via CRISPR/Cas9 induced mutagenesis. In this thesis, these cells are 

referred to as CYFIP1tg and CYFIP1ko cells, respectively, although sometimes they are 

also collectively mentioned as ‘CYFIP1 mutant cells’ for simplicity. These cells were re-

spectively shown to have increased and decreased levels of CYFIP1 at the mRNA and 

protein level, making them suitable to study the alterations associated to abnormal ex-

pression of this protein during in vitro cortical glutamatergic differentiation. In addition to 

these, multiple clones of iPSC lines were derived from two patients harbouring a 15q11.2 

BP1-BP2 deletion (named EA8 and EA62, respectively) and two non-affected control 

subjects. Table 1.3 summarises all the phenotypical characteristics observed in cells 

with altered CYFIP1 expression. 

Immediately after neural induction, the CYFIP1tg and CYFIP1ko cultures contained a 

similar proportion of cells expressing PAX6, FOXG1 and nestin as compared to their 

respective parental control lines. These findings indicated that increase or decrease of 

dosage of CYFIP1 do not affect the process of neural induction nor the regional identity 

or proliferation in the early stages of the differentiation. 

However, structural abnormalities were found in the arrangement of NPCs when forming 

neural rosettes, an in vitro structure that recapitulates the embryonic neural tube 

(Abranches et al., 2009). Rosettes act as a signalling hub where multiple signalling mol-

ecules are released by the neighbouring cells, affecting the way cells divide and differ-

entiate. The apical zone of the neural rosettes can be labelled by cell adhesion molecules 

such as NCAD. In normal conditions, apical zones stained for NCAD take a ring-like 

shape. In CYFIP1tg and CYFIP1ko NPCs, the shape of the neural rosettes is affected 

and tends to take the shape of a collapsed or open ring, as well as being smaller in size. 

Moreover, CYFIP1tg cells presented a decreased number of neural rosettes. Alterations 

in NCAD distribution and neural rosettes structures were previously described by Yoon 

and colleagues (Yoon et al., 2014), where the KD of CYFIP1 alone produced a scattered 

distribution of the NCAD in neural rosettes. 

These findings were recapitulated in CYFIP1tg cells using a 3D model of differentiation. 

Following a previously reported protocol, PSCs were grown in suspension in order to 

generate embryoid bodies-like structures and later embedded in Matrigel® droplets to 

allow the expansion of the neuroepithelial tissue (Lancaster and Knoblich, 2014). The 

study of the thickness VZ-like areas generated by the cortical organoids showed that 
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CYFIP1tg organoids had a significantly smaller and thinner areas at the same analysed 

stage. 

At later stages of differentiation, when mature neurons arise, strong phenotypical differ-

ences were identified between CYFIP1tg, CYFIP1ko and their respective control paren-

tal cells. CYFIP1tg maintained a significantly higher number of PAX6
+ 

NPCs while the 

number of NEUN
+
 neurons was higher in the control population. This effect was found in 

the opposite direction in CYFIP1ko, which showed a lower number of PAX6
+ 
NPCs and 

a higher number of NEUN
+
 neurons than its control parental line. This finding was further 

explored using EdU incorporation essays. The analysis revealed that CYFIP1tg retained 

a higher population of cells mitotically active compared to its control at later stages of the 

differentiation.  

Further experiments revealed that these differences in maturation were due to changes 

in cell-cycle exit rate of the NPCs. Co-labelling of EdU with the post-mitotic mature 

marker NEUN. While CYFIP1tg cultures had a lower proportion of double-stained 

EdU/NEUN
+
 neurons, CYFIP1ko showed the opposite effect. In addition to this, DNA 

content of the cells by flow cytometry showed that CYFIP1tg contained a significant num-

ber of cells in the S and M phases, whereas the control cells had exited the cell cycle. 

On the other hand, CYFIP1ko contained a larger number of cells in the G0/G1 phase 

and a reduced number in the M phase than their controls. Altogether, this indicated that 

CYFIP1tg and CYFIP1ko show opposite phenotypes in terms of cell-cycle progression.  

While CYFIP1tg have a tendency for symmetrical, more proliferative, divisions than 

asymmetrical divisions generating post-mitotic neurons; CYFIP1ko show a premature 

exit of the cell cycle and generation mature neurons. 

In addition to these findings, the work generated in this thesis indicated a potential 

dysregulation of the mitochondria. The analysis of this organelle in CYFIP1tg and 

CYFIP1ko showed opposing differences. While CYFIP1tg had a higher number of mito-

chondria than its control parental line, mitochondria in CYFIP1ko NPCs were less abun-

dant and reduced in size compared to the control. 

Finally, 15q11.2 deletion carrying cells were incorporated into the study. These iPSC 

derived cells were incorporated in the later stages of the research, therefore the pheno-

typical analysis of these was not carried out at the same depth as the CYFIP1tg and 

CYFIP1ko cells. The effects of the deletion were studied at the mRNA and protein level 

by RT-qPCR and Western blot analysis. Compared to the controls, CYFIP1 was found 

to be reduced at the mRNA and protein level in EA8 and EA62 NPCs and neurons. 

NIPA1 was not found to be reduced at the mRNA level. Furthermore, its expression at 

the protein level was equivalent to the control cells. On the other hand, NIPA2 was 
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strongly reduced in cells with a 15q11.2 deletion at the mRNA level, and the protein 

product was only detectable, and highly reduced compared to the control, at the NPC 

stage. TUBGCP5 showed variable results between the different studied cells at both 

mRNA and protein level, which were not found to be significant between mutant and 

control cells. During cortical differentiation, EA8 and EA62 cells showed a phenotype 

similar to the observed in CYFIP1ko. Differences in the ratio between cell proliferation 

and differentiation were observed in both patient-derived cells compared to controls, 

where the cells affected by the CNV differentiated prematurely into cortical glutamatergic 

neurons. 

 
Table1.3 Summary of changes in cells with altered levels of CYFIP1 expression. 

  

 CYFIP1tg CYFIP1ko 

15q11.2 del 

(EA8 and EA62) 

Differentiation NPC maintenance  

Premature  

differentiation 

Premature  

differentiation 

Neural      

rosettes 

Reduced number and 

abnormal structure 
Abnormal structure Abnormal structure 

Cell-cycle 

Higher proportion of 

cells in S and M 

phases 

Higher number of cells 

in G1/G0 phases and 

reduced in phase M 

- 

Mitochondria Increased number 
Decreased number 

and size 
- 
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1.5 Aims 

This thesis aims to identify and manipulate the mechanisms behind the phenotypes ob-

served in neural cells with altered expression of CYFIP1 during in vitro cortical differen-

tiation. Furthermore, their association in the development of neuropsychiatric disorders 

will be analysed. The principal objectives are of this thesis are: 

1. Analyse the transcriptional changes caused by altered CYFIP1 dosage in 

CYFIP1tg, CYFIP1ko and patient-derived cells carrying a 15q11.2 deletion, dur-

ing in vitro cortical glutamatergic differentiation. 

 

2. Characterise pathways and genes that could be contributing to the previously 

characterised phenotype in the studied neural cells. 

 

3. Investigate the association between the CYFIP1-regulated genes and their en-

richment for common variants conferring risk for neuropsychiatric disorders. 

 

4. Manipulate through lentiviral CRISPR/Cas9 mediated mutagenesis, the expres-

sion of genes contributing to the development of the altered phenotype observed 

in the neural cells. 
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2 Chapter 2 

 

 

 

 

Material and methods 
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2.1 Cell culture 

2.1.1 hESCs and iPSCs 

The CYFIP1tg and CYFIPko lines were derived from H7 (wicell.org) and iCas9 hESCs, 

respectively (González et al., 2014, Tambrini et al, unpublished). Increased dosage of 

CYFIP1 was achieved by transgenic integration of a CYFIP1 constitutive expression vec-

tor. CYFIP1ko was generated through CRISPR/Cas9 directed genome editing. The iP-

SCs used in this study include two control lines derived from healthy donors, and two 

clones each of patient-derived iPSCs carrying a deletion in the 15q11.2 BP1-BP2 region. 

Table 2.1 summarises all the cell lines used in this thesis. All of the cell lines were cul-

tured in TesR-E8 media (Life Technologies) in standard culture conditions (37 ºC, 5% 

CO2) in 6 well-plates coated with Matrigel® (Corning, VWR).  

When cultures reached 70-90% confluence, the cells were passaged to freshly coated 

Matrigel plates. Briefly, the cells were washed with DPBS once and incubated in 0.02% 

EDTA (Sigma) for 3-4 minutes in the incubator. The EDTA was aspirated from the well 

and the cells dissociated into small clumps in TesR-E8 by gently scratching the well. The 

cells were seeded using a split ratio between 1:4 and 1:6. This allowed maintaining the 

cells in the same well for 3-4 days before doing a new split. Media for iCas9 and CYFIPko 

cells was supplemented with 1x RevitaCell (Gibco) when passaging in order to avoid 

extreme cell death. 

To freeze cells, 70% confluent cultures were dissociated with EDTA as previously de-

scribed, and the cell suspension was centrifuged at 200 g for 5 minutes at room temper-

ature. The cell pellet was resuspended in 1 mL of cold TesR-E8 medium with 10% DMSO 

(Sigma) and transferred into cryo-vials (ThermoFisher). To achieve a cooling tempera-

ture of 1ºC/min, the vials were placed in Mr Frosty™ freezing container (ThermoFisher) 

at -80º C. For long term storage, the frozen cryo-vials were placed in liquid nitrogen 

tanks. 

For thawing, cryo-vials placed in a 37º C water bath with gently shaking. Once thawed, 

the cells were transferred to 9 mL of pre-warmed TesR-E8 medium and centrifuged at 

200 g for 5 minutes. Finally, the cell pellet was resuspended in 1 mL of TeseR-E8 me-

dium and seeded in fresh Matrigel®-coated plates. 
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Table 2.1 Cell lines analysed in this thesis 

Cell Line Cell Type Source Clonal lines analysed 
H7 hESC wicell.org 1 

iCas9 hESC hue 9 1 

CYFIP1tg hESC Genetically modified H7 1 

CYFIP1ko hESC Genetically modified iCas9 1 

EA8 iPSC 
Patient-derived iPSC carrying 
15q11.2 BP1-BP2 deletion 

2 

EA62 iPSC 
Patient-derived iPSC carrying 
15q11.2 BP1-BP2 deletion 

2 

900 iPSC Control iPSC line 1 

202 iPSC Control iPSC line 1 

 

2.1.2 Cortical neuron differentiation in monolayer 

The protocol presented in this thesis used to generate pyramidal neurons is an adapted 

version of previously published ones (Chambers et al., 2009; Cambray et al., 2012; Arber 

et al., 2015). The complete outline of the procedure and timeline for each cell line is 

shown in Figure 2.1. 

Stem cells were initially plated in growth factor reduced Matrigel (Corning, VWR) and 

grown in TeseR-E8 medium until they reached 80-90% confluence. At this point, the cells 

were washed with DPBS, and the medium was replaced with neural induction medium 

composed by a mixture of N2B27 (without vitamin A) medium supplemented with the 

dual SMAD inhibitors LDN-193189 (TOCRIS) and SB-431542 (TOCRIS). The complete 

composition of the medium is described in Table 2.2. The switch to this medium defines 

the day 0 of differentiation. Due to important differences in the neural induction and mat-

uration in H7 and iCas9 derived cells, the protocol was adapted accordingly for each cell 

line. iPSCs followed the same timeline of differentiation as the iCas9. The cells were kept 

in neural induction medium for 8 days in iCas9 cells and 12 days for H7. At this point, 

the LDN-193189 and SB-431542 were removed. 

iCas9 and H7 cells were split at days 6 and 10 respectively in a 2:3 ratio onto fibronectin-

coated plates. Fibronectin (Millipore) coating was performed by incubating a solution of 

15 µg/mL in PBS at 37 ºC for at least 1h. Before splitting, the cells were treated for 1h 

with 100 µM ROCK inhibitor (Y-27632, STEMCELL Technologies). After this, cells were 

incubated in EDTA for 3 minutes and dissociated manually in N2B27 medium using a 2 

mL serological pipette. The cells were carefully resuspended in the appropriate volume 

of neural induction media and seeded onto the fibronectin-coated plate. 
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A second split in a 1:4 ratio was done 8-10 days later. At this stage, the differentiating 

neural progenitors were plated on Poly-D-Lysin/Laminin coated plates. The coating was 

performed by first incubating a solution of 10 µg/mL of Poly-D-Lysin (Sigma) for 1h at 

room temperature. The Poly-D-Lysin solution was removed, and the wells were washed 

with DPBS three times. This was followed by an incubation overnight of 5 µg/mL Laminin 

solution (Sigma) at 37 ºC. Several days after the second passage, when cells display a 

clear neuronal morphology, the medium is switched to N2B27 supplemented with vitamin 

A in order to promote neuronal maturation. Cells were fed every other day throughout 

the whole protocol of differentiation. 

 

 

Figure 2.1 Timeline of cortical glutamatergic differentiation. 
Timing of monolayer cortical differentiation for both parental lines is shown in purple, while sub-
strates and media used at each stage are shown in green and orange respectively. 

 

Table 2.2 Composition of media used for neural differentiation and HEK cell maintenance. 

Medium Composition 

N2B27 (without vitamin A) 

2:1 DMEM-F12 and Neurobasal, 1x N2, 1x B27 without   

vitamin A, 2mM L-Glutamine, 0.1 mM β-mercaptoethanol 

(All from ThermoFisher), 1x Mycozap (Lonza) 

Neural induction medium 
N2B27 (without vitamin A), 10 µM SB-431542 (TOCRIS), 

100 nM LDN-193189 (TOCRIS) 

N2B27 (with vitamin A) 

2:1 DMEM-F12 and Neurobasal, 1x N2, 1x B27 with vita-

min A, 2mM L-Glutamine, 0.1 mM β-mercaptoethanol (All 

from ThermoFisher), 1x Mycozap (Lonza) 
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2.1.3 HEK maintenance 

Human embryonic kidney (HEK293T) cells were cultured in gelatine-coated P10 plates 

or T75 flasks (Falcon). The coating was done by incubating a solution of 0.2% gelatine 

(Sigma) for 10 minutes at 37 ºC. Cells were routinely passaged every three days using 

a 1:10 split ratio. To passage the cells, the media was removed, and cells were washed 

with PBS. Cells were enzymatically dissociated using 1% trypsin (Gibco) for three 

minutes at 37 ºC. Trypsinisation was stopped by adding 2 volumes of HEK medium com-

posed of: 450 mL DMEM-F12, 0.1 mM β-mercaptoethanol, 2 mM non-essential amino 

acids (all from Thermo Fisher), 1x Mycozap (Lonza), 1x heat-inactivated foetal bovine 

serum (Biosera). The cell suspension was recovered in a universal tube (Gibco) and 

centrifuged at 200 x g for 5 minutes. The cell pellet was then resuspended in 10 mL of 

media and seeded in the required ratio.  

 

2.2 Immunofluorescence 

Cultured cells were washed with 1x DPBS and fixed with cold 3.7% PFA for 10 – 15 

minutes. Cells were washed 3x post-fixation with DBPS. Cells were then permeabilised 

with three washes of PBS-T (0.3% Triton-X-100 in PBS) for 10 minutes each. Blocking 

was done with 2% BSA and 3% donkey serum in PBS-T for 20 minutes at room temper-

ature. Cells were incubated with primary antibodies in blocking solution at 4º C overnight 

(Table 2.3). The following day, the cells were washed 3 times in PBS-T for 10 minutes 

at room temperature. Incubation with AlexaFluor® (Thermo Fisher) secondary antibod-

ies was done in PBS-T for 2 hours at room temperature, in the dark. Nuclei were coun-

terstained with DAPI in PBS for 5 minutes. After three consecutive washes with PBS, 

cells were mounted with DAKO (Agilent) fluorescent mounting medium. 
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Table 2.3 Primary antibodies used for immunoflourecense. 

Target Species Dilution Cat. Number Supplier 

DCX Goat 1:1000 SC-8067 Santa Cruz 

FOXG1 Rabbit 1:1000 Ab18259 Abcam 

MAP2 Rabbit 1:1000 AB5622 Abcam 

N-Cadh Mouse 1:1000 18-0224 ThermoFisher 

NES Mouse 1:1000 BD611659 BD 

PAX6 Rabbit 1:1000 901301 BioLegend 

TBR1 Rabbit 1:500 Ab31940 Abcam 

TBR2 Rabbit 1:500 Ab23345 Abcam 

TUJ1 Mouse 1:1000 T8600 Sigma 

 

2.3 Imaging and picture analysis 

Stained cells were imaged with a Leica DM6000 B (Leica Microsystems) inverted micro-

scope. For cell counting, an average of 10 random fields were acquired for each well at 

20x magnification. DAPI and most nuclear markers were counted with Cell Profiler (cell-

profiler.org). The remaining cellular markers were counted manually with Fiji (Image J) 

software. Statistical analysis and visual representation were carried out with R. Unless 

stated otherwise, all immunohistochemistry quantifications were collected from two in-

dependent experiments and, at least, two biological replicates for each marker counted. 

 

2.4 Western blotting 

Cells were scratched off in ice-cold PBS and pelleted by centrifuging at 1000 x g for 5 

minutes at 4ºC. For long term storage, the cell pellet was kept at -80 ºC. To extract the 

proteins, cells were lysed in a cocktail of RIPA buffer (Abcam) with protease and phos-

phatase inhibitors (Sigma). The cell lysate was incubated for 30 minutes in ice, and vor-

texed every 5 minutes throughout the process. The supernatant was cleared by centri-

fuging the suspension at 14,000 rpm for 5 minutes at 4 ºC. 120 µL of the supernatant 

were transferred to a fresh 1,5 mL tube and mixed with 4x Bolt® LDS buffer 
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(ThermoFisher) and 1 M DTT (Sigma) reaching a final volume of 175 µL. The final prod-

uct was boiled at 72 ºC for 10 minutes. The remaining volume of the lysate was used to 

quantify the protein concentration using the DC™ protein assay reagent (Bio-Rad) and 

compared against a protein standard (Bio-Rad), following the instructions supplied by 

the manufacturer. Absorbance at 705 nm to determine protein quantification was carried 

out in a CLARIOStar Plus (BMG Labtech). 

For each sample, equal amounts of protein were loaded in 4-12% Bolt® Bis-Tris Plus 

gels (ThermoFisher). Proteins were transferred into a 0.45 µM pore size PDVF mem-

brane (Amersham) through electro-blotting. 5% Bovine serum albumin (BSA, Sigma) 

(w/v) was diluted in Tris Buffered Saline (Formedium) containing 0.1% Tween® 20 

(Sigma) (TBS-T) and used to block the PDVF membrane for 2 h at room temperature. 

Incubation of primary antibodies was performed overnight at 4 ºC in fresh blocking solu-

tion (Table 2.4). The following day, the membrane was washed 3x with TBS-T for 20 

minutes each at room temperature. HRP conjugated secondary antibodies (Abcam) 

were incubated for 1h at room temperature in blocking solution. After washing the mem-

brane 3x with TBS-T, it was incubated for 2 to 5 minutes with Crescendo HRP substrate 

(Millipore). Chemiluminescence was detected using iBrigth 2000 (ThermoFisher). Quan-

tification was carried out in Fiji (Image J). All samples were normalised to GAPDH. 

 

Table 2.4  List of primary antibodies for Western blotting. 

Target Species Dilution Cat. Number Supplier 

AKT3 Rabbit 1:1000 149825 CST 

GAPDH Mouse 1:5000 Ab8245 Abcam 

GSK3B Mouse 1:1000 98325 CST 

LRP6 Rabbit 1:1000 3395S SCT 

pAKT (S473) Rabbit 1:1000 40585 CST 

pGSK3B (S9) Rabbit 1:1000 55585 CST 

pLRP6 Rabbit 1:1000 3668S CST 
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2.5 Production and titration of lentiviral particles 

2.5.1 Plasmid preparation 

To generate the lentiviral CRISPR/Cas9 construct, plasmids from (Kabadi et al., 2014) 

were obtained from Addgene (Addgene, #53186 - #53190) in the form of agar stabs. 

Two more plasmids, already present in our lab, were also required for the synthesis of 

the lentivirus: pMD2.G (Addgene #12259) containing the VSV-G lentiviral envelope and 

the psPax2 (Addgene #12260) containing the lentiviral packaging sequences. All plas-

mids are listed in Table 2.5. Bacterial cells were grown in LB agar plates or LB medium 

depending on the application required. Antibiotic selection was applied by adding either 

100 µg/mL ampicillin (Sigma) or 50 µg/mL kanamycin (Sigma) as required.  

The bacteria contained in agar stabs were first streaked onto LB agar plates with the 

required selection antibiotic and grown overnight at 37 ºC. The following day, single col-

onies were picked and grown in conical tubes (Falcon) containing 2 mL of LB supple-

mented with the required antibiotic. Bacterial suspensions were grown overnight at 37 

ºC in the incubator with shacking at 200 rpm. 

 

The following morning, bacterial cultures were pelleted in microfuge tubes at 11,000 x g 

for 1 minute. The supernatant was discarded, and bacterial pellet was thoroughly resus-

pended in of solution A (25 mM Tris-HCl, pH 8,0, 10 mM EDTA) with µg/mL RNAse A 

(Qiagen). An equal volume of lysis buffer (400 mM NaOH, 2% SDS) was added to the 

cells and mixed by gently inverting the tubes. After 5 minutes, lysis was stopped by add-

ing neutralising buffer (5M KAc pH 5,5) mixed by inversion and incubated for 3 minutes. 

The cell lysate was cleared by centrifuging at 12,000 x g for 2 minutes. The aqueous 

fraction containing the plasmidic DNA was transferred to a fresh tube. DNA was concen-

trated and purified using alcohol method. Briefly, an equal volume of isopropanol (Sigma 

Aldrich) was added to the DNA suspension and mixed by shacking. The suspension was 

centrifuged at 18,000 x g for 1 minute. Isopropanol was removed, and the DNA pellet 

was subsequently washed 70% ethanol (Sigma) and centrifuged again. Ethanol was re-

moved, and the DNA pellet was left to air-dry for 10 minutes and resuspended in an 

appropriate amount of ddH2O. 

To confirm plasmid the plasmid integrity, each extracted plasmidic DNA was digested 

using a specific combination of restriction enzymes. Enzymatic digestion was carried out 

at 37 ºC for 15 minutes using the appropriate digestion buffer as required by the manu-

facturer. 
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When large amounts of DNA were required, a starter culture of 250 mL of LB inoculated 

with the bacterial strain to be amplified was grown overnight at 37 ºC with shacking at 

200 rpm. Bacterial cultures were pelleted by centrifuging at 5,000 x g for 10 minutes. Cell 

pellets were resuspended and lysed, as described above. The cell lysate was cleared by 

centrifuging at 14,000 x g for 20 minutes in a fixed angle rotor. DNA was purified using 

the PureYield™ (Promega) column system using a vacuum manifold following the man-

ufacturer’s instructions. When amplifying plasmids for cell transfection, an extra step of 

endotoxin removal wash was included when recovering the plasmidic DNA. The DNA 

was finally eluted with nuclease and endotoxin-free water (Promega).  

 

Table 2.5 List of plasmids used for lentiviral construct 

 

a) Addgene ID, b) no publication associated to this plasdmid, the construct was deposited to 
Adggene by Dider Trono. Amp: ampicillin; Kan: kanamycin. 

 

2.5.2 Assembly of sgRNAs into lentiviral vector 

Four individual sgRNAs targeting ATK3 were designed with the Zang lab tool 

(www.crispr.mit.edu). The top four guides with the lowest off-target scores were selected. 

In order to facilitate the correct insertion of the sgRNAs into the promoter plasmids, ad-

ditional bases, complementary to the plasmids overhangs, were included on each end 

of the sequences Table 2.6. In order to generate the construct, each of the sgRNAs were 

annealed with their complementary strand. To perform the annealing, equal volumes of 

10 µM of each complementary guide were mixed with of 10x ligase buffer (NEB) in a 10 
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µL reaction. The mix was incubated at 96 ºC for 5 minutes in the thermocycler, and the 

temperature was decreased by 0.3 ºC per second until reaching a final temperature of 

25 ºC. Overhangs were phosphorylated by incubating the annealed guides with 25 mM 

ATP (Sigma) and of T4 Polynucleotide Kinase (NEB). The mix was incubated for 1h at 

37 ºC and followed by a 20 min incubation at 65 ºC to inactivate the enzyme.  

 

Table 2.6 List of promoter plasmids and sgRNAs inserted into each including overhangs 

 

Each annealed and phosphorylated guide was ligated into the corresponding comple-

mentary plasmid containing a promoter. First, 1 µg of each vector was digested with BbsI 

(NEB) for 15 minutes at 37 ºC. 50 ng of the linearised product were mixed with 1 µL of 

the annealed guides and incubated overnight at 4 ºC with T4 DNA ligase (NEB) in a 10 

µL reaction. 5 µL of the ligation product were used to transform XL1 blue chemically 

competent bacteria (Agilent). Briefly, competent bacteria were incubated in ice with the 

ligation product for 30 minutes. After this, the bacteria were heat-shocked in the water 

bath at exactly 42 ºC for 30 seconds. The bacteria were placed again in ice for 2 minutes, 

and 1 mL of super optimal broth with catabolite repression outgrowth medium (SOC, 

ThermoFisher) was added into each tube. The bacteria were allowed to recover for 2 h 

incubated at 37 ºC and shaking at 280 rpm. The bacterial suspension was plated on LB 

agar plates containing kanamycin, 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG, 

Promega) and 80 µg/mL 5-Bromo-4-Chloro-3-Indolyl (X-Gal, ThermoFisher). Plates 

were incubated overnight at 37 ºC. The following day, individual bacterial colonies were 

picked for plasmid preparation. Thanks to the lacZ complementation, white-blue discrim-

ination was used to pick colonies with an insert. Insert presence was confirmed by re-

striction enzyme digestion and PCR amplification of the purified plasmids.  

The previous step generated four individual constructs containing a single sgRNA and 

promoter. In order to assemble the final construct, 200 ng of each sgRNA construct and 

expression vector containing the Cas9-T2A-GFP were combined with 1 µL T4 DNA lig-

ase, 1 µL BsmBI FastDigest (Fisher Scientific), 2 µL 10x T4 ligase buffer (NEB) and 20 
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mM DTT in a 20 µL reaction. The final construct was generated by golden gate reaction 

incubating the mixture at 37 ºC for 10 min, 16 ºC 15 min, 37 ºC for 30 min and 80 ºC for 

5 min. 5 µL of the ligation product were transformed in Stable chemically competent 

bacteria (NEB) as described above and plated on LB agar plates with 100 µg/mL of 

ampicillin. 

2.5.3 Packaging and titration of lentiviral particles 

Lentiviral particles were packaged in HEK cells. The system combines three second-

generation lentiviral plasmids: pMD2.G (Addgene #12259) containing the VSV-G lentivi-

ral envelope, psPax2 (Addgene #12260) containing the lentiviral packaging and the final 

construct generated through golden gate assembly with the hUbC-Cas9-T2A-GFP and 

the four sgRNAs and their promoters. The three plasmids were co-transfected using 

lipofectamine 3000 (Thermo Fisher) using the forward transfection method. On the day 

before transfection, 7 * 10
6
 HEK cells were plated on a P10 plate in lentiviral packaging 

media supplemented with 5% FBS and 100 mM of sodium pyruvate (Sigma). The follow-

ing day, when the cells reached a 90-99% confluence, they were co-transfected with 20 

µg of the Cas9 construct, 6 µg of the pMD2.G and 10 µg of the psPax2. 6h post-trans-

fection the medium was replaced with fresh lentiviral packaging medium. Lentiviral su-

pernatant was collected at 24 and 52h post-transfection and stored at 4 ºC until use. 

The lentiviral supernatant collected at the two time points were pooled into a single tube 

and centrifuged at 2,000 x g for 5 minutes at 4 ºC to remove cell debris. The supernatant 

was cleared through a 45 µm pore PDVF membrane (Fisherbrand). The cleared super-

natant was then centrifuged at 92,000 x g in an L 100 XP ultracentrifuge (Beckman Coul-

ter) for 2.5h at 4 ºC in the vacuum. The supernatant was decanted into 20% Chemgene 

(Starlab) for disinfection. The tubes were airdried upside down for 3 minutes to remove 

the excess of fluid in them. The pellet, not always visible, was resuspended in an ade-

quate of PBS volume to obtain a 1,000-fold concentrated virus. Finally, the viral suspen-

sion was aliquoted in single-use aliquots and stored in the -80 ºC if not used immediately. 

The complete process is described in Figure 2.2. 

Lentiviral titer was calculated as described in (Barde, Salmon and Trono, 2010). Briefly, 

150,000 HEK cells were plated on a 12 well plate the day prior to infection. The following 

day, one well was used for counting to determine the exact cell number. The media was 

removed, and the cells were carefully washed once with DPBS and replaced for 500 µL 

of pre-warmed HEK media. Serial dilutions of the lentiviral particles were done in DPBS 

of up to 10
-4

 µL of viral suspension and a non-infected control. The HEK cells were trans-

duced with 10 µL of the diluted virus in duplicates. 24h post-transduction the media was 

discarded, cells were washed with DPBS, and 2 mL of pre-warmed HEK media was 
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added to each well. Three days post-transduction the cells were dissociated in single-

cell suspension with Acutase (STEMCELL Technologies) incubating the cells for 10 

minutes in the incubator. Three volumes of HEK media were added to the cells to stop 

the dissociation and transferred into a FACS tube (Falcon) passing through a 0.45 µm 

cell strainer. The cell suspension was centrifuged for 5 minutes at 500 x g. The super-

natant was removed and cells were fixed in 1% PFA for 5 minutes at room temperature. 

The cell suspension was centrifuged for 5 minutes at 500 x g, and the cells pellets were 

resuspended in 1 mL of DPBS. Expression of GFP was assessed using a Fortessa flow 

cytometer (BD). Final viral titer was calculated with the following formula: 

!"#$% = 	
()*+$%	,-	#.%/$#	0$112	(4.5	1) ∗ 9%	;<= − ?,2"#"@$	0$112100 B	

C,1)*$	,-	1$D#"@"%)2	("D	*E)  

Each collection yielded an approximate titer of 10
9
 lentiviral particles/mL. 

 

Figure 2.2 Workflow for lentiviral production. 
Summarised steps for packaging and concentrating lentiviral particles. On day 0, HEK cells are 
plated. The following day, the cells are transfected with the necessary plasmids to generate the 
viral particles. On days 2 and 3, the supernatant containing the lentivirus are collected and pooled. 
Lastly, the lentiviral supernatant is cleared from cell debris, concentrated and aliquoted in single-
use tubes. 

 

2.5.4 Lentiviral transduction in NPCs 

To determine the efficiency of the lentiviral infection, control NPCs (H7) were dissociated 

with Acutase at day 18 of differentiation as previously described. 200,000 NPCs were 

plated onto poly-D-lysin/laminin 24 well plates in N2B27 (without vitamin A) medium. The 

following day, the medium was removed, and cells were washed 3 times with DPBS, and 

250 µL of fresh pre-warmed medium was added. Cells were transduced in triplicates 

where two wells were used for immunostaining and the remaining well for DNA extrac-

tion. Three different units (0; 200,000; 300,000 and 400,000) of lentiviral particles were 

tested to determine the lentiviral infectivity. The following day, the media containing the 

lentiviral particles was removed, and cells were washed three times with DPBS. 1 mL of 

fresh pre-warmed N2B27 was added. Cells were grown for 5 more days to allow 
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expression of GFP and Cas9 activity. After this, cells were fixed, or genomic DNA (gDNA) 

was extracted (see next section). 

For the lentiviral AKT3 targeting, CYFIP1tg and their isogenic control cultures were trans-

duced at day 18 of differentiation using the conditions described above. Since a 1:1 

(cell:virus) ratio was deemed sufficient to achieve efficient transduction, each well of a 

12 well plate was infected with 6,000,000 viral particles. The number of cells was esti-

mated from previous experiments carried out in our laboratory where NPCs were disso-

ciated and counted at this stage. Following the previously stated protocol of monolayer 

cortical differentiation, cells were passaged onto poly-D-lysine/laminin-coated plates at 

day 20. Cells were grown in N2B27 (without vitamin A) for 10 more days before switching 

to complete N2B27. Cells were fixed and DNA or protein were extracted, as required, at 

days 35 and 45. 

 

2.6 sgRNA efficiency test 

2.6.1 Genomic DNA extraction 

Cultured cells were washed once with DPBS. The cells were incubated at 37 ºC over-

night in lysis buffer (10 mM Tris-pH8.0, 50 mM EDT, 100 mM NaCl, 0.5% SDS) supple-

mented with 0.5 mg/mL of Proteinase K (all from Sigma). The following day, the cell 

lysate was mixed with an equal volume of isopropanol, and the DNA was precipitated at 

15,000 x g for 20 minutes at 4 ºC. The pellet was washed with 70% ethanol, air-dried 

and resuspended in an appropriate amount of ddH2O. The DNA concentration was 

measured with Nanodrop 2000 (ThermoFisher). 

2.6.2 PCR and DNA electrophoresis 

PCR was used for screening for the insertion of the multiple sgRNAs in the lentiviral 

donor template and to assess the cutting efficiencies of such guides. Each PCR reaction 

included about 100 ng of template plasmid or genomic DNA, 1x Standard Buffer (NEB), 

200 µM dNTPs (Sigma), 0.2 µM of each forward and reverse primer (Sigma) and 1.25 

units of Taq polymerase (NEB) per reaction. Usually, 35 amplification cycles were per-

formed in a Mastercycler X50s (Eppendorf). Each cycle included 30 seconds of denatur-

ation at 95 ºC, 30 seconds of annealing at 51 – 57 ºC and 30 – 60 seconds of extension 

at 62 ºC. The annealing temperature and length of extension interval were optimised for 

each pair of primers (Table 2.7). Finally. 5 µL of the PCR product were run on an agarose 

gel (0,7 to 2.5 % agarose, according to the size of the PCR amplicon). 
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Table 2.7 List of primers and PCR conditions 

 

Primers used for PCR and their application. 

 

2.6.3 Sanger sequencing and TIDE analysis 

Prior to sequencing, primers were removed from PCR products by enzymatic digestion. 

Every 5 µL of PCR product were treated with a combination of exonuclease I (Exo I, 

NEB) and shrimp alkaline phosphatase (rSAP, NEB) to digest and dephosphorylate the 

remaining primers and dNTP. The mixture was incubated for 15 minutes at 37 ºC, and 

enzymes were inactivated by incubation at 80 ºC for 15 minutes. 

Sanger sequencing was performed by LGC Genomics. Briefly, between 40 and 400 ng 

of cleaned PCR product or plasmidic DNA were mixed with 5 µM of the necessary primer 

for sequencing. The sequence containing the targeted region was amplified by PCR and 

sequenced in order to quantify the efficiency of each sgRNA using the online tool TIDE 

(https://tide.deskgen.com). TIDE uses a decomposition algorithm to quantify the pres-

ence of insetions and deletions (InDels) in a pool of edited cells Sequences generated 

from treated samples were aligned against non-transduced samples in TIDE. This uses 

an algorithm of decomposition to identify changes in the pool of sequences generated 

and approximate the number of sequences edited by a sgRNA. 
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2.7 RNA sequencing and transcriptome analysis 

2.7.1 RNA extraction, purification and RIN determination 

RNA was collected for sequencing at three time-points of differentiation, for each cell 

type, in triplicate. Cells were lysed with TriReagent (Ambion) for 5 minutes at room tem-

perature to allow the dissociation of nucleoproteins. Total RNA was isolated using the 

phenol/chloroform method. 200 µL of chloroform were added to each sample per each 

1 mL of TriReagent used and mixed through vigorous shaking without vortexing. The mix 

was incubated for 5 minutes at room temperature and centrifuged at 12,000 x g for 15 at 

4º C. The colourless upper phase containing the RNA was transferred to a new tube, 

and an equal volume of 100% ethanol was added. To remove any gDNA, the mixture 

was briefly vortexed and transferred to PureLinkTM RNA Mini Kit column (Ambion) and 

centrifuged at 12,000 x g for 1 min at room temperature. Columns were washed twice 

with Wash Buffer II and spun for 15 seconds at 12,000 x g. Columns were dried for 1 

minute. RNA was finally eluted in a volume of 30 µL of nuclease-free water (Ambion). 

RNA integrity number (RIN) and purity were determined using the Bioanalyzer 2100 (Ag-

ilent). A freshly prepared gel-dye mix was loaded into an RNA 6000 Nano chip (Agilent). 

Once the gel was ready, the RNA markers and ladders were loaded into their respective 

wells. RNA was heated to 70º C for 2 minutes to reduce the number of secondary struc-

tures, and 1 µL of each RNA sample was added into each well. The RNA chip was vor-

texed for 60 seconds at 2,400 rpm. Finally, the chip was analysed within 5 minutes after 

vortexing and processed with the Bioanalyzer. 

2.7.2 Library preparation and sequencing 

Library prep and sequencing was performed at the Oxford Genomics Centre 

(http://www.well.ox.ac.uk/ogc). Here, 3 µg of total RNA were used to construct the library 

for sequencing. Briefly, the mRNA fraction was isolated by poly-A selection before con-

version to cDNA and incorporation of dUTP. cDNA was end-repaired, A-tailed and adapt-

ers were ligated to each end. Before PCR amplification, samples undergo uridine diges-

tion. Final libraries were size selected and multiplexed. 

Paired-end sequencing was performed by distributing the multiplexed samples over mul-

tiple lanes of a flow cell and sequenced was performed on an Illumina HiSeq 4000 (Illu-

mina). For all samples, a minimum of 28 million reads were obtained, and an average 

library size of 33 million reads. 
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2.7.3 Sequencing QC and mapping 

Figure 2.3 describes the workflow for QC and mapping of the sequencing using an 

adapted workflow previously designed by Dr Robert Andrews (Cardiff University). The 

pipeline was run in the Advanced Research computing @ Cardiff (ARCCA). First, 

FastQC (v 0.11.2) is used to determine the quality of the reads for each of the samples. 

Bases with a low score in the Phred scale were removed with Trimmomatic to avoid 

misalignments when mapping the reads to the reference genome. FastQC is used again 

to determine the accuracy of the trimmed sequences. The remaining sequences are 

aligned to the Ensembl human reference genome GRCh38.84 (hg38) using STAR 

(2.5.1b). To avoid the loss of reads mapping to multiple regions of the genome, the native 

behaviour of STAR was modified. Using this approach, conflicting sequences were given 

an alignment score and assigned to the region with the highest score. in the case where 

two, or more, regions had the same score, STAR would randomly assign the read to one 

of them. Final gene counts were obtained calling featureCounts from the HTSeq library.  

 

Figure 2.3 ARCCA workflow. 
Summarised workflow followed in ARCCA in order to map the raw sequencing data to the human 
reference genome and obtain gene counts. 
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2.8 Differential gene expression, gene annotation and 

QC 

2.8.1 Differential gene expression 

Differential gene expression (DGE) between genotypes was done using R/Bioconductor 

package DESeq2 (Love, Huber and Anders, 2014). Due to the large number of datasets 

for processing, an automatic R script for DGE analysis was generated. Two files were 

required by this script, the first containing the gene counts and the second containing the 

metadata for each dataset. In this way, each ‘mutant’ versus control comparison was 

automatically performed in batch, reducing the amount of hands on work. To reduce the 

computational power required for the analysis, genes with less than 10 gene counts in 

at least one of the samples were removed from the analysis. The design formula applied 

in the generalised linear model regression to estimate the dispersions and the log2 fold 

changes of the model is ~ phenotype + time, where phenotype represents the genetic 

background of the samples (mutant or control) and the variable time represents the stage 

of differentiation of the samples. Using this formula, multiple pairwise comparisons of 

different samples and developmental stages can be analysed using the same script.  

For this purpose, DGE was calculated using the DESeq method as descrived in (Love, 

Huber and Anders, 2014). The p values are calculated in a three-step process: 1) “Size 

factors” are estimated in order to normalise the gene counts for each sample (e.g. se-

quencing depth, library size, GC content…). 2) Estimation of the dispersion i.e. the dif-

ference between an observed gene count value and the mean value of all samples, cal-

culating the log2 fold change between sample and controls. 3) Negative binomial gener-

alised linear regression model testing the null hypothesis that the logarithmic fold change 

between control and samples equals zero. In order to avoid false positives caused by 

abnormal differences in gene counts between samples, outliers are filtered by calculating 

the Cook’s distance. A gene with a Cook’s distance above the calculated threshold by 

DESeq is flagged and the p value for this gene is not calculated, therefore discarded for 

downstream analysis. 
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2.8.2 Gene annotation and DGE QC 

The outcome of the sequencing alignment returns only Ensembl IDs for each of the 

genes of the human genome. To produce a more user-friendly output, and to obtain the 

required data structure for downstream analysis, a biomaRt (Durinck et al., 2005, 2009) 

query was introduced into the script. After the DGE analysis, the Ensembl identifiers 

were used to retrieve matching Entrez IDs as well as gene names, biotypes and descrip-

tion. When multiple IDs for the same gene were obtained from biomaRt, only the first 

was kept. 

Graphical representation of the data is included at different stages of the DGE analysis. 

Boxplots of the unnormalized and normalised gene counts indicated an effective normal-

isation of the samples prior to and after DGE. Principal component analysis (PCA) plot 

and dendrograms of the samples were used to identify outliers. When samples were 

considered outliers, they were removed from the dataset and re-analysed. 

 

2.9 BrainSpan correlation analysis 

The BrainSpan human brain developmental transcriptome dataset was downloaded from 

http://www.brainspan.org. The dataset contains gene expression data from multiple de-

velopmental stages and brain regions. Each sample column was matched to their 

metadata file and samples missing metadata were removed from further analysis. To 

match the same gene expression values, gene counts obtained from RNA sequencing 

were transformed to fragments per million reads (FPKM). To do so, gene length for every 

transcript in the human genome were obtained from the GRCh38.84.gtf file using the R 

library rtracklayer (Lawrence, Gentleman and Carey, 2009). Finally, the unnormalized 

gene counts stored in a DESeqDataSet object were transformed to FPKM with the Ge-

nomicFeatures library (Lawrence et al., 2013). 

The comparative analysis was limited to embryonic stages; therefore post-natal samples 

were removed. In order to reduce the computational power required, genes with less 

than 1 FPKM in at least one sample were removed from the analysis. The R library 

Swamp (Lauss, 2018) was used to identify, and correct for batch effects in the BrainSpan 

and PSC generated datasets. To make the gene expression comparable between the 

two datasets, the values were transformed into Z-scores. Z-scores of different biological 

replicates for the same sample were combined using the formula:  

F,*+"D$4	G20,%$ = 	 ∑IJKLMNJ√P	JQRSTNJ. 
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Finally, the Spearman’s correlation between in vitro and in vivo transcriptome datasets 

was calculated. Euclidean distances were calculated for each comparison between sam-

ples and plotted using the R package pheatmaps. 

 

2.10 Pathway analysis 

2.10.1 Pathway enrichment 

All Entrez genes with a p adjusted < 0.1 (10% false discovery rate (FDR)) were used for 

pathway analysis. The genes were tested for enrichment against pathways in the Kyoto 

Encyclopaedia for Genes and Genomes (KEGG) (Kanehisa and Goto, 2000). Genes 

were ranked by decreasing fold change and tested using a Gene Set Enrichment Anal-

ysis (GSEA) test. The test determines the contribution of the ranked genes with an as-

sociated phenotype. Significant pathways (Storey q value < 0.1) were selected for further 

analysis. 

Significant protein-coding Entrez genes (Bonferroni p adj < 0.05) were used for GO en-

richment. GO terms were downloaded from NCBI (version 13
th
 of September 2017). Sig-

nificant genes were tested using a hypergeometric test. Non-significant protein-coding 

Entrez genes were used as background genes in the hypergeometric test for enrichment. 

 

2.10.2 Signal clustering 

Since many GO gene sets share a significant proportion of the genes, an iterative pro-

cedure was implemented in order to identify sets whose enrichment was explained by 

the same set of differentially expressed genes (DEGs). Briefly, A) genes in the smallest 

enriched gene set (Bonferroni p < 0.05) were removed from all other enriched terms, B) 

re-calculated DEG enrichment for the reduced terms, C) identified all the reduced terms, 

if any, that were no longer significant (uncorrected p > 0.05) and removed them from 

analysis, recording that the enrichment for this group was explained by the initial small 

gene set, and D) returning to step A using the next smallest significant gene set that had 

not been explained by another gene set before. This process was repeated until there 

were no enriched terms left (Figure 2.4).  
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Figure 2.4 Signal clustering algorithm. 
Iterative algorithm used to identify a common signal amongst groups of genes that share similar 
functions (functional gene sets) in order to reduce the number of gene ontologies resulting from 
previous steps. 
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2.11 Genetic association with neuropsychiatric disor-

ders 

GWAS summary statistics results were downloaded for SZ (Pardiñas et al., 2018), au-

tism spectrum disorder (https://www.med.unc.edu/pgc/), intelligence (Savage et al., 

2018) and Alzheimer’s disease (Lambert et al., 2013). SNPs with a minor allele fre-

quency < 1% were removed. If available, only SNPs with an imputation > 0.8 were re-

tained for analysis.  

Using MAGMA, SNPs were mapped onto genes of the GRCh37 assembly. An annota-

tion window of 5 and 10 Kb upstream and downstream respectively was defined around 

each gene for SNPs mapping outside the transcription region. Gene analysis was per-

formed in order to calculate gene p-values for each trait. The European panel of the 

1,000 Genomes phase 3 was used as raw genotype data in order to calculate the LD 

values between SNPs. If duplicated SNPs were present, only the first entry was kept. 

Synonymous SNP rs IDs was accounted for using the SNPdb file containing information 

of rs IDs that have been merged into a single ID. The final gene p-value was calculated 

using a combination of the principal component linear regression of the SNPs on a gene, 

mean SNP association and top SNP association p-values. An aggregated p-value for 

each gene was then generated from the three computed p-values. 

To determine the association of the DEGs with each of the psychiatric traits, for each cell 

type DEGs in each analysed time-point, were divided into three groups: 1) all DEGs, 2) 

upregulated DEGs and 3) downregulated DEGs. To determine the association with neu-

ropsychiatric traits, gene sets were tested for association with GWAS results. Functional 

gene sets were constructed using the previously described algorithm of those groups of 

genes with a significant association for a neuropsychiatric trait. The enrichment was re-

calculated for the new generated gene sets in MAGMA. 
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3 Chapter 3 

 

 

 

CYFIP1 manipulation and 15q11.2 de-

letion lead to shared transcriptomic 

changes in stem cell-derived cortical 

neurons 
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3.1 Introduction 

Psychiatric disorders can arise from a combination of multiple factors, including environ-

mental and genetic components (Hyman, 2000; Uher and Zwicker, 2017). CNVs, includ-

ing the ones affecting the 15q11.2 BP1-BP2 region, have been found responsible for 

increased liability for the development of neuropsychiatric disorders including SZ and 

ASD. Because CNVs span through large chromosomic regions affecting multiple genes, 

it can make the generation of animal models technically challenging. In this context, the 

use of iPSCs derived from patients carrying a particular mutation represent an advantage 

when studying the associated cellular phenotype. A relevant example is the work carried 

out by Yoon and colleagues, where the authors reported disrupted neural rosettes in 

NPCs derived from iPSCs carrying a 15q11.2 deletion (Yoon et al., 2014). 

However, due to the differences between individuals, it can be difficult to dissociate the 

effects of a mutation from the distinct genetic background of each individual. A solution 

to overcome this comes from the use of genetically modified hESCs and their isogenic 

parental line, which are subject to the same degree of genetic variability. Another ad-

vantage of using engineered hESCs models is investigating the implication of a specific 

gene within a CNV in the development of a phenotype. Therefore, the use of patient-

derived iPSCs and genetically modified hESCs represent two complementary ap-

proaches in stem cell-based disease modelling. An ex-PhD student of our laboratory 

generated multiple hESCs lines with increased dosage and loss of CYFIP1, as well as 

patient-derived iPSCs harbouring a 15q11.2 BP1-BP2 deletion. As summarised in Chap-

ter 1, the phenotype of these cells includes abnormal neural rosette structure and altered 

neural differentiation kinetics. Remarkably, we observed similar phenotype in cells with 

loss-of-CYFIP1 and those carrying the 15q.11.2 deletion, indicating that CYFIP1 is the 

major responsible gene for the observed phenotype. However, the cellular mechanism 

underlying these cellular pathologies remain unknown. Therefore, we performed 

RNAseq analysis to identify transcripts and gene pathways regulated by CYFIP1 and 

15q11.2 deletion. 

RNAseq uses deep-sequencing to analyse a population of RNAs (typically, but not re-

stricted to, the mRNA fraction of the total RNA). The process of sequencing generates 

millions of short reads ranging from 25-400 bp with new technologies achieving lengths 

of several gigabases. This improvement in technology allows for the sequencing of whole 

mRNA molecules (Rank et al., 2009; Sharon et al., 2013; Leggett and Clark, 2017). The 

combination of read length and read type (single- or paired-end sequencing) enables the 

generation of a qualitative and quantitative measure of the gene expression, identify 

exon-exon junctions and novel coding regions, characterise isoform expression or 



 70 

generate de novo assemblies of transcriptional maps (Wang, Gerstein and Snyder, 

2009). Altogether, RNAseq allows unbiased quantification of the transcriptome, in order 

to identify changes in gene expression between different cells.  

Because of the demonstrated effect of CYFIP1 in the structure of neural rosettes, a 

source of multiple signals required for NPC survival and neuronal differentiation (Banda 

2015, Elkabetz 2008), it is likely that alterations in CYFIP1 expression have a repercus-

sion in neural development. In support of this, Cyfip1KD in mouse embryonic develop-

ment leads to abnormal localisation of the radial glia and neuronal cells (Yoon et al., 

2014). RNAseq of these cells can serve as a powerful unbiased approach to identify 

direct and indirect downstream targets of CYFIP1 whose changes at the transcriptional 

level lead to the defects observed during neuronal differentiation. 

In this chapter, I use RNAseq to generate the transcriptome profile of multiple cells with 

altered levels of CYFIP1 at different stages of cortical glutamatergic differentiation. The 

gene expression of each cell type and timepoint analysed is compared to the BrainSpan 

dataset of the human developmental transcriptome in order to identify the real regional 

identity and age of the in vitro differentiation model. Finally, I address the similarities and 

differences at the gene expression level of the CYFIP1 mutant cells used in this thesis 

by comparing them against cells harbouring a deletion in the 15q11.2 region. 

 

3.2 Experimental design and RNAseq QC 

3.2.1 Cortical differentiation (with Dr Tamburini) 

In order to elucidate the role of CYFIP1 during human cortical development, the 

CYFIP1tg, CYFIP1ko hESCs, as well as the patient-derived iPSCs were differentiated 

into cortical glutamatergic cells. Total RNA was extracted from three biological replicates 

for CYFIP1-manipulated cells and their respective controls at three stages of differentia-

tion. The stages chosen for the study were: 1) neuroepithelium, around day 7-10, cul-

tures at this stage contains around 80% of newly committed cortical progenitors as 

marked by the expression of forebrain marker FOXG1 and close to 100% of the pan 

neuroepithelial marker Nestin. 2) NPCs, day 15-20. This is the stage when neural ro-

settes were most prominent, as marked by NCAD staining, while intermediate progeni-

tors expressing TBR2 cells were also present. 3) Neurons, days 30 and 45. At this time-

point, the cultures contain a significant number of MAP2
+
 postmitotic neurons with TBR1

+
 

populations of >30% (Figure 3.1). 
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High RNA integrity and purity are a major requirement in transcriptomic experiments. 

After gDNA removal, the RIN of the samples was determined before sequencing. The 

RIN is an indicative value of the purity and integrity of the RNA. Samples with a lower 

RIN contain a more degraded RNA, which could cause the artificial selection of a small 

subset of transcripts (Imbeaud et al., 2005). This method also allows to determine the 

presence of traces of gDNA in the sample. The assumption is that a low RIN could cause 

a poor outcome in the sequencing due to degraded RNA and the presence of contami-

nants, limiting the number of reads that will truly identify mRNA. Thus, the RIN is a key 

criterion to take into account when deciding which samples are used for sequencing. The 

analysis indicated a high quality of the RNA (average RIN 9.6 ± 0.3). Using the same 

analysis, the plotted electropherogram indicated that no gDNA was present in the sam-

ples. This was shown by a flat baseline consistent throughout all the samples analysed. 

 

Figure 3.1. Workflow for cortical differentiation and sample preparation for RNAseq 
hPSCs were differentiated to cortical glutamatergic neurons. During the process, total RNA was 
extracted at three well-stablished stages of differentiation. RNA was purified and the RIN was 
determined for each sample before proceeding to the library preparation. Paired-end sequencing 
was performed in an Illumina HiSeq 4000. 

3.2.2 RNAseq analysis and differential gene expression 

Sequencing of the samples generated a number of reads superior to the minimum re-

quired for differential gene expression (average library size 74 ± 11 million reads). 

FastQC was used to detect the presence sequences with poor base calling score, in-

cluding repetitive sequences and those belonging to the library adapters. An abundant 

number of Illumina sequencing adapters were removed with trimmomatic. This process 

had a minimal impact on the number of reads for downstream analysis (70 ± 10 million 
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reads). Approximately 98% of the remaining sequences were successfully mapped to 

the human genome (98% ± 0.3% on target reads), with duplication rates below 25 % 

(average 18.8% ± 2.3% duplicated reads per sample).  

Given the great number of comparisons to process, an R script based on a DESeq2 

workflow for differential gene expression was generated (Figure 3.2 A). In order to obtain 

DEGs, the script pulled information from two files: 1) a file containing the raw gene 

counts, obtained from the mapping, for the samples to be analysed and 2) a metadata 

file with relevant information associated to each sample (e.g. stage of differentiation, 

phenotype, etc). The pipeline used to align sequencing reads to the human genome, 

obtaining only Ensembl IDs as gene identifiers. These are not informative, and manual 

search of each Ensembl gene identifier is not feasible in large-scale experiments where 

thousands of genes are interrogated. Therefore, a biomaRt query was included in the 

process in order to make the results of the DGE easier to interpret. Moreover, down-

stream analysis requires the use of other gene identifiers, i.e. Entrez IDs. For each stud-

ied gene, the biomaRt query pulled the associated gene names, Entrez IDs, gene bio-

types and description. 

To gain confidence in the DGE analysis, relevant visual QC analysis was introduced 

throughout the process. Appropriate normalisation needs to be performed to avoid ex-

pression biases due to library size. Given an adequate formula for dispersion, DESeq2 

automatically approximates the size factors and corrects for these differences. Boxplots 

for unnormalized and normalised libraries are generated. Moreover, the gene dispersion 

estimates generated are shown for each comparison. These are important to visualise 

as they highlight any outliers that could alter the results of the DGE. A volcano plot is 

generated in order to highlight those genes with the largest changes in expression and 

are highly significant. Finally, using the top 500 DEGs, the samples are represented in a 

principal component analysis (PCA) plot to identify outliers between replicates easily. 

The output of the QC is simplified in Figure 3.2 B-E. 

This streamlined process was proved to be an appropriate tool for the analysis of 

RNAseq data and obtain DEGs. The script works in a stand-alone way reducing the time 

of hands in work for the researcher and generates publication-ready figures of the anal-

ysis produced. This pipeline has been used by several members in the Li laboratory to 

analyse their RNAseq expression data. 
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Figure 3.2. Established workflow for DGE and QC 
(A) Workflow for DGE analysis in R using gene count data. (B) Boxplot of unnormalized and 
normalised library sizes in order to identify biases in the process of normalisation. (C) Gene ex-
pression estimates adjusted to fit the model. (D) Volcano plot highlighting genes with high differ-
ences in gene expression and significance. (E) PCA plot of the samples analysed used to identify 
outliers that could incorporate undesired biological variability. 
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3.3 Results 

3.3.1 PSC-derived transcriptome mirrors foetal human cortical 

development 

The transcriptomic data generated was produced from three different experiments. Due 

to its sensitivity, ‘omics’ datasets are subjected to batch effects that can introduce arte-

facts in the analysis (Yi et al., 2018). These are non-biological variations introduced 

through different laboratory conditions, sources of samples or even small changes in the 

protocol (Leek et al., 2010). This variation can make it difficult for comparing and inter-

preting datasets generated at different times. To evaluate the reproducibility of the dif-

ferentiation model first, the R package Swamp was used to detect and correct for tech-

nical variability in the samples. After this, Spearman’s correlation (Spearman’s rho) was 

determined for all biological replicates used in this analysis (Figure 3.3). All the samples 

showed a high correlation for the same stage of differentiation (rho > 0.9) and two main 

clusters were identified: one containing the early, less differentiated neuroepithelial and 

NPCs samples, and a second formed by the neuronal samples. This indicates that our 

differentiation model creates similar expression profiles independently from the experi-

mental origin, making it highly reproducible. 

 

Figure 3.3. Correlation between the samples analysed. 
For each biological replicate, Spearman’s correlation was calculated using all DEGs in every time-
point analysed for CYFIP1 engineered and 15q11.2 deletion carrying cells. Unsupervised hierar-
chical clustering with Euclidean distances clustered the samples in two clearly defined groups: 
the first containing the neuronal stages and the second, with the neuroepithelial and NPC stages.  
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Reliability in cellular differentiation models will impact on how accurately they can reca-

pitulate the tissue to be studied. The cell differentiation model used in our laboratory 

aims to generate dorsal telencephalic neurons. To determine how close the in vitro model 

used mimics the in vivo tissue, our PSC-derived gene expression data set was compared 

to that of the human embryonic brain obtained from the Allen Brain Atlas of the develop-

ing Transcriptome (BrainSpan, www.brainspan.org). This database contains the tran-

scriptomic profile of multiple developing and adult human brain regions. The samples 

available range from 8 weeks, post-conception up to 60 years of age (Miller et al., 2014). 

Rather than directly comparing the gene expression from both datasets, gene counts 

were transformed to Z-scores, and multiple replicates for the same structure and devel-

opmental stage were combined into a single one following the method described in 

Chapter 2.  

Spearman correlation was calculated between the BrainSpan and PSC-derived dataset. 

The comparison revealed that all samples were highly correlated with embryonic stages 

of the BrainSpan dataset (rho > 0.57), with the highest correlation observed at weeks 8 

and 9 post-conception (Figure 3.4Figure 3.4 A). The correlation decreased gradually 

when compared to the time-points closer to childbirth. In order to validate the regional 

identity of the in vitro generated neuronal cells, the transformed gene expression values 

were compared against the first two developmental stages in the BrainSpan, correspond-

ing to the early mid-gestational period. The highest correlation was indeed observed with 

those structures in the telencephalon. In contrast, the correlation was lower with the thal-

amus and the upper rhombic lip, a structure that will develop into the cerebellum (Figure 

3.4 B). For these comparisons, p value significance tests were not calculated. 
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Figure 3.4. Recapitulation of the human embryonic developmental transcriptome in the in 
vitro model. 
(A) Gene expression of PSC-derived datasets was compared against the BrainSpan embryonic 
stages. The highest correlation was observed in the first trimester of pregnancy corresponding to 
weeks 8 and 9 of embryonic development. (B) Spearman’s correlation at weeks 8 (left) and 9 
(right) post-conception. The greatest correlation corresponded to telencephalic samples embry-
onic samples belonging to the neocortex and ganglionic eminences, whereas the lowest was 
observed for the thalamus (midbrain) and upper rhombic lip (hindbrain). 
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3.3.2 Dysregulated genes related to CYFIP1 manipulation  

(I) Gain and loss of CYFIP1 affects the expression of a large number of genes 

PCA plot of the samples was generated using the top 500 dysregulated genes. Samples 

were found to be segregated by developmental stage and cell type (Figure 3.5 A). The 

distribution of the samples revealed three clearly defined clusters corresponding to the 

three developmental stages studied: neuroepithelial cells, NPCs and neurons. The first 

principal component (PC1) captured the largest variability in the samples, corresponding 

to the time-course neural differentiation. The second principal component (PC2) ex-

plained the differences between genotypes, segregating CYFIP1tg and CYFIP1ko, 

which clustered together with their parental control lines. With an FDR cut-off < 10% 

(Benjamini-Hochberg corrected p-value < 0.1), 4000 and 7700 DEGs were identified be-

tween CYFIP1tg and control and CYFIP1ko and control, respectively, which represents 

approximately 45% or less of the total number of DEGs in each dataset (Figure 3.5 B).  

CYFIP1tg and CYFIP1ko shared a large number of DEGs in each time points (Figure 

3.5 C-E). The most significant overlap was found at the neuroepithelial stage (p value 

calculated through hypergeometric test using all significant protein coding genes. The 

total population was defined as all protein coding genes detected in a particular devel-

opmental stage). Amongst the shared DEGs at each stage, the proportion of downregu-

lated genes and upregulated appeared to be similar, although CYFIP1tg cells yielded a 

higher number of downregulated genes (Figure 3.5 D). These results indicate that alter-

ations in CYFIP1 expression have a repercussion over a large number of genes. For this 

analysis, results using a 5% FDR threshold chut-off can be found in Apendix I (Supple-

mentary Figure 1). 
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Figure 3.5 Differential gene expression in CYFIP1tg and CYFIP1ko cells.  
(A) PCA plot of the CYFIP1tg and CYFIP1ko and their isogenic control parental lines. Samples 
clustered by stage of differentiation and cell line. (B) Number of expressed genes and significant 
DEGs at 10% FDR after DESeq2 analysis comparing each CYFIP1tg and CYFIP1ko time-points 
with their respective isogenic control parental line. The percentage of DEGs indicates the propor-
tion of differentially expressed genes over the total amount of transcripts sequenced for that sam-
ple. Overlapping DEGs between CYFIP1tg and CYFIP1ko for neuroepithelium (C), NPCs (D) and 
neurons (E). Neuroepithelial cells and NPCs shared a significant overlap of DEGs (hypergeomet-
ric p-value overall genes tested for that developmental stage). (F) The directionality of the fold 
change of the genes commonly expressed between CYFIP1tg and CYFIP1ko. 

 

As part of the library preparation, the samples were enriched for mRNAs through poly-A 

tail affinity. This is important to deplete the ribosomal RNA (rRNA) in the samples. The 

analysis of the gene biotypes revealed that over 80% of the DEGs across the three time-

points were indeed protein-coding genes (Figure 3.6 A). The remaining types of char-

acterised RNAs belonged primarily to long non-coding RNAs (lncRNAs) and 

pseudogenes. lncRNAs is a group formed by RNAs of more than 200 nucleotides long 

which are not translated into proteins.  

More than 10% of the DEGs were lncRNAs, which can be poly-A tailed. More than 

10,000 lncRNAs have been characterised in humans, and they show tissue-specific ex-

pression pattern, with the brain being the organ where most of them are expressed 

(Derrien et al., 2012). At different developmental stages, lncRNAs showed big changes 
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in FC with highly significant p-values (Figure 3.6 B, C), which indicates their relevance 

in the normal process of cortical development. Multiple lncRNAs with known roles in 

brain development were found to be altered in cells with altered CYFIP1 expression. The 

myocardial infarction associated transcript (MIAT) appeared to be downregulated in all 

CYFIP1ko time-points analysed. MIAT has been associated through GWAS studies with 

ocular movement disorders in SZ, and it is downregulated in schizophrenic brains 

(Takahashi et al., 2003; Barry et al., 2014). MIAT is also involved in the splicing of the 

known SZ-associated genes DISC1 and ERBB4 (Barry et al., 2014). Other differentially 

expressed lncRNAs included HOTAIR, which is known to promote the recruitment of 

Polycomb repressive complex 2 (PRC2), causing transcriptional repression (Tsai et al., 

2010). NEAT1 and MALAT1 regulate synaptogenesis by modulating specific mRNA 

splicing events (Clemson et al., 2009; Bernard et al., 2010) and PAUPAR which re-

presses the expression of multiple genes, including PAX6 (Vance et al., 2014).  

In summary, both increase or decrease of CYFIP1 expression have a big impact on gene 

expression of cortical neural cells, causing the dysregulation of thousands of transcripts. 

Interestingly, the changes were not limited to protein-coding genes, but also to lncRNAs 

which exercise a role in regulating the expression of the protein-coding transcripts. 
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Figure 3.6. Characterisation of the DEGs in CYFIP1 cell lines.  
(A) Average percentage for each cell line of the different gene biotypes identified over the total 
number of DEGs. Volcano plots for showing the dispersion of the adjusted p-values by FC for 
significant lncRNAs (in red) expressed at each developmental stage in CYFIP1tg (B) and 
CYFIP1ko cells (C). The plots show how lncRNAs are more affected in CYFIP1ko cells at all 
stages with greater p-values and FC. 

 

(II) Altered CYFIP1 dosage affects the expression of NIPA1 and cortical regu-

lators but not CYFIP2 or FMR1 

I then inspected in detail the expression of CYFIP1 itself and genes close to CYFIP1 in 

the control and CYFIP1 mutant samples. As shown in Figure 3.7, CYFIP1 levels were 

higher at neuroepithelial and NPC stages than in neurons, consistent with the newly 

identified role for CYFIP1 in modulating NPC maintenance and terminal differentiation. 

CYFIP1 is one of the four genes in the 15q11.2 BP1-BP2 region, which also contains 
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TUBGCP5, NIPA1 and NIPA2. Intriguingly, NIPA1 was downregulated in both CYFIP1tg 

and CYFIP1ko NPCs. However, no significant changes were observed in NIPA2 and 

TUBGCP5 consequent of CYFIP1 manipulation. 

CYFIP2 is another member of the CYFIP family. CYFIP2 is highly conserved with 

CYFIP1 in amino acidic sequence, structure and function, and like CYFIP1, is also ex-

pressed in the developing cortex. Both CYFIP1 and CYFIP2 interact with FMRP and 

form a transcriptional regulatory complex of specific mRNAs ( a. Schenck et al., 2001). 

Interestingly, CYFIP2 showed an opposite trend of temporal expression pattern to that 

of CYFIP1, with the highest expression level observed in the neuronal stage in cultures 

of all genotypes. Moreover, NPCs and neurons in CYFIP1tg cells had a significantly 

higher expression of CYFIP2 than the control. On the other hand, FMR1, the coding 

gene for FMRP, expression was maintained at a similar level across all stages of differ-

entiation in both the control and CYFIP1 mutant cells. 

The process of cortical development involves a tight regulation of multiple genes in a 

timely fashion. Defects in the regulation of these genes can lead to the development of 

functional and structural brain abnormalities. Graphical representation of some well-

known stage-specific markers in cortical neural development were observed to be 

changed at the transcriptomic level in CYFIP1tg and CYFIP1ko cells (Figure 3.7 B) in-

dicating fundamental changes in genes involved in the process of neural differentiation. 

Both CYFIP1 overexpression and CYFIP1-deficiency caused changes in cadherin 1 

(CDH1), HES1, Nestin and FOXG1. These genes are required for the correct timing of 

neurogenesis and patterning of the brain (Ohtsuka et al., 2001; Sunabori et al., 2008; 

Delgado-Esteban et al., 2013; Kumamoto and Hanashima, 2017; Bernal and Arranz, 

2018). Moreover, alterations of FOXG1 are the cause of a class of ASD denominated 

FOXG1 syndrome (Ariani et al., 2008). In CYFIP1tg NPCs, FOXG1 showed a dramatic 

10-fold increase. In line with our findings that CYFIP1 overexpressing cells maintain a 

proliferative phenotype whereas CYFIP1-deficiency led to premature differentiation, 

CYFIP1ko NPCs had a lower expression of PAX6 (4.8-fold reduction) as compared to 

the parental cells, whereas DCX and β-III-tubulin (TUBB3), had increased expression 

compared to the control. Conversely, DCX and TUBB3 were reduced in CYFIP1tg cells 

compared to their isogenic control. Despite the differences in expression levels of the 

genes shown in Figure 3.7 B, the pattern of expression follows the same trend in both 

control and CYFIP1 manipulated cells. 
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Figure 3.7. Time-course transcriptional changes in CYFIP1tg and CYFIPko during the pro-
cess of cortical differentiation.  
(A) Gene expression of genes in the 15q11.2 loci, CYFIP2 and FMR1 in CYFIP1tg; CYFIP1ko 
and control parental lines. (B) Genetic expression of key differentiation markers in the three time-
points analysed. Missing data points for EOMES, ASCL1 and TBR1 are due to genes did not 
reach the minimum threshold of expression of at least 10 gene counts in one of the biological 
replicates.   
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(III) CYFIP1-regulated genes are enriched for FMRP targets and developmental 

delay disorder associated genes 

CYFIP1 forms a complex with FMRP and eIF4E to regulate protein translation. In this 

context, FMRP recruits CYFIP1 to the 5’ end of the capped target mRNAs which causes 

the repression of the ribosomal translation. Mutations affecting FMRP are the cause of 

FXS (Sitzmann et al., 2018). This disorder is the most common inherited genetic condi-

tion causing a range of developmental delays, intellectual disabilities and other types of 

psychiatric conditions (La Fata et al., 2014). I found that more than half of the FMRP-

regulated genes were differentially expressed in CYFIP1 engineered cells. To determine 

the enrichment for FMRP target genes in CYFIP1 gain- and loss-of-function cells, the 

frequency of FMRP targets in CYFIP1 protein-coding DEGs was compared to that of 

FMRP targets in all protein-coding genes. This comparison revealed that FMRP regu-

lated DEGs were significantly enriched in all three differentiation stages (Table 3.1). 

Developmental delays are a classification that covers multiple disorders which include, 

amongst others; language and learning disorders, ADHD, ASD, and in broader defini-

tions, SZ. A UK-wide survey of over 4,000 families identified 93 genes with a high ge-

nome-wide significance for developmental disorders (namely DDD study) (McRae et al., 

2017). The changes observed in these genes amongst the DEGs were highly similar to 

the ones seen in the FMRP-regulated genes. Fisher exact test of the DDD genes re-

vealed that all developmental stages analysed were significantly enriched for genes 

causing developmental delay disorders (Table 3.2). 

Both statistical analysis using a 5% p adj threshold for DEG significance can be found in 

Apendix I (Supplementary Table 1 - 2).  
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Table 3.1 Summary of the statistical enrichment for FMRP genes amongs DEGs 

 

Fisher exact test p-values for enrichment for FMRP genes in CYFIP1tg and CYFIP1ko cells. All 
time-points tested were significant for both cell lines. DEG indicates the adjusted p value threshold 
for the DEG cut-off. 

 

Table 3.2 Summary of the statistical enrichment for DDD genes amongst DEGs 

 

Fisher exact test p-values for enrichment for DDD genes in CYFIP1tg and CYFIP1ko cells. All 
time-points tested were significant for both cell lines. DEG indicates the adjusted p value threshold 
for the DEG cut-off. 

3.3.3 Transcriptomic changes in 15q11.2 deletion neural cells re-

semble those of CYFIP1 engineered cells 

RNAseq was performed on stage-matched neural cell samples obtained from two clones 

of each iPSC lines of two 15q11.2 deletion carriers (namely EA8 and EA62) and control 

iPSC lines derived from two subjects without 15q11.2 CNV. PCA plot of iPSC samples 

resembled the distribution observed from the CYFIP1 engineered cells (Figure 3.8 A). 

PC1 captured the largest variance segregating the samples into two different groups: 
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NPCs and neurons. PC2 revealed the intrinsic variability of each individual from which 

each cell line was derived. Intriguingly, the differences between patient-derived lines 

were smaller than the two control lines. 

The analysis revealed that between 5600 and 8850 genes were differentially expressed 

in the 15q11.2 deletion neural cells (BH padj < 0.1, Figure 3.8 B). For both patient cell 

lines, 75% of the DEGs were protein-coding genes. Similar to the CYFIP1 engineered 

cells, the next largest group of DEGs was the lncRNAs, representing 15% of the total 

DEGs (Figure 3.8 C). However, DEGs from only one of the developmental stages for 

each iPSC line was enriched for FMRP target genes. The EA8 cell line showed signifi-

cant enrichment at the NPC stage (Fisher’s exact p < 0.05), whereas the EA62 showed 

enrichment at a later stage in neuronal cells (Fisher’s exact p < 0.05) (Figure 3.8 D). In 

this case, none of the differentiation stages analysed was enriched for genes involved in 

developmental delay disorders (Fisher’s exact p > 0.05) (Figure 3.8 D). This analysis 

can be found in Apendix I using a 5% FDR threshold (Supplementary Figure 2). 

 

Figure 3.8 Differential gene expression results for EA8 and EA62 lines.  
 (A) PCA plot for EA8 and EA62 and control iPSC lines. Samples clustered by developmental 
stage and cell line. (B) Table summarising the number of transcripts identified for each cell line 
and developmental stage, and the number of DEGs at 10% FDR (BH p adj < 0.1). Percentage of 
DEGs expressed over the total number of transcripts characterised. (C) For each cell line, the 
average percentage of each gene biotype identified amongst significant DEGs in each time-point. 
Protein coding genes represent 75% of the total DEGs in patient-derived iPSCs. (D) Table sum-
marising the enrichment results tests for FMRP and DDD associated genes amongst the DEGs 
in cells carrying a deletion in the 15q11.2 region. Only one time-point for each cell line was found 
to be significantly enriched for FMRP target genes amongst the DEGs (Fisher exact p < 0.05), 
whereas none of the sets tested were enriched for DDD genes. 
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Whether 15q11.2 BP1-BP2 deletion affects the transcription level of the four genes within 

this CNV during in vitro cortical development had not been previously reported. To an-

swer this question, the normalised counts of the deleted genes were plotted. All four 

genes showed a significant decrease in expression compared to the control cells. In all 

cases, the reduction was approximately 2 FC compared to the control iPSCs (Figure 3.9 

A). Moreover, similar to that observed in the CYFIP1 engineered cells, the level of FMR1 

were comparable between control and patient-derived cells, with no significant difference 

between samples or time-points analysed (Figure 3.9 A). The expression pattern of 

CYFIP2 was also similar to that observed in hESC-derived neural cultures with a higher 

level of transcript detected at the neuronal stage than NPC stage, a temporal trend that 

is opposite to that of CYFIP1. 

Multiple cell fate determinants were found to be altered in patient-derived iPSCs through-

out differentiation. Amongst the genes that play an important role in early neural devel-

opment and/or neural patterning; CDH1, Nestin and FOXG1 showed the biggest 

changes between patient and control cells (Figure 3.9 B). The changes in CDH1 were 

more accentuated at the neuronal stage, where patient-derived cells showed a marked 

reduction in its expression. Both patient cell lines showed significant changes in tran-

scripts expressed in postmitotic neurons, such as DCX, MAP2 and TUBB3, at the NPC 

stage. 
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Figure 3.9 Time-course of transcriptional changes in EA8 and EA62 during the process of 
cortical differentiation.  
(A) Plot of the normalised counts for the genes in the 15q11.2 BP1-BP2 region, CYFIP2 and 
FMRP1 (FMR1) genes in EA8, EA62 and control iPSCs during differentiation. RNAseq detected 
the effects of the deletion showing 2 FC reduction of all genes in the 15q11.2 BP1-BP2. CYFIP2 
and FMRP1 were not altered. (B) Transcriptomic expression profile over time of key differentiation 
markers in the time-points analysed. Patient-derived cells showed similar changes in genes like 
CDH1, NES, DCX and TUBB3. 
  



 88 

3.4 Discussion 

This chapter describes the transcriptome analysis of PSC-derived cortical cells with al-

tered levels of CYFIP1. DGE analysis showed that changes in CYFIP1 expression or 

15q11.2 deletion have a repercussion over a large number of genes, but the cells were 

able to differentiate into cortical fate as their isogenic controls. A detailed analysis of the 

genes indicated that multiple cell fate determinant genes are affected when CYFIP1 ex-

pression is either increased or decreased in a cortical glutamatergic differentiation 

model.  

The correction of the PSC-derived RNAseq dataset for the RIN allowed removing the 

variation introduced by the sample handling, without accounting for the different intrinsic 

expression for every sample. This confirmed not only the robustness of our experiment 

but also our accuracy at determining the similarity of the time-points analysed from cell 

lines that differentiate at different speeds. 

A study carried out by Leemput and colleagues generated a complete database of in 

vitro human gene expression throughout cortical differentiation. In this study, the authors 

used the BrainSpan dataset for human brain developmental transcriptome to validate 

the model utilised was correlated to the human foetal cortex (van de Leemput et al., 

2014). In a similar way, the data presented in this chapter demonstrates that the PSC-

derived dataset is highly correlated with the human foetal brain at weeks 8 and 9 post 

conception. Most importantly, this analysis reveals that the cultured cells have telence-

phalic characteristics and give raise to the neocortex. Samples obtained from iPSCs 

were more similar to ganglionic eminences, indicating a more ventral identity of the cells. 

This difference can be explained by the intrinsic variability in the gene expression of each 

cell line. It is known that cell lines generated from different individuals have a preference 

for generating cellular fates that are more similar to ventro-caudal regions, and, in some 

cases, cerebellum (Quadrato et al., 2017; Pollen et al., 2019). 

RNAseq of CYFIP1tg and CYFIP1ko cells during differentiation revealed a significant 

overlap of altered genes in the early developmental stages. This could be an indication 

of shared mechanisms contributing to the phenotype observed in both cell lines. Despite 

the differences in the gene expression, the largest changes observed between develop-

mental stages demonstrating that the cells are still able to undergo cortical differentiation. 

The largest proportion of DEGs were protein-coding genes, none the less, the effects of 

altered levels of CYFIP1 were not restricted to these genes. lncRNAs were the second 

most affected group of genes. Little is known about lncRNAs since they used to be ig-

nored due to the fact that they do not contain conserved ORFs and were thought not to 

have any function. In recent years, research has revealed that lncRNAs play a critical 
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role in brain development and are necessary for cell-type specification (reviewed by 

(Clark and Blackshaw, 2014)). lncRNAs involved in transcriptional regulation and mRNA 

splicing of SZ-associated genes were found to be differentially expressed in both CYFIP1 

engineered cells. This indicates that the effects of altered CYFIP1 expression are not 

only restricted to protein-coding genes. 

The previous characterisation of CYFIP1tg and CYFIP1ko cell lines indicated changes 

in the expression of cortical developmental markers. The findings in this chapter validate 

the previous characterisation of these cell lines. At early stages; CDH1, HES1 and PAX6 

were found amongst the top dysregulated genes and the pan-neuronal markers DCX 

and TUBB3 at the mature stages. Time-course analysis showed a peak of expression of 

CYFIP1 at the NPC stage, indicating the importance of the gene in this particular devel-

opmental stage. At the transcriptional level, FMR1 was not affected by changes in 

CYFIP1 and remained constant across differentiation. On the other hand, CYFIP2 

showed a very characteristic expression pattern, with opposite changes to the ones ob-

served in CYFIP1. The regulation of the CYFIP2 mRNA is poorly understood, and previ-

ous studies differ in the results observed. TUBGCP5 and NIPA2 were not affected by 

changes in CYFIP1 expression; however, NIPA1 mRNA was found to be downregulated 

in both CYFIP1tg and CYFIP1ko cells.  

Finally, cells carrying a 15q11.2 deletion showed similar defects to the CYFIP1 engi-

neered cells. Firstly, DEGs showed an enrichment amongst FMRP target genes, and the 

same effect over lncRNAs was observed. Moreover, the 15q11.2 deletion caused a 2-

FC decrease of all the genes in the region. These results are in agreement with had been 

previously described by Das et al in undifferentiated cells carrying a similar CNV (Das et 

al., 2015). Similarly to what was observed in CYFIP1 engineered cells, FMR1 mRNA 

was not changed, and CYFIP2 showed the opposite expression pattern to CYFIP1. The 

enrichment for FMRP target genes was observed in deletion carrying cells, although only 

in two of the stages analysed. Most importantly, pathway enrichment analysis of the 

DEGs in patient-derived cells showed that pathways affected in gain- and loss-of-func-

tion of CYFIP1 were conserved in these cells.  

In conclusion, this chapter describes the transcriptional changes caused by altered levels 

of CYFIP1 identifying genes differentially expressed and affected pathways and highlight 

the importance of CYFIP1 during brain development. These findings were replicated in 

iPSCs carrying a deletion in the 15q11.2 region where similar changes in genes and 

pathways were observed.   



 90 

4 Chapter 4 

 

 

 

 

CYFIP1-regulated genes: biological 

functions and association with neuro-

psychiatric disorders 

  



 91 

4.1 Introduction  

CNVs affecting chromosome 15q11.2 BP1-BP2 have been previously associated with 

SZ, ASD and ID. Amongst the genes affected in this region, CYFIP1 is proposed to be 

the causal gene for these neuropsychiatric disorders. The mechanisms by which 

changes in CYFIP1 dosage lead to these conditions remain unknown. Many lines of 

evidence have established a role for CYFIP1 in protein translation and actin dynamics in 

synaptic density. It is therefore not surprising to finding that CYFIP1 activities are in-

volved in the establishment and maintenance of dendritic spines and synaptic activity 

(Napoli et al., 2008; Oguro-Ando et al., 2015; Hsiao et al., 2016; Abekhoukh et al., 2017). 

However, a role for CYFIP1 in early cortical development and neurogenesis is only 

emerging, and the underlying molecular mechanism remains unknown.  

In the previous chapter, I presented the analysis of RNAseq data obtained from neural 

cultures harbouring CYFIP1 genetic manipulation and 15q11.2 deletion, with a focus on 

general comparison between CYFIP1 and 15q11.2 deletion mediated transcriptomic 

changes. It is challenging to identify relevant genes contributing to the phenotype from 

the thousands of DEGs. A solution would be using the approach known as pathway en-

richment analysis. This analysis aims to identify groups of genes with a common function 

or mechanism that are significantly over-represented amongst DEGs. One such method, 

GSEA, uses an unfiltered (p value threshold-free) list of genes ranked on the basis of 

their differential expression. This approach is particularly suitable when information on 

most genes in the genome is available (e.g. in RNAseq experiments) (Subramanian et 

al., 2005; Reimand et al., 2019). Another approach is the use of a Fisher’s exact or hy-

pergeometric test to quantify the enrichment of a group of genes of interest compared to 

a background list of genes (Tavazoie et al., 1999; Goeman and Buhlmann, 2007).  

Using the information from GWAS, the results of the pathway enrichment analysis can 

be associated to a specific phenotype. GWAS have led to the identification of common 

and rare variants such as copy number variants (CNVs) and single nucleotide polymor-

phisms (SNPs) that contribute to the development of a disease (McCarroll et al., 2008). 

The objective of GWAS is to identify genetic risk factors for complex diseases through a 

hypothesis-free method (Bush and Moore, 2012). More than 30 GWAS for SZ have char-

acterised SNPs that contribute to the development of the psychiatric disease. The most 

recent study identified 145 SZ associated loci through meta-analysis (Pardiñas et al., 

2018). Big efforts are being made to identify GWAS significant loci. Now, a study from 

the Psychiatric Genetics Consortium has identified through meta-analysis novel ASD 

associated loci that overlap with SZ (Consortium, 2017). Finally, the meta-analysis of 
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more than 250,000 individuals has characterised genomic loci associated to variation in 

intelligence (Savage et al., 2018). 

In this chapter, I use expert-curated gene sets, to associate the DEGs into groups of 

biological significance explaining the phenotype observed in cells with altered levels of 

CYFIP1. This analysis allowed the identification of the top candidate genes that could be 

driving the observed phenotype in cells with gain- and loss-of-function of CYFIP1. Fi-

nally, significant gene sets will be tested in MAGMA using the summary statistics from 

GWAS for SZ, ASD and ID in order to determine the association of these genes for 

psychiatric disorders. 

 

4.2 Results 

4.2.1 Manipulation of CYFIP1 affects AKT pathway 

(I) CYFIP1 gain- and loss-of-function elicit mirroring effects on biological 

pathways 

The previous chapter showed that CYFIP1-produced DEGs exhibit large overlaps be-

tween the developmental stages examined. Moreover, over a third of the DEGs gener-

ated by CYFIP1tg and CYFIP1ko were shared at each of the time-point analysed. Gene 

set enrichment analysis (GSEA) is an approach that aims to identify the correlation be-

tween a ranked list of genes and a specific phenotype: in this case, cellular pathways 

and processes. For each dataset, protein-coding DEGs were ranked by their fold 

change. Using the R/Bioconductor package clusterProfiler, ranked genes were grouped 

based on their significant association with pathways from the Kyoto Encyclopaedia of 

Genes and Genomes (KEGG). 

A total of 150 unique pathways (p value < 0.05) were identified to be affected amongst 

the three time-points analysed in CYFIP1tg and CYFIP1ko cells. The normalised enrich-

ment scores (NES) of CYFIP1tg and CYFIP1ko cells showed, in most cases, opposite 

trends in multiple pathways. The NES of the pathways is a measurement that provides 

an overall indication whether the genes associated with a phenotype are upregulated or 

downregulated. Affected pathways found in CYFIP1ko data set showed positive NES 

values, indicating that genes have a tendency to be upregulated, whereas in CYFIP1tg 

negative NES values were obtained. The mirrored NES for particular pathways suggests 

that the gain and loss-of-function of CYFIP1 elicited opposing enrichment score. 

Amongst the most relevant pathways are terms involved in neural development: Wnt, 

Sonic Hedgehog, Notch and PI3K-AKT signalling pathways; cell adhesion: cell adhesion 
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molecules, ECM-receptor interaction and focal adhesion; and cellular metabolism: oxi-

dative phosphorylation, thermogenesis and ribosome (Figure 4.1). The full list of signif-

icantly dysregulated pathways, including their pvalues and adjusted pvalues calculated 

by clusterProfiler (Supplementary Table 3), can be found in Apendix I. A more stringent 

analysis using a 5% adjusted p value threshold can be found in Apendix I (Supplemen-

tary Figure 3, Supplementary Table 4).  

 
Figure 4.1 Pathways affected by altered dosage of CYFIP1. 
Bar graph representing the significantly enriched pathways in CYFIP1tg and CYFIPko cells at 
different stages of differentiation. Normalised enrichment score for each pathway show mirroring 
effects in the enrichment between each cell line. For representation purposes, only those that are 
significantly changed in at least half of the datasets are plotted in the graph. 
  



 94 

To identify potential candidate genes that could explain the changes of cortical neuro-

genesis found in CYFIP1tg and CYFIP1ko cultures, I formulated the following hypothe-

sis: one gene can be part of multiple pathways at the same time; hence if a gene is 

represented in multiple enriched pathways it would have a more significant weight in the 

development of an abnormal phenotype. Following this hypothesis, I selected pathways 

with a Storey corrected p (Storey q value) < 0.05. I studied the number of occurrences 

in which a gene participated in the subsequent altered KEGG pathways. 

The analysis of the top 10, selected as an arbitrary cut-off, altered genes revealed the 

contribution of three highly correlated pathways: 1) PI3K-AKT containing PIK3R2, AKT3, 

PIK3CD, PRKCA, PLCB1 and PLCB4; 2) MAPK formed by MAPK1 and MAP2K1; and 

3) cAMP that consists of ADCY2 and ADCY9 (Table 4.1). Mutations affecting the 10 

genes identified have been reported previously in cases of SZ or ASD (summarised in 

Table 4.1). Moreover, risk variants in the locus for AKT3 have been identified as a can-

didate for SZ by the two largest GWAS in this disorder. 

 

(II) Enrichment for AKT is independent to FMRP association 

Three isoforms of AKT exist in humans. AKT3 represents more than 50% of the total 

AKT present in the developing brain, making it the highest expressed isoform. Transla-

tion of the AKT3 mRNA is regulated by the CYFIP1-FMRP1-eIF4E complex, along with 

40 other mRNAs coding for proteins in the PI3K-AKT pathway. Since the DEGs in 

CYFIP1tg and CYFIP1ko cells are enriched for FMRP targets in all developmental 

stages, it could be that the observed enrichment for the PI3K-AKT is simply an artefact 

of these genes being FMRP targets. 

To elucidate if the dysregulation of the PI3K-AKT is directly due to changes in CYFIP1 

expression, DEGs were tested for enrichment amongst known FMRP targets using a 

Fisher's exact test. DEGs in the AKT pathway were significantly enriched in both gain- 

and loss-of-function of CYFIP1 samples. However, when DEGs in the AKT pathway were 

tested for enrichment amongst FMRP targets, none but the CYFIP1tg neuroepithelial cell 

stage showed significance (Table 4.2 Significant enrichment for AKT in DEGs is in-

dependent from FMRP.  
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). This finding indicates that altered expression of the PI3K-AKT pathway genes are likely 

caused by changes in CYFIP1 expression directly, rather than secondarily due to the 

transcriptional repression of the CYFIP1-FMRP1- eIF4E complex. This table can also be 

found using a 5% FDR threshold for significant DEGs in Apendix I (Supplementary Ta-

ble 5).
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 Gene Gene name Freq. Rank SZ ASD 
GWAS 

evidence 

PI
3K

-A
K

T 

PIK3R2 
Phosphoinositide-3-Ki-
nase Regulatory Subunit 

2 

80 1  (Aguayo et al., 2013)  

AKT3 
AKT Serine/Threonine Ki-
nase 3 

71 2 

(Afshari et al., 2015; Bergeron et al., 
2017; K.R. et al., 2017; Igolkina et 

al., 2018) 

(Aguayo et al., 2013; Baek et al., 
2015; Alcantara et al., 2017; Yeung 

et al., 2017) 
SZa, b* 

PIK3CD 

Phosphatidylinositol-4,5-

Bisphosphate 3-Kinase 
Catalytic Subunit Delta 

67 3 

(Law et al., 2012; Papaleo et al., 
2016; Coulter et al., 2017; Fregoso, 

Paterson and Law, 2017; Mostaid et 

al., 2017; Sanders et al., 2017; 

Yeung et al., 2017; Karbownik et al., 
2018) 

(Homs et al., 2016; Poopal et al., 

2016; Coulter et al., 2017; Kiyota et 

al., 2018) 
 

PRKCA Protein Kinase C Alpha 67 4 
(Carroll et al., 2010; Jablensky et al., 
2011) 

(Hussman et al., 2011; Huaman et 

al., 2015; Turner et al., 2016) 
 

PLCB1 Phospholipase C Beta 1 57 6 

(Kolde and Vilo, 2015)(Gray et al., 

2009; Udawela et al., 2011, 2017; 
Manning et al., 2012; Rita Lo Vasco, 

(Awadalla et al., 2010; Girirajan et 

al., 2013; St Pourcain et al., 2014) 
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Cardinale and Polonia, 2012; Lo 
Vasco, Longo and Polonia, 2013; 

Afshari et al., 2015; Kim et al., 2015) 

PLCB4 Phospholipase C Beta 4 50 8 (Hong et al., 2013) 
(Engle, K. M.; Mei, T-S.; Wasa, M.; 
Yu, 2008) 

 

M
A

PK
 

MAPK1 
Mitogen-Activated Pro-
tein Kinase 1 

58 5 (Yuan et al., 2010; Law et al., 2012) 

(Yuan et al., 2010; Satoh et al., 
2011; Zou et al., 2011; Faridar et 

al., 2014; Hormozdiari et al., 2015; 

Wen, Alshikho and Herbert, 2016; 
Xing et al., 2016; Garg et al., 2017) 

 

MAP2K1 
Mitogen-Activated Pro-
tein Kinase Kinase 1 

51 7 
(Awadalla et al., 2010; Yuan et al., 
2010; Bergen et al., 2014) 

(Awadalla et al., 2010; Zou et al., 
2011; Ebert and Greenberg, 2013; 
Xing et al., 2016) 

 

cA
M

P ADCY2 Adenylate Cyclase 2 58 9 
(Jajodia et al., 2016; Genis-
Mendoza et al., 2018) 

(Skafidas et al., 2014)  

ADCY9 Adenylate Cyclase 9 45 10 (Gulsuner and Mcclellan, 2014)   
Table 4.0.1 Top 10 genes contributing to CYFIP1 dysregulated pathways.  
Number of times a gene is altered in all significantly enriched KEGG pathways in CYFIP1tg and CYFIP1ko differentially expressed genes. Amongst the most dysreg-

ulated pathways are PI3K-AKT, MAPK and cAMP. The Frequency indicates the number of times a gene significantly contributes to an altered pathway. All genes have 

previously been implicated with SZ or ASD (or both). Only AKT3 has been successfully identified in GWAS as SZ associated gene: *a: (Ripke et al., 2014) b: (Pardiñas 

et al., 2018).  
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Table 4.2 Significant enrichment for AKT in DEGs is independent from FMRP.  

 
Significant differentially expressed AKT genes are not enriched amongst FRMP targets (Fisher 
exact p > 0.05, with exception to CYFIP1tg neuroepithelial cells. 

 

4.2.2 Overlap DEGs between CYFIP1 mutant cells and those car-
rying a 15q11.2 deletion 

Genes differentially expressed in EA8 and EA62 cells were found to be similar to the 

genes affected in the CYFIP1 gain- and loss-of-function. More than 50% of the DEGs 

found in the 15q11.2 deletion and the CYFIP1 datasets were shared (Figure 4.2 A, B). 

Approximately 25% of the DEGs were uniquely expressed by the neural cells with the 

15q11.2 deletion. These uniquely expressed DEGs could be attributed to the intrinsic 

difference in genetic background of the two 15q11.2 deletion subjects, as well as specific 

changes caused by the other three 15q11.2 deleted genes. 

Pathway enrichment analysis of the 15q11.2 DEGs identified multiple pathways involved 

with cell metabolism, adhesion and signalling were found enriched amongst the DEGs 

(Figure 4.2 C). Because of the substantial overlap between the CYFIP1 and patient 

iPSC-derived DEGs, it is very likely that the same biological processes are shared be-

tween them. Indeed, as observed in the CYFIP1ko cells, “oxidative phosphorylation” took 

a positive NES score. On the other hand, the pathway “neuroactive ligand-receptor in-

teraction” showed a negative NES as seen in the CYFIP1tg cells. Other pathways like 

PI3K-AKT and Wnt signalling were also found to be affected in the EA8 and EA62 cells, 

with a tendency to be decreased. The full list of significantly dysregulated pathways, 

including their pvalues and adjusted pvalues calculated by clusterProfiler (Supplemen-
tary Table 6), can be found in Apendix I. A more stringent analysis using a 5% adjusted 

p value threshold can be found in Apendix I (Supplementary Figure 4, Supplementary 
Table 7).  
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Figure 4.2 Overlapping changes at the gene expression and altered pathways between 
patient-derived iPSCs and CYFIP1 engineered hESCs.  
(A) Bar graph representing the significantly enriched pathways in CYFIP1tg and CYFIPko cells at 
different stages of differentiation. Normalised enrichment score for each pathway show similar 
trends in the enrichment between each cell line.  

 

4.2.3 Altered CYFIP1 expression induces changes in cholesterol 
metabolism and mitochondrial dynamics 

(I) GO analysis validates the findings in the KEGG enrichment 

In order to complement the information of the KEGG enrichment, gene ontology (GO) 

analysis was done with protein coding DEGs. GO categories are a more extensive cu-

rated collection of gene sets, which can reveal processes not reflected by the KEGG 

enrichment. This approach identified between 3 and 223 significantly enriched terms for 

each analysed dataset.  
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Because many GO terms can share a large overlap between the genes in the group, an 
iterative procedure was introduced to identify terms whose enrichment was due to the 

same subset of DEGs. Starting with the smallest significant gene set, genes constituting 

this set were removed the remaining gene sets, then the enrichment value was re-cal-

culated for the reduced terms. Gene sets no longer significant (p value ≥ 0.05) were 

removed from the analysis and recorded that the enrichment signal was explained by 

the smallest gene set tested. This procedure was repeated with the next significant gene 

set that was not already explained. Further iterations of this cycle were performed until 

no more significant gene sets were left. Using this approach, the number of enriched 

gene sets was reduced to at most 7 independently enriched sets, each of which ex-

plained the enrichment for multiple other gene sets. 

In CYFIP1 engineered cells, the independently enriched terms concerned cell prolifera-

tion and differentiation, cytoskeleton and central nervous system development (Figure 
4.3 A-B). In addition to these, CYFIP1tg cells presented alterations in genes involved in 

protein synthesis, while genes affected in CYFIP1ko were involved in the extracellular 

matrix. Importantly, this enrichment analysis identified novel aspects associated with 

CYFIP1-regulated genes not previously described. The newly-identified processes in-

cluded terms enriched for mitochondrial function and cholesterol metabolism. In cells 

carrying a 15q11.2 deletion, terms related to the mitochondria, protein synthesis, extra-

cellular matrix and cellular differentiation were found to be affected. The overlap of af-

fected gene sets between CYFIP1 engineered cells and 15q11.2 deletion cells reinforces 

the relevance of CYFIP1 in the development of neuropsychiatric disorders in the context 

of 15q11.2 CNVs (Figure 4.3 C-D).  

Finally, the iterative refinement algorithm also allowed the identification of groups of 

terms whose enrichment was captured by a larger set, thus allowing the establishment 

of a hierarchical tree of functional gene sets (Figure 4.4). This process revealed the 

interconnection between the different gene sets with similar functions. 

In summary, the enrichment analysis of the CYFIP1 mutant cells and 15q11.2 deletion 

carrying cells show the overlap between affected processes in each of the different gen-

otypes. These pathways reflect some of the phenotypic alterations observed in these 

cells such as defects in neuronal differentiation or terms associated with the cytoskele-

ton. But most importantly, they highlight new aspects associated with CYFIP1-regulated 

genes that could be contributing to the observed phenotype and could have otherwise 

not been observed without the RNAseq analysis. 
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Figure 4.3 Functional gene sets in CYFIP1 engineered and 15q11.2del engineered cells. 
(A-D) Individual functional gene sets formed by the smallest group of genes that capture the en-
richment signal for that set in particular. Bars indicate the -log10 of the Bonferroni P adjusted, 
yellow dots indicate the number of gene sets that have been grouped under the functional gene 
set. (E) Hierarchical tree of the functional gene sets analysed indicating the relationship between 
parental (darker colours) and child terms (lighter colours).  
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Figure 4.4 Hierarchical tree of the functional pathways. 
Hierarchical structure of the significant terms with their associated parental terms.  



 103 

(II) βCAT signalling and mitochondrial regulation in CYFIP1 manipulated and 
15q11.2del neural cells: implications in SZ and ASD 

Pathway enrichment analysis with KEGG sets and GO overrepresentation test identified 

gene sets belonging to the mitochondria amongst the CYFIP1-regulated genes. Mito-

chondria play an active role during brain development and are required for the normal 

functioning of the mature brain. During embryonic neural development, mitochondria reg-

ulate gene expression through the production of reactive oxygen species (ROS) 

(Cagalinec et al., 2016; Son and Han, 2018), which in turn modulate signalling pathways 

including PI3K-AKT, Ras and ERK (Y., S. and R., 2001; Le Belle et al., 2011). In mature 

neurons, neural transmission relies on accumulation of mitochondria in the synapses in 

order to produce ATP and regulate calcium concentrations (Evans, Derkach and 

Surprenant, 1992; Billups and Forsythe, 2002). In addition, mitochondria express differ-

ent proteins depending on their subcellular location, which confers different functional 

properties to this cellular organelle (Stauch, Purnell and Fox, 2014). Therefore, changes 

in gene expression affecting the mitochondria can have a significant impact on brain 

development as well as normal synaptic activity. 

The work carried out by Stauch and colleagues characterised over 1,600 proteins in 

mouse (Stauch, Purnell and Fox, 2014). Their analysis revealed differences in synaptic 

and non-synaptic mitochondria, which included the identification of proteins uniquely ex-

pressed or that showed differences in their expression in either group. Mouse gene iden-

tifiers were mapped to their human homologues using biomaRt and used as gene sets 

to test for enrichment amongst DEGs. In NPCs with an excess of CYFIP1, non-synaptic 

mitochondria appear to be differentially expressed (Figure 4.5 A). On the other hand, 

synaptic mitochondria were affected in CYFIP1-deficient neurons (Figure 4.5 B).  No 

significant gene sets were identified in cells carrying a 15q11.2 deletion.  

There is growing evidence that mitochondria is one of the factors involved in the devel-

opment of SZ and ASD (Shao et al., 2008; Siddiqui, Elwell and Johnson, 2016; Roberts, 

2017). To determine if any of the genes in the significant sets could be involved in the 

development of psychiatric disorders, they were compared against the SFARI database 

for ASD genes (Abrahams et al., 2013), and genes that have been identified through risk 

loci in the most recent GWAS for SZ (Pardiñas et al., 2018). Three genes were found 

common in both gene sets (Figure 4.5 C): 1) CTNNB1, the gene encoding βCAT, the 

downstream effector in the canonical Wnt pathway and AKT signalling, which upon sta-

bilisation induces the expression of the TCF/LEF target genes (Zhang et al., 2013). 2) 

TCF20, found to be altered in both the CYFIP1tg and CYFIP1ko cells, is a gene encoding 

for a transcriptional coactivator responsive for signalling through oestrogen receptors 



 104 

(ER) and growth factors (Gburcik et al., 2005), and is shown to enhance the transcrip-

tional activity of various transcription factors including PAX6 (Rekdal, Sjøttem and 

Johansen, 2000). 3) ALDOA, which encodes for a protein expressed across the nervous 

system and it is necessary for the production of ATP (Mamczur et al., 2013). 

 

Figure 4.5 Dysregulation of mitochondrial genes in CYFIP1tg and CYFIP1ko cells associ-
ated to SZ and ASD genes. 
Heatmaps comparing the gene expression significant mitochondrial gene sets generated from 
those identified in (Stauch, Purnell and Fox, 2014) in CYFIP1tg NPCs (A) and CYFIP1ko neurons 
(B) against the control lines. (C) Shared genes in the mitochondrial gene sets with known genes 
in the SFARI database and GWAS SZ genes. Common genes include CTNNB1, TCF20 and 
ALDOA. 

 

Finally, graphical representation of the DEGs coding for elements of the mitochondrial 

electron transmission chain showed changes affecting the different subunits (Figure 
4.6). These changes appeared to be in opposite directions in CYFIP1tg and CYFIP1ko 

cells, where the affected genes were downregulated in the former and upregulated in the 

latter. 
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Figure 4.6 Elements of the electron transmission chain affected in CYFIP1tg and CYFIP1ko cells.  
Graphical representation using R/pathview of the elements in the mitochondrial electron transport chain affected in the studied cells (green = downregulated, red = 
upregulated).  
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4.2.4 CYFIP1 regulated genes are enriched for SZ and intelli-

gence associated genes 

As shown in the previous chapter, altered expression of CYFIP1 causes dysregulation 

of multiple genes. To test whether genes dysregulated in CYFIP1 manipulated cells are 

associated with neuropsychiatric disorders, DEGs were tested for enrichment in common 

variant association using MAGMA and summary statistics from GWAS for SZ, ASD and 

intelligence (Pardiñas et al., 2018; Savage et al., 2018). Because the hypothesis is that 

CYFIP1-regulated genes contribute to causing the development of neuropsychiatric dis-

orders, we predict no association for the genes involved in neurodegenerative disorders 

such as Alzheimer’s disease. Therefore, the International Genomics Alzheimer’s (IGAP) 

GWAS was included as a negative control. 

Significant protein coding DEGs (Bonferroni p adj < 0.05) were grouped into three gene 

sets: 1) All DEGs, containing all the significant DEGs 2) Upregulated DEGs (FC > 0), 

with all the significantly upregulated DEGs and 3) Downregulated DEGs (FC < 0), with 

the significantly downregulated genes. The gene sets were analysed for association with 

SZ, ASD and intelligence.  

Gene sets were correted for the number tests performed (for each bumber of cell types, 

developmental stages and GWAS analysed). For the analysed datasets, at least one 

stage and dataset were significantly associated with SZ or intelligence (Bonferroni p adj 

< 0.05, Figure 4.7). Nominal enrichment was found for ASD in neurons derived from 

patient cell line EA8 and NPCs of CYFIP1ko. However, they did not survive the test for 

multiple correction (Bonferroni p adj. > 0.05). As hypothesised, none of the differentially 

expressed gene sets showed statistical significance for IGAP even before correction for 

multiple testing. These results indicate that CYFIP1-regulated genes are exclusively as-

sociated with psychiatric traits and not neurodegenerative disorders.  
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Figure 4.7 Association of CYFIP1 DEGs and neuropsychiatric disorders. 
MAGMA enrichment results for GWA studies associated with schizophrenia (SCZ), autism spec-
trum disorders (ASD), intelligence and the international genomics Alzheimer’s (IGAP). Bars indi-
cate the -log10 of the Bonferroni P adjusted over the threshold (black line) in each dataset. No 
significant association was found for ASD and IGAP. 

 

Next, I sought to identify what is the smallest group of genes that capture a genetic signal 

for SZ and intelligence traits. Using the iterative analysis previously described, GO en-

richment was carried out for those groups of DEGs genes with a significant association 

for SZ or intelligence in the above paragraph. These newly-generated sets reflected the 

changes described in section 4.2.3, where GO associated with cell adhesion, central 

nervous system development and ribosomal translation were found enriched. Interest-

ingly, terms associated with mitochondria were found amongst the genes with a signifi-

cant enrichment for SZ (Error! Reference source not found.), suggesting a role for 

these in the development of psychiatric disorders. On the other hand, genes involved 

with intelligence were enriched for cholesterol metabolism (Error! Reference source 

not found.). This analysis revealed different functional aspects in which groups of genes 

can cause the same disorder. 
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Table 4.3  Functional sets generated from groups of genes with significant enrichment for 
SZ. 

 
Significant functional gene sets generated from genes grouped by their regulation (fold change) 
showing a significant association with a neuropsychiatric trait. 
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Table 4.4 Functional gene from groups of genes with significant enrichment for intelli-
gence. 

 
Significant functional gene sets generated from genes grouped by their regulation (fold change) 
showing a significant association with a neuropsychiatric trait. 

 

The reduced gene sets are tested in MAGMA for association with SZ or intelligence using 
the complete list of DEGs in their group as a covariate. The covariate enrichment test 

determines whether a subset of genes is particularly enriched for a psychiatric trait as 

compared to the rest of the group. Error! Reference source not found. summarises 

the results of the enrichment analysis. Two functional gene sets showed nominal enrich-

ment (p < 0.05) for SZ over and above that seen in DEGs as a whole: “nuclear chromatin” 

in CYFIP1tg NPCs and “somatic stem cell population maintenance” in 15q11.2 deletion 

carrier EA62 neurons. In CYFIP1ko NPCs, the functional group “nephron tubule mor-

phogenesis” showed nominal enrichment for intelligence. The gene sets contained DNA 

binding proteins, cell cycle or protein biosynthesis.  
 
Table 4.5 MAGMA enrichment results for functional gene sets and GWAS. 

 
Functional gene sets with nominal enrichment (p < 0.05) for SZ and intelligence GWAS. None of 
the gene sets was significant after Bonferroni correction.  
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4.2.5 Genes targeted by the CYFIP1-FMRP-eIF4 complex are as-

sociated with SZ 

Since no significant gene sets were identified, a literature search for gene sets involved 

with SZ was carried out resulting in 136 gene sets. From these, 134 sets were obtained 

from the published study by Pocklington and colleagues analysing genome-wide CNV 

data (Pocklington et al., 2015). These gene sets were derived in part from a CNS-related 

subset of the MGI mammalian phenotype database, that contains groups of genes with 

an experimentally tested phenotype, with a postulated relevance to SZ. Besides these, 

the authors included gene sets originated from previous SZ studies and curated proteo-

mic literature. These 134 gene sets included terms involving function, development and 

structure of the nervous system; behaviour and some subcellular neuronal terms (e.g. 

post-synaptic density complex, ARC, etc.). Those gene sets were complemented with 

FMRP target genes, and loss-of-function (LoF) intolerant sets of genes (Darnell et al., 

2011; Lek et al., 2016). There is extensive evidence that CNVs and mutations affecting 

FMRP target genes and LoF intolerant genes are more common in individuals with SZ 

than controls (Fromer et al., 2014; Purcell et al., 2014; Genovese et al., 2016; Leonenko 

et al., 2017; Curtis et al., 2018).  

Enrichment analysis was carried out using all the significant DEGs for the CYFIP1tg, 

CYFIP1ko and 15q11.2 cells. Out of the 136 gene sets tested, 44 unique terms were 

significantly enriched in all the datasets analysed (Figure 4.8). The FMRP-target genes 

were at the top affected group, appearing enriched in all time-points analysed for the 

CYFIP1 engineered cells. Multiple gene sets involved in CNS structure and morphology 

as well as synaptic terms were found to be significantly enriched for all the cell types 

analysed in different developmental stages. These terms included abnormal neuron dif-

ferentiation and morphology, synaptic transmission and abnormal brain morphology and 

structure. CYFIP1ko NPCs showed the largest number of enriched terms where 28 out 

of 35 unique terms were found to be significantly enriched amongst these gene sets. 

Moreover, the CYFIP1ko cells showed the largest similarity to that of the 15q11.2del 

cells. Out of the 35 enriched terms enriched in CYFIP1ko cells, 13 of them were shared 

with at least one of the patient-derived cells. 
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Figure 4.8 Functional enrichment for CNS-specific gene sets. 
Dot plot summarising the results of the functional gene sets for CNS-specific gene sets including 
FMRP and LOF intolerant genes. Gene sets were ordered by the number of datasets for which 
they were enrich, with FMRP-target genes being the most relevant. The NPC stage captured the 
largest number of significant terms after Bonferroni correction. CYFIP1ko cells shared the biggest 
overlap with terms originated from the 15q11.2del carrying cells. The size of the dot is proportional 
to the number of DEGs in the gene set. 

These gene sets were tested in MAGMA for enrichment in SZ-associated common vari-

ants. All the DEGs for each particular dataset were used as a covariate to determine the 

specific enrichment of a gene set over and above that of DEGs as a whole. No gene sets 

were found to be significant for EA8 cells. Gene sets were corrected for the number of 

tested sets and number of datasets analysed. After Bonferroni correction, only DEGs 

regulated by FMRP were found to be significantly enriched for SZ (Error! Reference 

source not found.).  
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Table 4.6 MAGMA enrichment results for CNS gene sets and GWAS for SZ. 

 
Table summarising the results for the genetic enrichment in MAGMA for CYFIP1tg and CYFIPko 
cells. Only genes in the FMRP-targets gene set captured significant genetic association with SZ 
after Bonferroni correction. 

 

4.3 Discussion 

This chapter explores the biological significance of the DEGs identified in the previous 

chapter and determine the association of CYFIP1-regulated genes with the development 

of neuropsychiatric disorders. First, DEGs were used to construct functional gene sets: 

groups of genes with a shared enrichment signal that exercise a function in particular. 

These gene sets reflected the cellular phenotype observed in the cells and act as a con-

firmation of the pathway enrichment analysis with KEGG pathways. Finally, altered path-

ways were tested in MAGMA using GWAS summary statistics for different neuropsychi-

atric traits to determine the association of the pathways with the diseases. 

Previous transcriptomic analysis revealed that CYFIP1 knock down in NPCs caused al-

terations pathways involved in cell division, ATP synthesis and cytoskeleton remodelling 

and were enriched for FMRP targets (Nebel et al., 2016). Pathway enrichment analysis 

of CYFIP1tg and CYFIP1ko are in agreement with these findings and identify particular 

signalling pathways involved in the development of the observed phenotype and linking 

alterations in CYFIP1 expression with developmental delays. Three pathways were char-

acteristically represented by the top 10 most relevant genes: PI3K-AKT, MAPK and 

cAMP. The three pathways play a role in cell growth, differentiation and survival. During 

embryonic cortical development, these pathways are critical for neural progenitor cell 

survival and are involved in maintaining the balance between self-renewal and or differ-

entiation.  

The three pathways are known to interact between each other through multiple crosstalk 
and therefore, alteration in one of them could trigger compensatory mechanism in the 

others and reflected at the transcriptomic level. Amongst these genes, the locus 
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containing AKT3 has been previously identified as a risk gene for SZ by GWAS and its 

mRNA is regulated by the FMRP1-CYFIP1-eIF4E complex (Darnell et al., 2011; Ripke 

et al., 2014; Skene et al., 2018). This makes AKT3 an interesting candidate for further 

study. The role of AKT3 in the development of the phenotype observed in CYFIP1 gain- 

and loss-of-function will be therefore described in Chapter 5. Moreover, the tran-

scriptomic characterisation of cells carrying a 15q11.2 deletion indicated similar changes 

to those observed in the CYFIP1 engineered cell lines. More than 50% of the DEGs were 

shared between the patient-derived cells and the hESC derivatives with altered CYFIP1 

levels. 

The functional enrichment analysis identified gene sets involving cell adhesion, telen-
cephalon development and synapse, which further confirm the findings in the phenotyp-

ical analysis. The functional sets also identified novel functions altered by the dysregu-

lation of CYFIP1: cholesterol metabolism and mitochondria. There is growing evidence 

indicating that the mitochondria plays a role in the development of neuropsychiatric dis-

orders, particularly in SZ (Shao et al., 2008; Rollins et al., 2017; Sullivan et al., 2018). 

However, the molecular mechanism behind this process is still poorly understood. Little 

is known about the role of the cholesterol in SZ. It is known that schizophrenic patients 

develop altered levels of cholesterol in blood (Solberg et al., 2016) and exist a positive 

correlation between cholesterol levels and cognitive index (Krakowski and Czobor, 

2011), but whether it is a cause or a consequence of the disorder remains to be eluci-

dated. The analysis carried out in this chapter shows that alterations in cholesterol me-

tabolism appear in the very early stages of cortical development. This opens an oppor-

tunity to identify potential new biomarkers in the development of SZ. 

Alterations affecting CYFIP1 expression have been previously associated with neuro-

psychiatric disorders such as SZ, ASD and intellectual disabilities. These disorders are 

highly polygenic, where alterations in multiple genes have been characterised for the 

different conditions. At the same time, CNV studies have identified the same genes 

across these neuropsychiatric disorders, which indicates that alteration of the same path-

ways can have a different phenotypical outcome (Chung, Tao and Tso, 2014). The ge-

netic analysis of the DEGs in CYFIP1 engineered cells and 15q11.2del carrier cells show 

a positive enrichment for SZ and intelligence. However, trying to pinpoint a small subset 

of genes has not been possible. The conditional analysis of the functional gene sets did 

not identify any significant sets, which means that the overall group of DEGs is involved 

in the development of the psychiatric traits. It is possible that the highly polygenic nature 

of the disorders makes it difficult to characterise a small subset of genes.  

Finally, the use of expert curated datasets showing association for SZ raised the atten-
tion to the CYFIP1-regulated genes that are targets of FMRP. The first evidence for the 
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relevance of these genes was shown in Chapter 3, where it was shown that genes reg-

ulated by FMRP were highly enriched amongst the DEGs. Despite the fact that the anal-

ysis carried out by Pocklington et al., did not find a significant association between SZ 

and FMRP target genes, they observed a tendency for this gene set towards enrichment 

(Pocklington et al., 2015). The difference between these results can be attributed to the 

sample size used to determine the enrichment for SZ. In the first case, Pocklington and 

colleagues were limited to CNV data of 27,771 samples (11,355 cases and 16,416 con-

trols) whereas the analysis presented here was carried out with a sample size of more 

than 105,000 probands (40,675 cases and 64,643 controls) (Pocklington et al., 2015; 

Pardiñas et al., 2018). The analysis conducted in this chapter, reinforces the importance 

of these genes in the development of SZ upon dysregulation of CYFIP1 expression. In 

both CYFIP1tg and CYFIP1ko cells, FMRP targets captured a significant genetic signal 

for SZ. Amongst the multiple mRNAs regulated by FMRP we can find AKT3 and GSK3β, 

some of the key regulators of the βCAT signalling pathway. 

In conclusion, the analysis of the transcriptomic profile of the CYFIP1 gain- and-loss-of-

function cells as well as the patient cells carrying a deletion in the 15q11.2 confirms the 

phenotypical findings already characterised. Two novel functions of CYFIP1 regulated 

genes are identified with this analysis: cholesterol metabolism and mitochondria; and 

gives further evidence that the WNT/AKT/βCAT axis plays a fundamental role in the de-

velopment of an abnormal development when CYFIP1 is altered. Most importantly, this 

chapter shows, for the first time, that CYFIP1-regulated genes generally associated with 

GWAS candidate genes for SZ and intelligence, and that FMRP target genes are driving 

the association with SZ. 
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5 Chapter 5  

 

 

 

 

CYFIP1 modulates neurogenesis by 

regulating AKT and ΒCAT signalling 
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5.1 Introduction  

Transcriptomic analysis of gain- and loss-of-function of CYFIP1 cells presented in the 

previous chapter indicates that amongst the multiple affected pathways, these cells show 

alterations in the PI3K-AKT and WNT-βCAT signalling pathways. During cortical devel-

opment, the levels of transcriptionally active βCAT and total NCAD in the VZ are posi-

tively correlated, and it is mediated, in part, through AKT signalling (Zhang et al., 2013). 

βCAT is a downstream effector of multiple signalling pathways including AKT, WNT or 

Notch (see Chapter 1). In basal conditions, βCAT is actively phosphorylated in the N-

terminus (p-Ser 33/36), which primes the ubiquitination of βCAT for degradation through 

the proteasome. This process is mediated by a destruction complex formed by adeno-

matous polyposis coli (APC), axis inhibition protein (AXIN), serine/threonine casein ki-

nase 1⍺ (CSK1⍺), protein phosphatase 2A (PP2A) and glycogen synthase kinase 3β 

(GSK3β). However, the binding of WNT to its receptor frizzled (Fz) and lipoprotein re-

ceptor-related protein 5/6 (LRP5/6) causes the recruitment of AXIN to the cell mem-

brane. The recruitment of AXIN disrupts the destruction complex allowing the accumu-

lation of ΒCAT in the cytoplasm, which later translocates to the nucleus and activating a 

gene response. Alternatively, AKT can phosphorylate both GSK3β and βCAT. This ac-

tivity causes the stabilisation of active βCAT and increases its transcriptional activity in-

dependently from WNT signalling activation (Fang et al., 2007). 

The PI3K-AKT pathway plays multiple roles in cortical development. Regulation of radial 

glia migration, dendritic growth, cell survival and proliferation are some of the character-

ised functions for this signalling pathway (Jossin and Goffinet, 2007; Diez, Garrido and 

Wandosell, 2012; Itoh et al., 2016). Genetic alterations affecting genes in the PI3K-AKT 

pathway have been associated with numerous brain malformations including megalen-

cephaly, microcephaly and cortical dysplasia (Tokuda et al., 2011; Jansen et al., 2015), 

demonstrating the importance of this pathway for the normal brain development.  

The AKT family is comprised of three proteins: AKT1, AKT2 and AKT3, which are en-

coded by three independent genes but share a large structural homology (Kumar and 

Madison, 2005). Three domains are present in all isoforms of AKT: 1) the pleckstrin ho-

mology (PH) domain, which allows the interaction of AKT with phosphatidylinositol 

(3,4,5)-triphosphate (PIP3) and is required for its translocation to the cell membrane. 2) 

a protein kinase domain, which exercises the catalytic function of the protein and 3) a 

regulatory domain at the C-terminal tail (Elghazi et al., 2007). In order to be activated, 

AKT needs to be recruited first to the cell membrane through the interaction between the 

PH domain and the PIP3. The kinase can then be phosphorylated by other proteins that 

subsequently enable the phosphorylation activity of AKT.  
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Despite the large structural homology of around 80% of the amino acidic sequence, each 
AKT isoform has a distinct expression pattern and function (Kumar and Madison, 2005; 

Elghazi et al., 2007). AKT1 regulates whole body organism growth (Cho et al., 2001); 

AKT2 is present in insulin-responding tissues and is involved in glucose homeostasis 

(Cho, 2001); while AKT3 plays a role in regulating the normal brain size by controlling 

the cell number and size (Easton et al., 2005). All AKT isoforms are expressed in the 

developing and adult human brain with AKT2 being expressed only in astrocytes and 

AKT1 and AKT3 in neuronal cells (Levenga et al., 2017). AKT3 is highly expressed in 

both human and mouse brains, with its expression being higher during the foetal devel-

opmental stages. Studies in mice have shown that AKT3 makes up 50% - 60% of the 

total AKTs in the cortex and hippocampus and exhibits an increased activity of 15- to 40- 

fold compared to that of AKT1 and AKT2. Only AKT3 has been previously identified as 

a loci with genome-wide significance to be associated with SZ by the two largest SZ 

GWAS (Ripke et al., 2014; Pardiñas et al., 2018). Moreover, the mRNA of AKT3 is one 

of the multiple mRNAs regulated by the CYFIP1-FMRP-eIE4F complex. 

In line with the transcriptomic analysis results, preliminary western blot analysis of our-

CYFIP1 gain- and loss-of-function cells throughout cortical neuron differentiation showed 

altered levels of NCAD and βCAT (Tamburini, unpublished). A tendency for higher levels 

of NCAD was observed in differentiating CYFIP1tg cells, which were accompanied by 

an increase in the active form of βCAT (S552) and a decrease of inactive βCAT (S33/37). 

These findings were observed in the opposite direction in the CYFIP1ko cells.  

In light of the findings presented in Chapters 3 and 4 of this thesis, we hypothesised that 

the maintenance of PAX6+ NPCs in CYFIP1tg cells could be driven by AKT, more spe-

cifically through AKT3. In order to demonstrate this hypothesis directly, I first examined 

by Western blot analysis the level of proteins involved in AKT-mediated activation and 

βCAT inhibition. Secondly, I developed a lentiviral-based CRISPR/Cas9 genome editing 

system for targeting ATK3 in order to modulate its activity at the genetic level in CYFIP1tg 

NPCs and evaluated the effects of AKT3 manipulation on cortical differentiation. 
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5.2 Results 

5.2.1 CYFIP1 overexpression leads to decrease of GSK3Β and 

AKT3 protein levels and their phosphorylation 

Phosphorylation of βCAT through GSK3β promotes its degradation and inhibit its tran-

scriptional activity, while active AKT phosphorylates GSK3β at N-terminus (p-S9) to in-

activate the protein, allowing the stabilisation of βCAT (Zhang et al., 2013). Changes in 

this tightly regulated process have effects on cellular morphology, proliferation and pat-

terning of the CNS (Valvezan and Klein, 2012). Consistent with the transcriptomic anal-

ysis, preliminary Western blot analysis of our CYFIP1 engineered cell lines (by an ex-

PhD student) confirmed a change in the NCAD-βCAT pathway, which is likely WNT-

independent. However, the connection between AKT and βCAT remains to be estab-

lished. I, therefore, performed further Western blot to determine the level of these two 

proteins.  

I found that, compared to the isogenic control cells at the same differentiation stage, the 

total amounts of AKT3 was reduced in CYFIP1tg cells at day 20 of differentiation, while 

no change was observed at days 35 and 45 (Figure 5.1). However, the amount of pAKT3 

(p-S473) was increased at day 20 in CYFIP1tg cells, leading to an increase in the ratio 

between p-S473 and total AKT3. Moreover, the total GSK3β was found to be significantly 

decreased in CYFIP1tg cells compared to the controls at all three time points analysed. 

Furthermore, the levels of GSK3β in control cells appeared to increase over time, 

whereas its levels in the CYFIP1tg were similar in this time window. The phosphorylation 

levels of GSK3β (the ratio between p-S9 and total GSK3β) were comparable between 

the control and CYFIP1 overexpressing cells across the three time-points, indicating that 

the little amounts of GSK3β present are being inactivated at the same level as in control 

cells. I also examined the level of the WNT receptor LRP5/6 and found it unchanged at 

all stages. These results are consistent with the previous findings and provide further 

evidence on increased activity of NCAD/AKT/βCAT signalling in CYFIP1tg cells. 

 



 119 

 
Figure 5.1 Western blot analysis of genes in the NCAD signalling pathway in CYFIP1tg 
cells. 
(A) Western blots for AKT3, phosphorylated AKT3 (p-S473), total and phosphorylated (p-S9) 
GSK3Β, LRP6 and GAPDH in CYFIP1tg at three time points defined as NPCs, early and mature 
neurons corresponding to days 20, 35 and 45 of differentiation. Bar graphs representing the quan-
tification of AKT3 (B), p-AKT (S473) over total AKT3 (C), total GSK3Β (D), p-GSK3β (S9) over 
total GSK3β (E) and LRP6. Data were compared by one-way ANOVA followed by Tukey post-
hoc test (* p < 0.05, ** p < 0.01), n = 3 independent experiments. 

 

5.2.2 Genetic manipulation of AKT3 in CYFIP1tg cells  

(I) A lentiviral CRISPR/Cas9-based gene editing system 

The results obtained in the previous section indicate that a reduced expression of GSK3β 

combined with an increased AKT3 kinase activity could be the leading cause for the 

imbalance in βCAT activity previously identified in differentiating CYFIP1tg cells. My tran-

scriptomic analysis gathered evidence for AKT3 as a target gene to be interrogated for 

validating the causal relationship. Multiple kinase inhibitors are available to reduce the 

AKT pathway activity. However, these are promiscuous inhibitors that are not specific for 

individual AKT isoforms and therefore would not be adequate to study the effect driven 

by AKT3. Consequently, genetic manipulation of AKT3 was chosen as my experimental 

approach. 
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NPCs are one of the ‘difficult to transfect’ cell type using classic gene delivery procedures 
such as lipofection or calcium phosphate-based transfection. Viral vectors have been 

used increasingly due to their high transduction efficiency. Amongst the different viral-

based vectors, lentiviral systems are able to produce stable, long-lasting genetic modifi-

cations by introducing their genetic material into the host cell (Johnston et al., 1999). 

Another advantage of using lentiviral vectors is their ability to infect both dividing and 

non-dividing cells without causing a high level of cell death (Jandial et al., 2008). The 

recently developed DNA-manipulating tool CRISPR/Cas9 has become a popular option 

to edit genomic DNA of mammalian cells. This system combines the use of a chimeric 

single guide RNA (sgRNA) to guide the nuclease Cas9 that generates a double-strand 

break in the area adjacent to the complementary sequence of the sgRNA. This will pro-

mote mechanisms of DNA repair, causing InDels in the targeted region and can result in 

the introduction of an early STOP codon causing loss of the functional protein. For these 

reasons, a lentiviral-based CRISPR/Cas9 system was chosen to manipulate the expres-

sion of AKT3 in CYFIP1tg NPCs. 

The method involves a second-generation lentiviral-based expression system which can 

carry up to four sgRNAs, a sequence coding for the spCRISPR/Cas9 and an enhanced 

green fluorescent protein (GFP) tag (Figure 5.2 A) (Kabadi et al., 2014). Each sgRNA 

was initially cloned into an individual plasmid downstream of a distinct promoter. The 

four guides were then assembled into the final expression vector through golden gate 

assembly. To generate this construct, the sgRNAs were designed to target the first cod-

ing exon of AKT3 containing the PH domain necessary to bind to the PIP3 which leads 

to the activation of AKT (Figure 5.2 B) (Alessi and Cohen, 1998). The sgRNAs with the 

lowest off-target score were selected (Figure 5.2 C). This is particularly relevant since 

lentiviruses integrate their genetic material into the host genome generating stable inte-

grations which can translate into potential off-targets derived from the CRISPR/Cas9 

activity. 

The final lentiviral donor plasmid coding for the sgRNAs-Cas9-eGFP was first validated 

by restriction enzyme digestion of the region containing the insert. This showed the in-

troduction of the expected1,8 Kb sequence compared to the 500 bp sequence of the 

empty plasmid (Figure 5.2 D). Secondly, the number of guides cloned into the construct 

was assessed by PCR across the region containing the sgRNAs using primers as de-

scribed by Kabadi and colleagues (Kabadi et al., 2014). Due to the repetitive nature of 

the sequence inserted, the cloned sgRNA units produced a ladder of PCR amplicons 

with the highest being at 1,8 Kb (Figure 5.2 E), indicating that the four sgRNAs were 

successfully cloned into the Cas9 plasmid. 
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Figure 5.2 Generation of a lentiviral construct targeting AKT3. 
(A) General linear structure of the lentiviral construct spanning the region containing the 4 sgR-
NAs, their promoters and the hUbC-Cas9-T2A-GFP, (B) AKT3 gene structure and targeted se-
quence depicting the sections where each sgRNA will cut, (C) sgRNA scores, sequences and 
PAM being cut by the Cas9. Example of DNA electrophoresis gel showing the full construct of the 
Cas9 targeting AKT3 compared to an empty Cas9 construct by enzymatic restriction (D) and PCR 
amplification (E) of the region across the sgRNAs and the Cas9-eGFP. 
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(II) AKT3 gene editing in hESC-derived NPCs 

Control hESC cells were differentiated to cortical NPCs in order to determine the ade-

quate number of lentiviral particles necessary for optimal transduction. At day 18 of dif-

ferentiation NPCs were dissociated and plated at 200,000 per well of a 24 well plate. 

NPCs were transduced the following day with increasing concentrations of lentiviral par-

ticles. After the infection, the cells were grown for three days to allow a robust expression 

of GFP before being fixed and quantified for GFP expression. The three conditions 

yielded similar results, with ~80% of the cells expressing GFP (Figure 5.3 A). In parallel, 

a contiguous culture treated in the same conditions was used to extract the genomic 

DNA of the whole population. The sequence containing the targeted region was amplified 

by PCR and sequenced in order to quantify the efficiency of each sgRNA using the online 

tool TIDE (https://tide.deskgen.com). TIDE uses a decomposition algorithm to quantify 

the presence of InDels in a pool of edited and non-edited cells (Brinkman et al., 2014). 

This allows the quantification of the efficiency of each sgRNA in a mixed population of 

DNA fragments formed by edited and non-edited sequences. 

The analysis revealed that the cultures exposed to three increasing concentrations of 
lentiviral particles achieved a similar transduction efficiency of around 80% with no sta-

tistical difference (Figure 5.3 B). InDels were identified proximal to the predicted cutting 

sites targeted by all four sgRNAs at a frequency between 16 and 20%. Thus, assuming 

that there were no multiple cuts within one allele, 73.1% of the total sequences contained 

InDels in the AKT3 coding sequence (Figure 5.3 C).  

Before delivering the lentiviral construct to CYFIP1tg NPCs to manipulate AKT3, the po-
tential top off-targets for each sgRNA were analysed. From the 5 highest-scoring off-

targets, two are located in coding sequences, thus more likely to be causing unwanted 

phenotypic effects. Sequencing of PCR amplicons spanning these regions did not detect 

InDels, indicating that none of these potential off-targets were cut by the Cas9 (Figure 

5.3 D). 
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Figure 5.3 Assessment of infectivity and editing efficiency of the lentiviral vector targeting 
AKT3. 
(A) GFP expression in NPC cultures five days after transduction with three number of lentiviral 
particles tested, (B) GFP quantification by immunostaining of each of the three lentiviral densities 
tested, (C) individual and combined percentages of sequences edited by the sgRNAs targeting 
AKT3. (D) Table summarising the top off-targets of the sgRNAs against AKT3. All scale bars = 
50 µm. 
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5.2.3 Disruption of AKT3 in CYFIPtg NPCs rescued detailed neu-

rogenesis 

To provide direct evidence that AKT3 signalling mediates CYFIP1 regulated cortical neu-

rogenesis, I performed a viral-based AKT3 (loss-of-function) genome editing in CYFIP1tg 

hESC-derived NPCs, since my RNAseq analysis and Western blot indicated an in-

creased AKT signalling in these cells. If our hypothesis proves to be correct, we would 

observe either a full or partial rescue of the delayed neuronal differentiation in CYFIP1tg 

NPCs. Lentiviruses expressing Cas9 and AKT3-targeting sgRNAs as described above, 

were delivered to the parental control and CYFIP1tg NPCs at day 18 of cortical differen-

tiation. The number of PAX6+ neural progenitors and TBR1+ neurons were analysed at 

days 35 and 45 of differentiation. The presence of these two markers was quantified in 

the GFP+ and GFP- population of the control and CYFIP1tg cultures by double im-

munostaining with an anti-GFP antibody, respectively. At day 35, over 60% of the cells 

were GFP+ in the control cultures, while CYFIP1tg cultures contained 67%. At day 45, 

the proportion of GFP+ cells was found to decrease to 48% and 51%, respectively. This 

could be due to downregulation of the expression of GFP in the cells, or due to the ex-

pansion of GFP- cells. The non-viral transduced GFP- cell population served as an inter-

nal negative control to the GFP+ cell population that were enriched with cells carrying 

disrupted AKT3. 

In keeping with previous findings in our laboratory, at day 35, the non-infected GFP- 

control population in the CYFIP1tg cultures contained more PAX6+ NPCs and less 

TBR1+ neurons than those in the isogenic control cultures (Figure 5.4 A-D). A similar 

trend was also observed at day 45, where the number of PAX6+ NPCs were significantly 

higher in the GFP- population of the CYFIP1tg cultures than those in the control cultures 

where few NPCs remained at this differentiation stage (Figure 5.4 E, F).  

However, for both time points, the number of PAX6+ NPCs in the GFP+ population of the 

CYFIP1tg cultures was significantly decreased compared to those in the non-transduced 

cell population. Importantly, the number of CYFIP1tg GFP+PAX6+ cells dropped to the 

baseline, i.e. the level observed in the non-transduced parental cultures. I did not detect 

significant differences in the number of PAX6+ and TBR1+ cells between the GFP+ and 

GFP- population in the control cells, suggesting that AKT3 manipulation did not influence 

NPC proliferation and/or differentiation of the control cells (see discussion). 



 125 

 
Figure 5.4 Lentiviral-based CRISPR/Cas9 targeting of AKT3 reduces PAX6 NPCs. 
(A, B) Immunofluorescence and quantification of PAX6+ cortical progenitor cells (magenta) over-
lapping with GFP (green) at day 35 and TBR1+ neurons (C, D) for the same stage of differentia-
tion. (E, F) Immunofluorescence and quantification of PAX6+ cortical progenitor cells (magenta) 
overlapping with GFP (green) at day 45. Data were compared by one-way ANOVA followed by 
Tukey post-hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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To ascertain that the observed phenotypic rescue in CYFIP1tg cells was the conse-
quence of AKT3 manipulation, I examined the total and phosphorylated forms of AKT3 

and GSK3β through western blot analysis (Figure 5.5 A). In the CYFIP1tg cultures, the 

level of total AKT3 was reduced at both day 35 and day 45. However, only day 45 data 

value reached statistical significance due to large variations of individual experiments 

(Figure 5.5 B). Conversely, the level of phosphorylated AKT3 (S473) was found to be 

significantly reduced in both CYFIP1tg and control cells following AKT3 manipulation at 

day 45 (Figure 5.5 C). For GSK3β, no difference was found at total protein level between 

the AKT3 manipulated, and control condition (non-transduced) in both CYFIP1tg and 

parental control cells for both analysed stages (Figure 5.5 D). However, differences in 

the phosphorylated form were identified. At day 35, phosphorylated GSK3β (S9) was 

found to be increased in non-AKT3 manipulated CYFIP1tg cultures compared to the 

control cells at the same stage of differentiation (Figure 5.5 E). AKT3 targeting led to a 

reduction in the fraction of phosphorylated GSK3β in the CYFIP1tg comparatively to the 

controls at days 35 and 45 of differentiation (Figure 5.5 E). 
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Figure 5.5 Western blot quantification of cells treated or untreated with the lentiviral 
CRISPR/Cas9 against AKT3. 
(A) Western blots for AKT3, phosphorylated AKT3 (S473), total and phosphorylated (S9) GSK3β, 
and GAPDH in CYFIP1tg and controls at days 35 and 45 of differentiation with or without the 
presence of a lentiviral construct against AKT3.Bar graphs representing the quantification of 
AKT3 (B), p-AKT (S473) over total AKT3 (C), total GSK3Β (D) and p-GSK3β (S9) over total 
GSK3β (E). NT: non-transduced. Data was compared by one-way ANOVA followed by Tukey 
post-hoc test (* p < 0.05).  
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5.3 Discussion 

Initial phenotypic data generated by Dr Tamburini (unpublished) revealed that changes 

in CYFIP1 expression caused increase and decrease in NCAD and βCAT levels in both 

CYFIP1tg and CYFIP1ko respectively. Increased NCAD was correlated with increased 

levels of the active form of βCAT in CYFIP1tg cells. However, the connection between 

these findings was missing. The data presented in this chapter was able to characterise 

a possible mechanism linking the correlation of these two observations in CYFIP1tg neu-

ral cells. Firstly, the ratio of active AKT3 (p-S473)/AKT3 appeared to be higher in 

CYFIP1tg at day 20 of differentiation, and significantly higher at day 35. These were 

accompanied by a lower expression of GSK3Β in CYFIP1tg throughout the process of 

differentiation. At the same time, the proportion of inactive GSK3Β was comparable be-

tween control and CYFIP1tg. Because GSK3β phosphorylates βCAT at the N-terminus 

(S33/37) priming it for degradation, the excessive inactivation of GSK3β combined with 

a highly active form of AKT3 could explain the increased form of active βCAT (p-S552).  

The development of the gene-editing tool CRISPR/Cas9 has become a true break-
through in the field of cell biology and genome editing. This technique has been rapidly 

developed and improved for the use in mammalian cells. First approaches using this tool 

involved the use of separate plasmids coding for sgRNAs and Cas9 in order to target 

and edit a particular sequence, which led to a small proportion of successfully edited 

sequences. The success of this method is dependent on the co-expression of sgRNAs 

and Cas9 in the same cell. It has been shown that the use of multiple sgRNAs can im-

prove genomic editing efficiency. Taking advantage of type IIS restriction enzymes that 

cut outside their recognition sequence, such as the ones used in this chapter, allows the 

generation of unique overhangs that allow the assembly of those complex constructs 

through golden gate reaction.  

Kabadi and colleagues developed a multiplex lentiviral-based vector combining 

CRISPR/Cas9 with up to 4 sgRNAs (Kabadi et al., 2014). Using this technique, the au-

thors reported a favourable increase in the percentage of InDels present when the sgR-

NAs were introduced in a single construct compared to introducing them separately. This 

method was successfully used in this chapter to manipulate the sequence of AKT3. TIDE 

analysis proved that the designed sgRNAs were able to introduce InDels in the desired 

sequence without introducing unwanted modifications in other genes due to off-targets. 

Each guide had an individual efficiency of up to 20% and combined they manipulated 

more than 75% of the sequences. However, this may not be an accurate value because 

some of the edited sequences could have been edited by more than one guide. None-

theless, designing overlapping sgRNAs for the same sequence make it unlikely that, 
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once one guide has cut and generated InDels in the sequence, the other guide can’t bind 

to the newly edited sequence and cut again.  

The strategy presented in this chapter presents multiple advantages: 1) The use of a 

lentiviral CRISPR/Cas9 allows the genetic manipulation of the cells at one specific de-

velopmental stage without altering the previous differentiation process, thus reducing 

variations between the edited and control cells (that are generally in independent cell 

lines). 2) The use of a vesicular stomatitis virus G (VSVG) pseudotyped viral envelope, 

which binds the virus to the cellular LDL receptor, allows the efficient transduction of the 

culture using a minimal number of viral particles. 3) The combination of multiple sgRNAS 

increasing the efficiency at generating InDels in mammalian cells generated by the Cas9. 

The generated lentiviral particles proved to be efficient at infecting and editing the NPCs 

of both control and CYFIP1tg. The explored NPC marker PAX6 differed in number 

amongst infected and non-infected cells, being lower in the former. No differences were 

observed in the control cells which could indicate that altered signalling through AKT3 

could be specifically playing a role in cells with an excess of CYFIP1 expression, perhaps 

due to CYFIP1-associated role at regulating the translation of mRNAs with FMRP. More-

over, genetic manipulation of AKT3 did not have an effect on the number of TBR1-ex-

pressing cells. Altogether, this could indicate that the mechanism of AKT3 is restricted 

to promoting the self-proliferation of NPCs in CYFIP1tg. Further research needs to be 

developed in order to confirm this mechanism. A first approach would be increasing the 

expression of AKT3 in control cells and observe if this has an effect on the proliferation 

of PAX6+ cells 

Unfortunately, the reduced levels of GSK3β were not able to be replicated in the last part 

of the analysis, where the effects of lvAKT3 were assessed by Western blot. This could 

be explained due to biological differences existing in differentiating cells. Nonetheless, 

the excess of inhibited GSK3β was still observed at day 35 in CYFIP1tg. This effect was 

remarkably restored after applying the lentivirus targeting AKT3. Although no significant 

changes are observed at the protein level, there is a tendency to reduce the expression 

at the protein level, which results in the observed reduction in the phosphorylation of 

GSK3β. This could be due to the effective targeting of the PD domain. Even if there is 

not a complete KO of the gene, small mutations or frame-shift mutations are introduced 

in the sequence, which could alter the structure of the PD domain required for the acti-

vation of AKT; or potential structural changes in the kinase domain making it impossible 

for AKT3 to phosphorylate other proteins such as GSK3β. 
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The genetic manipulation of AKT3 aiming to reduce the expression of the protein with a 
multiplex lentiviral CRISPR/Cas9, was able to reduce the total number of proliferating 

PAX6+ cells. In this context, the disruption of AKT signalling was aimed to increase the 

effect of GSK3β in order to inactivate βCAT. In humans, patients with abnormal activity 

of AKT3 cause alterations in the cortical development, which have psychiatric repercus-

sions. Studies in mice have associated the KO of Akt3 to the development of psychiatric 

phenotypes. In this context, chronic administration of lithium, a known treatment for SZ, 

was able to restore the decreased levels of GSK3β (p-Ser9) rescuing the depressive-

like behaviour of the mice (Bergeron et al., 2017). 

The PI3K-AKT pathway has been previously reported to play a role in FXS, SZ and ASD 
(Crespi, Stead and Elliot, 2010; Matsuda et al., 2019; Telias, 2019). Moreover, pathway 

analysis of SZ and ASD GWAS-associated genes, have highlighted this pathway as a 

potential causal mechanism, amongst the multiple dysregulated processes. Others have 

proposed the PI3K-AKT pathway for pharmacological intervention in SZ and ASD 

(Enriquez-Barreto and Morales, 2016; Gross et al., 2019). Protein expression of NCAD, 

AKT3 and GSK3β mRNAs are regulated at the ribosomal level by the complex formed 

by CYFIP1-FMRP-eI4F (Luo et al., 2010; Darnell et al., 2011; La Fata et al., 2014).  

Interestingly, the transcriptionally active fraction of βCAT can also be regulated by the 

actin cytoskeleton independently from WNT signalling. Alterations affecting the WAVE 

complex, of which CYFIP1 is part of, cause accumulation of F-Actin in the nucleus which 

in turn, promote the translocation of βCAT to the nucleus (Yamazaki et al., 2016). A 

recent study carried out by Moraes and colleagues reported that ABI3, another compo-

nent of the WAVE complex, is regulated by PI3K-AKT signalling. In this study, reduced 

phosphorylation of ABI3 (p-Ser342) promoting its localisation in the WAVE complex, 

which caused the cells to significantly increase their βCAT expression (Moraes, Zanchin 

and Cerutti, 2017). 

In summary, the results presented in this chapter indicate that the effects of AKT signal-

ling are reflected in the transcriptomic data of CYFIP1 engineered cells. Moreover, these 

results provide novel insight into the mechanism, causing the imbalance in AKT signal-

ling in CYFIP1tg cells. Finally, the genetic manipulation of AKT3 provides independent 

confirmation that this kinase plays an important role in the development of the phenotype 

associated with CYFIP1tg cells by inactivating GSK3β and, ultimately, reinforcing the 

activity of ΒCAT in the maintenance of PAX6+ NPCs. 
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6 Chapter 6  

 

 

 

 

General discussion 
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6.1 Summary of findings 

In this thesis, I used transcriptome analysis to investigate the changes induced by altered 

levels of CYFIP1 dosage during cortical differentiation of hPSCs. Changes in gene ex-

pression caused by excess or depletion of CYFIP1 were studied in CYFIP1tg and 

CYFIP1ko, respectively. Both gain- and loss-of-function of CYFIP1 affected the expres-

sion of thousands of genes, including numerous transcripts known to be involved in cor-

tical development. Interestingly, these transcripts were not only limited to protein-coding 

genes but extended to lncRNAs. This novel finding may suggest a role of non-coding 

sequences in the development of neurodevelopmental disorders and the need for further 

study in this area. 

Most importantly, the analysis of the biological pathways revealed that similar cellular 

processes were affected in CYFIP1tg and CYFIP1ko, and these had a tendency to be 

regulated in opposing directions. These findings were further explored in cortical deriva-

tives of iPSCs derived from patients harbouring a deletion in the 15q11.2 BP1-BP2 re-

gion. The similarity between the cells carrying the CNV and the CYFIP1 engineered cells 

provides strong support to the causal role of CYFIP1 in the 15q11.2 CNV. An in-depth 

analysis of CYFIP1 regulated genes forming altered KEGG pathways identified ATK3, a 

GWAS risk gene for SZ and whose mRNA translation is regulated by the FMRP-CYFIP1-

eIF4E complex, as a top candidate gene causing the phenotypical deficits observed in 

CYFIP1tg and CYFIP1ko. Follow-up experiments investigating the effect of AKT3 sig-

nalling in CYFIP1tg indicated that this pathway could be playing a role in the mainte-

nance of PAX6+ NPCs through excessive inactivation of GSK3Β mediate by phosphory-

lation through AKT3.  

Using gene ontology enrichment analysis, genes with altered expression were grouped 

in sets of genes that shared a similar function. These gene sets captured the altered 

processes affected by CYFIP1 dosage change and recapitulated previously known ef-

fects of these genes in cortical development as well as highlight novel associated func-

tions such as mitochondrial function or cholesterol metabolism. Further analysis in 

MAGMA of functional gene sets characterised a signal for genetic enrichment with com-

mon variants for neuropsychiatric disorders such as SZ and ASD. I found for the first 

time that the genetic association with SZ in CYFIP1-regulated genes was restricted to 

FMRP target genes. The identification of a reduced group of genes associated with the 

development of SZ and a cellular pathway contributing to the cellular phenotype, could 

help to elucidate the neurodevelopmental origin of SZ in a CYFIP1 altered context. 
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6.2 Novel identified mechanisms in cells with altered ex-

pression of CYFIP1 

Pathway enrichment analysis of CYFIP1tg and CYFIP1ko provided evidence that in-

creased and decreased levels of CYFIP1 affect similar pathways in opposite directions. 

This analysis captured previously known aspects associated with an altered dosage of 

CYFIP1. However, it identified two newly-associated functions to CYFIP1-regulated 

genes: mitochondrial and cholesterol metabolism.  

 

6.2.1 Mitochondrial alterations 

The abundance of mitochondrial genes altered in both CYFIP1tg and CYFIP1ko indicate 

a role of this organelle in the phenotype observed. Indeed, mitochondria play an essen-

tial role during cortical development and in mature neurons. Alterations in the biology of 

the ATP-generating organelle have previously been associated with multiple neurode-

velopmental disorders (see Chapter 4). A previous study identified that KD of CYFIP1 

affected genes enriched for epilepsy, and amongst these, mitochondrial function ap-

peared to be affected even though it did not reach statistical significance (Nebel et al., 

2016). The data presented in this thesis show, for the first time, a direct relationship 

between CYFIP1-regulated genes are significantly associated with mitochondrial func-

tion. Moreover, enrichment of mitochondrial genes was found in cells carrying an excess 

of CYFIP1 as well as in 15q11.2del carrying cells. 

It is believed that an imbalance between excitation and inhibition are behind the aetiology 

of ASD and SZ (Marín, 2012; Canitano and Pallagrosi, 2017). There is evidence that 

mitochondrial defects have a repercussion in both excitatory and inhibitory neurons. Ge-

netic or pharmacological disruption of the oxidative phosphorylation in MGE-derived in-

terneurons impaired the process of tangential migration (Lin-Hendel et al., 2016). Fast-

spiking parvalbumin+ interneurons can be severely affected by alterations in the mito-

chondria. As shown by Inan and colleagues, deletion of the cytochrome oxidase 10 

(Cox10) in mice caused the impaired assembly of the cytochrome oxidase complex 

causing electrophysiological abnormalities in these cells. Moreover, these mice dis-

played social and behavioural abnormalities, similar to those observed in SZ and ASD 

models (Inan et al., 2016). 

Defects in the cytochrome oxidase subunits affecting dopaminergic neurons have also 

been observed in post-mortem brains of subjects with SZ (Rice et al., 2014). Alterations 
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in the mitochondria can also be observed in pyramidal neurons. Further studies have 

confirmed that layer 5/6 pyramidal neurons contain a decreased number of mitochondria 

(Roberts et al., 2015). Moreover, alterations of mitochondrial genes and proteins have 

been identified in the prefrontal cortex of schizophrenic patients (Prabakaran et al., 

2004). However, these alterations could be secondary to other alterations presented by 

ASD and SZ patients, such as immune dysfunction or aberrant calcium homeostasis 

(Frye and Rossignol, 2011).  

Current research carried out in our laboratory, validated the findings observed at the 
transcriptomic level. Preliminary analyses indicate that CYFIP1tg and CYFIP1ko NPCs 

have, respectively, significantly decreased and increased numbers of mitochondria 

(Tamburini et al., Unpublished). The transcriptomic data pointed out differences in the 

different elements of the electron transmission chain. These changes are likely to be 

reflected in the mitochondrial membrane potential. Moreover, changes in the electron 

transmission chain are likely to be causing repercussion in the number of ROS generated 

by the mitochondria. ROS can act as signalling molecules regulating the process of neu-

rogenesis in the developing neocortex. Study of these could elucidate the effect over 

neurogenesis in a CYFIP1 altered context. 

 

6.2.2 Abnormal cholesterol metabolism 

Gene ontology analysis revealed that both CYFIP1tg and CYFIP1ko present alterations 

in cholesterol metabolism. Cholesterol is particularly important in brain development, and 

it is critical for the formation of the synapses (Kelly L Wormwood, 2013). It is believed 

that alterations in cholesterol synthesis and metabolism can play a role in both SZ and 

ASD. However, no direct link between these has been identified to date. A great variety 

of syndromes associated with ASD, including Smith-Lemli-Opitz syndrome and FXS, 

present alterations in cholesterol (Lee and Tierney, 2011; Berry-Kravis et al., 2015). Pa-

tients with SZ present higher levels of serum lipids, which have been typically attributed 

to pharmacological treatment and lifestyle factors (Paton et al., 2004; Newcomer, 2005). 

Despite this, altered lipid profiles have been found in drug-naive patients and first-epi-

sode cases (Thakore, 2004; Schwarz et al., 2008; Verma et al., 2009; Kaddurah-Daouk 

et al., 2012), which indicates a pre-existing alteration in the lipidome of these patients. 

During embryonic development, the brain morphogen sonic hedgehog involved in the 

patterning of the telencephalon as well as regulating NPC division (Palma and Ruiz i 

Altaba, 2004), is modified by the covalent addition of palmitate and cholesterol before 

being secreted (Pepinsky et al., 1998; Cooper et al., 2003). Disruption of this signalling 
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can have an effect on the cell types generated and on gross brain structure abnormalities 

including a reduction in the corpus callosum, one of the most common abnormalities 

found in ASD neuroimaging studies (Stanfield et al., 2008; Hardan et al., 2009).  

Our laboratory is exploring the effects of changes in CYFIP1 on the different cholesterol 

precursors and metabolites. Preliminary mass spectrometry analysis identified de-

creased concentrations of desmosterol and 7-dehydrocholesterol; and presence of 

8(14)-dehydrocholesterol in CYFIP1tg neurons compared to the isogenic control. Con-

versely, these cells produced 27-hydroxycholesterol (27-HC), a metabolite not present 

in the control. This molecule is known to be an activator of the ERα (Umetani et al., 

2007). Previous models of cell growth in breast cancer have shown a dependency on 

the signalling through 27-HC and ERα (Nelson et al., 2013; Wu et al., 2013). Intriguingly, 

the analysis conducted in Chapter 4 highlighted the dysregulated gene TCF20, which 

encodes for a transcription factor that modulates the activity of ERα. Wther this molecule 

has an impact on the NPCs growth remains to be investigated. 

The same mass spectrometry analysis found the presence of 24(S),25-epoxycholesterol 
(24(S),25-EC) in 15q11.2 deletion-derived neurons. 24(S),25-EC is the most abundant 

oxysterol in murine foetal brain development and can be synthethised parallely to cho-

lesterol (Gill, Chow and Brown, 2008). 24(S),25-EC is known to be the main ligand to 

bind to the liver X receptors (LXRa and LXRb) and its hypothethised that plays a role in 

regulating the biosynthesis of cholesterol (Griffiths et al., 2016). Research indicates that 

24(S),25-EC promotes dopaminergic neurogenesis in ESCs-derived neural cultures and 

midbrain progenitor cells, mediated by the activation of the LXRs, indicating an activity 

of this molecule in the regulation of neuronal maturation (Sacchetti et al., 2009; 

Theofilopoulos et al., 2013). 

Current research in our laboratory is aiming to identify the role of these two sterol pre-

cursors in cortical neural development. Preliminary data showed that increasing concen-

trations of 24(S),25-EC were associated to the maturation of the neural NPCs and cor-

related with increased numbers of CTIP2+ cells, a marker typical of cortical layer V.  

 

6.3 Alterations in mRNA processing  

Gene set enrichment analysis of CYFIP1-regulated genes showed how genes involved 
in mRNA processing were contributing to the altered processes in cells with altered ex-

pression of CYFIP1. (see chapter 4). Amongst the KEGG pathways analysed, the ribo-

some was found to be altered in both CYFIP1tg and CYFIP1ko cells with opposite effects 

on each cell type. These findings were also found in cells with a 15q11.2 del, where the 
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enrichment score took the same direction as the CYFIP1ko cells. GO analysis showed 

that processes involved in mRNA splicing and ribosomal translation were found to be 

affected amongst the CYFIP1-regulated genes. 

The process of mammalian cortical development involves a precise sequence of events. 

Therefore, tightly controlled spatiotemporal regulation, as well as the subcellular locali-

sation of protein synthesis will play an essential role in the development of the neocortex 

(Kraushar et al., 2014). In polarised cells such as the RGCs, subcellular transportation 

of mRNAs by FMRP to local translation sites is required for the adequate neurogenesis 

(Pilaz et al., 2016; Pilaz and Silver, 2017). CYFIP1 has a known role in regulating the 

translation of FMRP targets (see chapter 1). Association of common variants resulting 

from GWAS and the PSC-derived transcriptomic data presented in this thesis identified 

FMRP-regulated mRNAs as the genes driving the association with SZ in cells with al-

tered CYFIP1 expression. Therefore, these results have identified a subset of genes that 

could be directly involved in the development of the psychiatric phenotype. Moreover, 

they provide further evidence for the role for CYFIP1 in the development of neuropsychi-

atric disorders when altered in CNVs affecting the 15q11.2. However, how alterations in 

protein synthesis affect neural development in a CYFIP1 dysregulated context have not 

been studied yet. 

A mass spectrometry analysis of NPCs derived from SZ patients indicated increased 

levels of ribosomal proteins and elongation factors required for protein synthesis (Topol 

et al., 2015). The same study concluded that this effect is limited to NPCs and is not 

present in neurons. Alterations in mechanisms involved in the regulation of protein syn-

thesis have been identified in neurodevelopmental disorders. The mRNA binding protein 

Hu antigen R (HuR) regulates the temporal synthesis of the Forkhead-box domain (Fox) 

family proteins (Kraushar et al., 2014; Popovitchenko et al., 2016). The Fox family pro-

teins have a characterised role in the development of the telencephalon and alterations 

of their expression have been involved with ASD (Lai et al., 2001; Bacon and Rappold, 

2012; Araujo et al., 2015). This finding is particularly interesting in an increased dosage 

of CYFIP1 context, as data presented in this thesis indicate a substantial increase of 

FOXG1 at the mRNA level in CYFIP1tg NPCs.  

Indeed, research has established a direct link between CYFIP1 and the positive regula-

tion of protein synthesis. In a study carried out by Oguro-Ando (see Chapter 1), changes 

in CYFIP1 expression altered mTOR signalling, a pathway that regulates protein synthe-

sis in the cell (Oguro-Ando et al., 2015). Abekhoukh and colleagues further explored 

these findings. Inducing a KD of Cyfip1 in mice primary neuron cultures, the authors 

identified that these effects were primarily driven by changes in affecting PI3K, a kinase 

involved in the activation of the AKT pathway, and resulted in reduced levels of 
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phosphorylated the ribosomal protein S6 (Abekhoukh et al., 2017). The analysis gener-

ated in this thesis pointed out AKT3 as one of the primary genes that could be driving 

the effects observed in cells with an altered dosage of CYFIP1. We hypothesised that 

altered AKT3 function could affect the numbers of PAX6+ NPC population through mod-

ulation of GSK3Β and ΒCAT activity. However, considering the abovementioned litera-

ture, it is possible that AKT3 could be contributing to the observed phenotype through a 

parallel mechanism. Therefore, the effects of AKT3 manipulation should be further in-

vestigated in order to understand their role in protein synthesis in a CYFIP1 altered con-

text. 

 

6.4  Further directions 

RNAseq is a very versatile technique. Besides the application in differential gene expres-

sion, sequencing data generated in this thesis can be used for differential isoform ex-

pression or de novo transcript assembly. Around 95% of the multi-exon human genes 

suffer alternative splicing (Pan et al., 2008; Wang et al., 2008). This is particularly inter-

esting in the brain, where splicing takes place in multiple developmental stages and is 

required for cell-fate decisions, neuronal migration or synaptogenesis (Su, D and Tarn, 

2018). An example is the switch of PTBP1 in NPCs to PTBP2 required for the differenti-

ation to neuronal cells (Boutz et al., 2007). Changes in alternative splicing can affect 

normal brain development causing neuropsychiatric disorders. There is evidence that 

abnormal splicing of RBFOX1 is linked to the development of ASD (Conboy, 2017). Be-

cause increased CYIP1 expression in NPCs affects the spliceosomal complex (see 

Chapter 4), the study of the different splicing variants could give further insight into the 

mechanism of action of CYFIP1.  

We can generate multiple neuronal types in the laboratory, which can be useful to eluci-

date the complex biology of neuropsychiatric disorders where multiple cell types are af-

fected. A study carried out by Skene and colleagues identified specific brain cell types 

affected by SZ. In this study, the analysis of common variants resulting from SZ GWAS 

identified pyramidal neurons, medium spiny neurons and specific interneurons as the 

class of cells affected by this disorder. Each cell type had a unique characteristic gene 

set affected (Skene et al., 2018). Nonetheless, there were shared gene sets amongst 

the cells, which included synaptic genes and FMRP-regulated genes, which captured an 

enrichment for common variants associated with SZ (Skene et al., 2018). This indicated 

that not only cortical cells could be involved in the development of SZ, and therefore, it 

is justifiable to study the biology of this disorder in MSNs and interneurons.  
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In order to fully understand how the mutations affecting CYFIP1 expression can promote 
the development of an aberrant phenotype, further study of the 15q11.2 deletion-carrying 

iPSCs should be carried out. Current transcriptomic analysis of NPCs and neurons car-

rying the 15q11.2 microdeletion have highlighted similar pathways to those identified in 

exclusively affected CYFIP1. This indicates that the mechanism for which the deletion 

causes the observed phenotypes is due to CYFIP1. Therefore, experiments manipulat-

ing AKT3 should be carried out in 15q11.2 del to validate the results obtained in the 

CYFIP1 mutant cells. 

The current data obtained from the lentiviral CRISPR/Cas9 construct targeting AKT3 is 
in agreement with previous research carried out in our laboratory, where the addition of 

an AKT inhibitor in differentiating cells was able to partly reduce the number of PAX6+ 

cells in CYFIP1tg to levels similar of its control cells. Nonetheless, these experiments 

require further development. The number of cells expressing TBR1 were not changed 

upon the lentiviral infection. This could indicate that the time window where the treatment 

was applied was too late to observe an effect in this cell population. To confirm this, other 

postmitotic neuronal populations, such as CTIP2 or CUX1 neurons, which appear later 

in cortical development, should be evaluated. Another important aspect to consider is a 

potential susceptibility of the NPC population over a lentiviral infection. Therefore, re-

peating the presented experiments with the same lentiviral approach without any guides 

to direct the Cas9 should be tested. 

Finally, multiple mutations have been associated with the development of neuropsychi-

atric disorders. In our laboratory, we have generated multiple datasets from in vitro mod-

els of neurodevelopmental disorders of these conditions. These include loss-of-function 

of Set binding protein 1 (SETBP1), mutation that has been associated to the develop-

ment of ASD, ID and multiple congenital malformations (O’Roak et al., 2012; Coe et al., 

2014); and iPSCs carrying a 22q11.2 deletion, a mutation associated with increased risk 

of SZ (Murphy, Jones and Owen, 1999; Stefansson et al., 2008). Comparing the tran-

scriptional signature of such could help to elucidate a common mechanism across the 

different models. 
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Supplementary Figure 1. Differential gene expression in CYFIP1tg and CYFIP1ko cells.  
(A) PCA plot of the CYFIP1tg and CYFIP1ko and their isogenic control parental lines. Samples 
clustered by stage of differentiation and cell line. (B) Number of expressed genes and significant 
DEGs at 10% FDR after DESeq2 analysis comparing each CYFIP1tg and CYFIP1ko time-points 
with their respective isogenic control parental line. The percentage of DEGs indicates the propor-
tion of differentially expressed genes over the total amount of transcripts sequenced for that sam-
ple. Overlapping DEGs between CYFIP1tg and CYFIP1ko for neuroepithelium (C), NPCs (D) and 
neurons (E). Neuroepithelial cells and NPCs shared a significant overlap of DEGs (hypergeomet-
ric p-value overall genes tested for that developmental stage). (F) The directionality of the fold 
change of the genes commonly expressed between CYFIP1tg and CYFIP1ko. 
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Supplementary Table 1. Summary of the statistical enrichment for FMRP genes amongs 
DEGs 

 
Fisher exact test p-values for enrichment for FMRP genes in CYFIP1tg and CYFIP1ko cells. All 
time-points tested were significant for both cell lines. DEG indicates the adjusted p value threshold 
for the DEG cut-off. 
 
Supplementary Table 2. Summary of the statistical enrichment for DDD genes amongst 
DEGs 

 
Fisher exact test p-values for enrichment for DDD genes in CYFIP1tg and CYFIP1ko cells. All 
time-points tested were significant for both cell lines. DEG indicates the adjusted p value threshold 
for the DEG cut-off. 
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Supplementary Figure 2. Differential gene expression results for EA8 and EA62 lines.  
(A) PCA plot for EA8 and EA62 and control iPSC lines. Samples clustered by developmental 
stage and cell line. (B) Table summarising the number of transcripts identified for each cell line 
and developmental stage, and the number of DEGs at 10% FDR (BH p adj < 0.05). Percentage 
of DEGs expressed over the total number of transcripts characterised. (C) For each cell line, the 
average percentage of each gene biotype identified amongst significant DEGs in each time-point. 
Protein coding genes represent 75% of the total DEGs in patient-derived iPSCs. (D) Table sum-
marising the enrichment results tests for FMRP and DDD associated genes amongst the DEGs 
in cells carrying a deletion in the 15q11.2 region. Only one time-point for each cell line was found 
to be significantly enriched for FMRP target genes amongst the DEGs (Fisher exact p < 0.05), 
whereas none of the sets tested were enriched for DDD genes. 
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Supplementary Table 3. Significantly enriched KEGG pathways in CYFIP1tg and CYFIP1ko cells. 

Description 
set-
Size enrichmentScore NES pvalue p.adjust qvalues 

Cell 
Type Stage 

Thermogenesis 77 0.280122524 2.34499199 0.00160256 0.02581166 0.02122669 CYFIP1ko NE 
Huntington disease 69 0.300693986 2.39221952 0.00162866 0.02581166 0.02122669 CYFIP1ko NE 
Alzheimer disease 63 0.323571971 2.4907692 0.00165563 0.02581166 0.02122669 CYFIP1ko NE 
Oxidative phosphorylation 57 0.408577626 3.05456974 0.00167504 0.02581166 0.02122669 CYFIP1ko NE 
Non-alcoholic fatty liver disease 
(NAFLD) 52 0.34171171 2.44456758 0.00170068 0.02581166 0.02122669 CYFIP1ko NE 
Parkinson disease 49 0.422820958 2.96069823 0.00170358 0.02581166 0.02122669 CYFIP1ko NE 
Ribosome 47 0.424202375 2.9102571 0.0017094 0.02581166 0.02122669 CYFIP1ko NE 
Neuroactive ligand-receptor interaction 27 0.48458751 2.71137536 0.00176991 0.02581166 0.02122669 CYFIP1ko NE 
Cytokine-cytokine receptor interaction 21 0.518655897 2.56622927 0.00181488 0.02581166 0.02122669 CYFIP1ko NE 
Calcium signaling pathway 31 0.383626866 2.25484769 0.0069808 0.07843137 0.06449948 CYFIP1ko NE 
Circadian entrainment 22 0.429238538 2.16651208 0.00720721 0.07843137 0.06449948 CYFIP1ko NE 
Rheumatoid arthritis 20 0.446130704 2.1517142 0.00735294 0.07843137 0.06449948 CYFIP1ko NE 
Cardiac muscle contraction 26 0.392255098 2.15265424 0.008881 0.08744364 0.07191089 CYFIP1ko NE 
MAPK signaling pathway 71 0.246428037 1.97619111 0.00978793 0.08948963 0.07359345 CYFIP1ko NE 
cAMP signaling pathway 40 0.319837625 2.04465116 0.01415929 0.12082596 0.09936345 CYFIP1ko NE 
Dilated cardiomyopathy (DCM) 22 0.387165455 1.95415499 0.01621622 0.12972973 0.10668563 CYFIP1ko NE 
Hepatitis C 25 -0.33950731 -1.9155401 0.02 0.15058824 0.12383901 CYFIP1ko NE 
Ubiquitin mediated proteolysis 34 -0.274603726 -1.7992499 0.02540416 0.17483154 0.14377594 CYFIP1ko NE 
Human T-cell leukemia virus 1 infection 55 0.250599205 1.82312688 0.02595156 0.17483154 0.14377594 CYFIP1ko NE 
PI3K-Akt signaling pathway 74 0.218558691 1.80442083 0.0273752 0.17520129 0.14408001 CYFIP1ko NE 
Signaling pathways regulating pluripo-
tency of stem cells 28 0.314801831 1.77141441 0.03041145 0.18536502 0.15243834 CYFIP1ko NE 
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ECM-receptor interaction 25 0.32941138 1.7614362 0.03442029 0.20026351 0.16469038 CYFIP1ko NE 
Retrograde endocannabinoid signaling 43 0.263675148 1.73658628 0.03664922 0.20396085 0.16773096 CYFIP1ko NE 
Cell adhesion molecules (CAMs) 32 0.297342353 1.76358544 0.04006969 0.20401417 0.16777481 CYFIP1ko NE 
Ras signaling pathway 54 0.235212152 1.69932006 0.04310345 0.20401417 0.16777481 CYFIP1ko NE 
Gap junction 22 0.324848314 1.63961931 0.04324324 0.20401417 0.16777481 CYFIP1ko NE 
Pyrimidine metabolism 20 0.332151382 1.60198533 0.04411765 0.20401417 0.16777481 CYFIP1ko NE 
Focal adhesion 62 0.217621885 1.67096826 0.0446281 0.20401417 0.16777481 CYFIP1ko NE 
PI3K-Akt signaling pathway 136 0.378905265 2.08219278 0.00195313 0.18893528 0.18019998 CYFIP1ko NPC 
Melanogenesis 50 -0.578303138 -2.5136655 0.00208768 0.18893528 0.18019998 CYFIP1ko NPC 
Pathways in cancer 206 0.332543249 1.97752897 0.00394477 0.22445437 0.21407686 CYFIP1ko NPC 
Melanoma 35 0.573386102 2.37150431 0.00575816 0.22445437 0.21407686 CYFIP1ko NPC 
Ribosome 75 0.435054174 2.11719907 0.00792079 0.22445437 0.21407686 CYFIP1ko NPC 
Transcriptional misregulation in cancer 68 0.461744491 2.19433027 0.00795229 0.22445437 0.21407686 CYFIP1ko NPC 
Regulation of actin cytoskeleton 86 0.408844915 2.07852525 0.00984252 0.22445437 0.21407686 CYFIP1ko NPC 
Breast cancer 72 0.428196065 2.06176565 0.00992064 0.22445437 0.21407686 CYFIP1ko NPC 
Gap junction 46 -0.476570841 -2.0291365 0.01234568 0.24828532 0.23680601 CYFIP1ko NPC 
Ras signaling pathway 84 0.389610478 1.95715309 0.01388889 0.25138889 0.23976608 CYFIP1ko NPC 
Hematopoietic cell lineage 24 0.570672095 2.11524973 0.01912046 0.28116505 0.26816556 CYFIP1ko NPC 
Signaling pathways regulating pluripo-
tency of stem cells 66 -0.41007941 -1.910115 0.02061856 0.28116505 0.26816556 CYFIP1ko NPC 
Calcium signaling pathway 65 -0.408111685 -1.8996618 0.02066116 0.28116505 0.26816556 CYFIP1ko NPC 
Neuroactive ligand-receptor interaction 66 -0.395084621 -1.8402706 0.02268041 0.28116505 0.26816556 CYFIP1ko NPC 
MAPK signaling pathway 126 0.328075161 1.77648304 0.02330097 0.28116505 0.26816556 CYFIP1ko NPC 
Gastric cancer 74 0.38915721 1.88223253 0.02584493 0.29237078 0.2788532 CYFIP1ko NPC 
Viral myocarditis 23 0.48890745 1.79156077 0.0440613 0.46912328 0.44743366 CYFIP1ko NPC 
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PI3K-Akt signaling pathway 170 0.33871449 2.19159499 0.00111359 0.02377822 0.01880111 CYFIP1ko N 
Focal adhesion 110 0.364669883 2.19157524 0.0011655 0.02377822 0.01880111 CYFIP1ko N 
Neuroactive ligand-receptor interaction 93 0.555973648 3.22412885 0.00118343 0.02377822 0.01880111 CYFIP1ko N 
Calcium signaling pathway 79 0.389733141 2.18800277 0.00119474 0.02377822 0.01880111 CYFIP1ko N 
Glutamatergic synapse 69 0.40028534 2.16935856 0.00122549 0.02377822 0.01880111 CYFIP1ko N 
Morphine addiction 60 0.462352333 2.43213814 0.00123153 0.02377822 0.01880111 CYFIP1ko N 
Hypertrophic cardiomyopathy (HCM) 51 0.435535163 2.15707865 0.001287 0.02377822 0.01880111 CYFIP1ko N 
Protein digestion and absorption 47 0.542369373 2.62349987 0.00129366 0.02377822 0.01880111 CYFIP1ko N 
Amoebiasis 46 0.475261728 2.27900991 0.00129702 0.02377822 0.01880111 CYFIP1ko N 
ECM-receptor interaction 44 0.616011531 2.92751251 0.00130719 0.02377822 0.01880111 CYFIP1ko N 
Systemic lupus erythematosus 28 0.601495361 2.53319834 0.00140253 0.02377822 0.01880111 CYFIP1ko N 
Nicotine addiction 25 0.624170055 2.52187857 0.00141844 0.02377822 0.01880111 CYFIP1ko N 
Complement and coagulation cascades 23 0.627917119 2.4710745 0.0014245 0.02377822 0.01880111 CYFIP1ko N 
Retrograde endocannabinoid signaling 91 0.386103052 2.22244979 0.0023753 0.03223411 0.02548707 CYFIP1ko N 
Oxidative phosphorylation 70 0.377810343 2.0622897 0.00245098 0.03223411 0.02548707 CYFIP1ko N 
Dilated cardiomyopathy (DCM) 55 0.442760174 2.26428569 0.00249377 0.03223411 0.02548707 CYFIP1ko N 
GABAergic synapse 53 0.421280259 2.12614334 0.00252525 0.03223411 0.02548707 CYFIP1ko N 
Hematopoietic cell lineage 21 0.591772318 2.25940815 0.00287356 0.0346424 0.02739128 CYFIP1ko N 
MAPK signaling pathway 151 0.301004799 1.90323864 0.00337458 0.03854124 0.03047403 CYFIP1ko N 
Cell adhesion molecules (CAMs) 58 0.390088065 2.03129869 0.00494438 0.05147364 0.04069951 CYFIP1ko N 
Melanogenesis 56 0.386425041 1.98376434 0.00498132 0.05147364 0.04069951 CYFIP1ko N 
Cytokine-cytokine receptor interaction 70 0.359421207 1.96191202 0.00612745 0.0584559 0.04622029 CYFIP1ko N 
Estrogen signaling pathway 61 0.371253888 1.94745992 0.00619579 0.0584559 0.04622029 CYFIP1ko N 
Rheumatoid arthritis 27 0.495523212 2.06925785 0.00699301 0.06086957 0.04812874 CYFIP1ko N 
Regulation of lipolysis in adipocytes 28 0.504969075 2.12667778 0.00701262 0.06086957 0.04812874 CYFIP1ko N 
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Pathways in cancer 277 0.244484665 1.68546085 0.00862069 0.0719496 0.05688957 CYFIP1ko N 
Leukocyte transendothelial migration 49 0.39377812 1.92986217 0.01023018 0.08222033 0.06501049 CYFIP1ko N 
Parkinson disease 83 0.325087312 1.83429265 0.01079137 0.08363309 0.06612755 CYFIP1ko N 
AGE-RAGE signaling pathway in diabetic 
complications 59 0.3578329 1.86758138 0.01243781 0.09306914 0.0735885 CYFIP1ko N 
Platelet activation 54 0.361661523 1.82604425 0.01643489 0.11887906 0.09399605 CYFIP1ko N 
cAMP signaling pathway 100 0.293626953 1.73206834 0.02112676 0.13929603 0.11013948 CYFIP1ko N 
Hedgehog signaling pathway 26 -0.603591178 -3.0256453 0.02120141 0.13929603 0.11013948 CYFIP1ko N 
DNA replication 27 -0.560455752 -2.8674221 0.02439024 0.13929603 0.11013948 CYFIP1ko N 
Taste transduction 21 0.494958969 1.88977128 0.02442529 0.13929603 0.11013948 CYFIP1ko N 
TGF-beta signaling pathway 50 0.35842284 1.76080564 0.02448454 0.13929603 0.11013948 CYFIP1ko N 
Homologous recombination 26 -0.489880787 -2.4556447 0.02473498 0.13929603 0.11013948 CYFIP1ko N 
Fanconi anemia pathway 26 -0.490257343 -2.4575323 0.02473498 0.13929603 0.11013948 CYFIP1ko N 
Lysine degradation 29 -0.360794077 -1.8723688 0.0248227 0.13929603 0.11013948 CYFIP1ko N 
Bile secretion 26 0.454652106 1.88108881 0.02503477 0.13929603 0.11013948 CYFIP1ko N 
Cocaine addiction 31 0.424895847 1.82359228 0.02797203 0.1517011 0.119948 CYFIP1ko N 
Base excision repair 20 -0.440716185 -2.0887427 0.02866242 0.1517011 0.119948 CYFIP1ko N 
Basal cell carcinoma 38 -0.424705467 -2.4590089 0.03225807 0.16666667 0.13178107 CYFIP1ko N 
Ras signaling pathway 115 0.269628687 1.63414471 0.03333333 0.16821705 0.13300694 CYFIP1ko N 
Human papillomavirus infection 168 0.238387167 1.54064549 0.03674833 0.17777518 0.14056441 CYFIP1ko N 
Leishmaniasis 26 0.434460951 1.79754942 0.03755216 0.17777518 0.14056441 CYFIP1ko N 
Melanoma 36 0.397353198 1.79216434 0.03768506 0.17777518 0.14056441 CYFIP1ko N 
Dopaminergic synapse 80 0.302991264 1.70295647 0.03956835 0.18268789 0.14444883 CYFIP1ko N 
Rap1 signaling pathway 106 0.272070682 1.6214681 0.04084014 0.18463147 0.14598559 CYFIP1ko N 
Phospholipase D signaling pathway 76 0.302671961 1.67522934 0.04227053 0.18719807 0.14801497 CYFIP1ko N 
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Olfactory transduction 27 0.419539415 1.75195673 0.04475525 0.19423776 0.15358116 CYFIP1ko N 
Nucleotide excision repair 24 -0.349264258 -1.7300767 0.04590164 0.19527328 0.15439992 CYFIP1ko N 
Relaxin signaling pathway 74 0.295261812 1.63734239 0.04796163 0.19527328 0.15439992 CYFIP1ko N 
Alcoholism 74 0.295625249 1.6393578 0.04796163 0.19527328 0.15439992 CYFIP1ko N 
Serotonergic synapse 52 0.331792326 1.65383777 0.04859335 0.19527328 0.15439992 CYFIP1ko N 
MAPK signaling pathway 83 -0.286685598 -2.4899417 0.00155039 0.00982987 0.00437767 CYFIP1tg NE 
Regulation of actin cytoskeleton 68 -0.284362812 -2.2858903 0.0015873 0.00982987 0.00437767 CYFIP1tg NE 
Axon guidance 70 -0.326585487 -2.6684555 0.00158983 0.00982987 0.00437767 CYFIP1tg NE 
Focal adhesion 74 -0.35724039 -2.9535614 0.00159236 0.00982987 0.00437767 CYFIP1tg NE 
Proteoglycans in cancer 65 -0.282267193 -2.2293211 0.00159236 0.00982987 0.00437767 CYFIP1tg NE 
Rap1 signaling pathway 63 -0.329906854 -2.5640272 0.00162075 0.00982987 0.00437767 CYFIP1tg NE 
Neuroactive ligand-receptor interaction 48 -0.458519423 -3.1832102 0.00169492 0.00982987 0.00437767 CYFIP1tg NE 
Dopaminergic synapse 42 -0.41584325 -2.7634514 0.0017301 0.00982987 0.00437767 CYFIP1tg NE 
Cell adhesion molecules (CAMs) 37 -0.423983957 -2.6827732 0.00175131 0.00982987 0.00437767 CYFIP1tg NE 
Platelet activation 37 -0.351021395 -2.2211 0.00175131 0.00982987 0.00437767 CYFIP1tg NE 
Circadian entrainment 37 -0.467774964 -2.9598623 0.00175131 0.00982987 0.00437767 CYFIP1tg NE 
Relaxin signaling pathway 38 -0.365538032 -2.3446685 0.00175131 0.00982987 0.00437767 CYFIP1tg NE 
Calcium signaling pathway 39 -0.402926459 -2.617061 0.00175439 0.00982987 0.00437767 CYFIP1tg NE 
Arrhythmogenic right ventricular cardi-
omyopathy (ARVC) 30 -0.481960468 -2.8053889 0.00175747 0.00982987 0.00437767 CYFIP1tg NE 
Endocrine resistance 31 -0.368476636 -2.1605911 0.00176367 0.00982987 0.00437767 CYFIP1tg NE 
Aldosterone synthesis and secretion 31 -0.369298994 -2.1654131 0.00176367 0.00982987 0.00437767 CYFIP1tg NE 
AGE-RAGE signaling pathway in diabetic 
complications 31 -0.387300162 -2.2709643 0.00176367 0.00982987 0.00437767 CYFIP1tg NE 
Dilated cardiomyopathy (DCM) 31 -0.436174681 -2.5575438 0.00176367 0.00982987 0.00437767 CYFIP1tg NE 
Glutamatergic synapse 35 -0.435786831 -2.6834243 0.00176991 0.00982987 0.00437767 CYFIP1tg NE 
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ErbB signaling pathway 32 -0.353287147 -2.098029 0.0017762 0.00982987 0.00437767 CYFIP1tg NE 
Hypertrophic cardiomyopathy (HCM) 28 -0.417960435 -2.3578 0.00178253 0.00982987 0.00437767 CYFIP1tg NE 
Osteoclast differentiation 26 -0.411115738 -2.262742 0.00178571 0.00982987 0.00437767 CYFIP1tg NE 
Leukocyte transendothelial migration 26 -0.379576241 -2.0891516 0.00178571 0.00982987 0.00437767 CYFIP1tg NE 
Inflammatory mediator regulation of 
TRP channels 26 -0.443431804 -2.4406066 0.00178571 0.00982987 0.00437767 CYFIP1tg NE 
Adherens junction 34 -0.37604482 -2.2730023 0.00179856 0.00982987 0.00437767 CYFIP1tg NE 
Long-term potentiation 24 -0.471585187 -2.4927807 0.00179856 0.00982987 0.00437767 CYFIP1tg NE 
Serotonergic synapse 24 -0.396734412 -2.0971224 0.00179856 0.00982987 0.00437767 CYFIP1tg NE 
Amphetamine addiction 24 -0.456412063 -2.4125761 0.00179856 0.00982987 0.00437767 CYFIP1tg NE 
Salivary secretion 22 -0.412783745 -2.1050526 0.00184502 0.00982987 0.00437767 CYFIP1tg NE 
Amoebiasis 20 -0.480448297 -2.3463191 0.00189036 0.00982987 0.00437767 CYFIP1tg NE 
Basal cell carcinoma 25 0.393140841 2.24757866 0.00226757 0.01002506 0.0044646 CYFIP1tg NE 
Proteasome 32 0.485781098 3.08327614 0.0022779 0.01002506 0.0044646 CYFIP1tg NE 
Ribosome biogenesis in eukaryotes 35 0.42657685 2.81207104 0.00228833 0.01002506 0.0044646 CYFIP1tg NE 
Pyrimidine metabolism 41 0.363367201 2.57702806 0.00231482 0.01002506 0.0044646 CYFIP1tg NE 
Parkinson disease 46 0.44895098 3.39315674 0.00240964 0.01002506 0.0044646 CYFIP1tg NE 
Oxidative phosphorylation 49 0.494253685 3.80196653 0.00246914 0.01002506 0.0044646 CYFIP1tg NE 
Ribosome 55 0.557156134 4.48294325 0.0025 0.01002506 0.0044646 CYFIP1tg NE 
Spliceosome 56 0.338412528 2.75159318 0.0025 0.01002506 0.0044646 CYFIP1tg NE 
RNA transport 57 0.392977967 3.23325219 0.00250627 0.01002506 0.0044646 CYFIP1tg NE 
Alzheimer disease 59 0.314054434 2.60490695 0.00260417 0.01015625 0.00452303 CYFIP1tg NE 
Huntington disease 71 0.296166419 2.6205934 0.00268097 0.01020075 0.00454284 CYFIP1tg NE 
Thermogenesis 75 0.212754075 1.91922921 0.0027933 0.0103751 0.00462049 CYFIP1tg NE 
cAMP signaling pathway 57 -0.293203141 -2.1773428 0.00331675 0.0113906 0.00507274 CYFIP1tg NE 
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Adrenergic signaling in cardiomyocytes 45 -0.315477137 -2.1374663 0.00339559 0.0113906 0.00507274 CYFIP1tg NE 
Oxytocin signaling pathway 45 -0.341966726 -2.3169424 0.00339559 0.0113906 0.00507274 CYFIP1tg NE 
Parathyroid hormone synthesis, secre-
tion and action 33 -0.357526331 -2.1383929 0.00355872 0.0113906 0.00507274 CYFIP1tg NE 
Vascular smooth muscle contraction 25 -0.368605354 -1.982709 0.00356506 0.0113906 0.00507274 CYFIP1tg NE 
Gap junction 28 -0.376137716 -2.1218695 0.00356506 0.0113906 0.00507274 CYFIP1tg NE 
Phosphatidylinositol signaling system 29 -0.364571534 -2.0760905 0.00357782 0.0113906 0.00507274 CYFIP1tg NE 
Protein digestion and absorption 22 -0.403057352 -2.0554514 0.00369004 0.01151292 0.00512721 CYFIP1tg NE 
mRNA surveillance pathway 31 0.327648869 2.06784747 0.0045977 0.01406356 0.00626312 CYFIP1tg NE 
FoxO signaling pathway 38 -0.338462915 -2.1710007 0.00525394 0.01551879 0.0069112 CYFIP1tg NE 
GnRH signaling pathway 27 -0.378027701 -2.107565 0.00527241 0.01551879 0.0069112 CYFIP1tg NE 
Notch signaling pathway 20 -0.411847831 -2.0113016 0.00567108 0.01638311 0.00729612 CYFIP1tg NE 
Pathways in cancer 154 -0.180598138 -1.9096238 0.0057971 0.01644269 0.00732265 CYFIP1tg NE 
Thyroid hormone signaling pathway 42 -0.301946097 -2.0065574 0.00692042 0.01917758 0.00854062 CYFIP1tg NE 
Autophagy - animal 36 -0.324543141 -2.0244282 0.00702988 0.01917758 0.00854062 CYFIP1tg NE 
Bacterial invasion of epithelial cells 28 -0.336097042 -1.8959919 0.00713013 0.01917758 0.00854062 CYFIP1tg NE 
Prostate cancer 30 -0.332877301 -1.9376076 0.00878735 0.02323434 0.01034728 CYFIP1tg NE 
Non-alcoholic fatty liver disease 
(NAFLD) 50 0.263171028 2.05525631 0.00966184 0.02512077 0.01118739 CYFIP1tg NE 
Estrogen signaling pathway 37 -0.309244333 -1.9567542 0.01050788 0.026 0.01157895 CYFIP1tg NE 
Phospholipase D signaling pathway 36 -0.308875779 -1.9266986 0.01054482 0.026 0.01157895 CYFIP1tg NE 
Cholinergic synapse 36 -0.303108093 -1.8907211 0.01054482 0.026 0.01157895 CYFIP1tg NE 
Purine metabolism 64 0.217578223 1.84618444 0.01066667 0.026 0.01157895 CYFIP1tg NE 
Ras signaling pathway 61 -0.24127429 -1.8498301 0.01141925 0.0274062 0.01220519 CYFIP1tg NE 
Chemokine signaling pathway 38 -0.307391008 -1.9716964 0.01225919 0.02864413 0.01275649 CYFIP1tg NE 
Hepatitis C 27 -0.327837376 -1.8277459 0.01230229 0.02864413 0.01275649 CYFIP1tg NE 
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Renal cell carcinoma 26 -0.33728563 -1.8563881 0.0125 0.02867647 0.0127709 CYFIP1tg NE 
T cell receptor signaling pathway 22 -0.356125723 -1.8161165 0.01291513 0.02919942 0.01300379 CYFIP1tg NE 
Choline metabolism in cancer 32 -0.309609497 -1.8386452 0.01420959 0.03133238 0.01395369 CYFIP1tg NE 
Insulin secretion 25 -0.345200429 -1.8568152 0.01426025 0.03133238 0.01395369 CYFIP1tg NE 
MicroRNAs in cancer 51 -0.260360403 -1.847728 0.01517707 0.03288364 0.01464454 CYFIP1tg NE 
Cytokine-cytokine receptor interaction 35 0.270619419 1.78397171 0.01601831 0.0342309 0.01524453 CYFIP1tg NE 
Fluid shear stress and atherosclerosis 43 -0.271692249 -1.8102759 0.01929825 0.04068279 0.01811784 CYFIP1tg NE 
Human cytomegalovirus infection 53 -0.24782923 -1.7873247 0.02003339 0.04166945 0.01855725 CYFIP1tg NE 
Gastric acid secretion 24 -0.346914919 -1.8337785 0.02158273 0.0443014 0.01972937 CYFIP1tg NE 
Tight junction 40 -0.266082939 -1.7328702 0.02464789 0.04875762 0.02171392 CYFIP1tg NE 
RNA degradation 34 0.267092836 1.74501221 0.02466368 0.04875762 0.02171392 CYFIP1tg NE 
ECM-receptor interaction 31 -0.295451092 -1.7324002 0.02469136 0.04875762 0.02171392 CYFIP1tg NE 
JAK-STAT signaling pathway 25 -0.324876405 -1.7474933 0.02673797 0.05213904 0.02321981 CYFIP1tg NE 
Neurotrophin signaling pathway 38 -0.273052026 -1.751436 0.02802102 0.0539664 0.02403362 CYFIP1tg NE 
Hippo signaling pathway 62 0.206503132 1.7538407 0.02864583 0.05449695 0.0242699 CYFIP1tg NE 
Glycerophospholipid metabolism 21 -0.352990217 -1.7566981 0.02962963 0.05568942 0.02480096 CYFIP1tg NE 
PI3K-Akt signaling pathway 88 -0.185712954 -1.6394804 0.03301887 0.06132076 0.02730884 CYFIP1tg NE 
Chagas disease (American trypanosomi-
asis) 23 -0.318856308 -1.6559358 0.03683241 0.06759831 0.03010451 CYFIP1tg NE 
Inositol phosphate metabolism 21 -0.332864394 -1.6565395 0.04074074 0.07390181 0.03291174 CYFIP1tg NE 
Insulin signaling pathway 40 -0.252983609 -1.6475606 0.04225352 0.07494457 0.03337612 CYFIP1tg NE 
Wnt signaling pathway 60 -0.213941659 -1.6272938 0.04227642 0.07494457 0.03337612 CYFIP1tg NE 
TGF-beta signaling pathway 29 0.266614521 1.63800292 0.04514673 0.07913359 0.03524168 CYFIP1tg NE 
C-type lectin receptor signaling path-
way 23 -0.312746597 -1.6242058 0.04604052 0.07980356 0.03554005 CYFIP1tg NE 
Metabolic pathways 674 -0.134565585 -1.9391519 0.00116414 0.0315427 0.02406844 CYFIP1tg NPC 
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Thermogenesis 152 -0.265746356 -2.6579116 0.00141844 0.0315427 0.02406844 CYFIP1tg NPC 
Alzheimer disease 114 -0.343699166 -3.1735193 0.00144509 0.0315427 0.02406844 CYFIP1tg NPC 
Ribosome 118 -0.525110637 -4.9089177 0.00144718 0.0315427 0.02406844 CYFIP1tg NPC 
Huntington disease 129 -0.399228795 -3.8294793 0.00144718 0.0315427 0.02406844 CYFIP1tg NPC 
Non-alcoholic fatty liver disease 
(NAFLD) 97 -0.349521818 -3.0354469 0.00148368 0.0315427 0.02406844 CYFIP1tg NPC 
Parkinson disease 97 -0.418835675 -3.6374079 0.00148368 0.0315427 0.02406844 CYFIP1tg NPC 
Oxidative phosphorylation 90 -0.490753099 -4.1175118 0.0015361 0.0315427 0.02406844 CYFIP1tg NPC 
Cardiac muscle contraction 44 -0.35227261 -2.2429681 0.00163666 0.0315427 0.02406844 CYFIP1tg NPC 
Proteasome 34 -0.451158355 -2.5943003 0.00167224 0.0315427 0.02406844 CYFIP1tg NPC 
Systemic lupus erythematosus 28 -0.402666364 -2.1413872 0.00169779 0.0315427 0.02406844 CYFIP1tg NPC 
Hematopoietic cell lineage 26 -0.520142725 -2.6719777 0.00171527 0.0315427 0.02406844 CYFIP1tg NPC 
Taste transduction 22 0.528592451 2.75135316 0.00226244 0.0315427 0.02406844 CYFIP1tg NPC 
Basal cell carcinoma 40 0.365746124 2.54528827 0.00240385 0.0315427 0.02406844 CYFIP1tg NPC 
Lysine degradation 32 0.346116669 2.14634928 0.00244499 0.0315427 0.02406844 CYFIP1tg NPC 
Notch signaling pathway 34 0.357058556 2.28343187 0.00247525 0.0315427 0.02406844 CYFIP1tg NPC 
Melanoma 38 0.295795188 1.97976134 0.00248756 0.0315427 0.02406844 CYFIP1tg NPC 
Retrograde endocannabinoid signaling 94 -0.260058033 -2.2463067 0.00296296 0.0315427 0.02406844 CYFIP1tg NPC 
Breast cancer 81 0.34564814 3.20628463 0.00296736 0.0315427 0.02406844 CYFIP1tg NPC 
Neuroactive ligand-receptor interaction 80 -0.280003602 -2.2666872 0.00298954 0.0315427 0.02406844 CYFIP1tg NPC 
Wnt signaling pathway 93 0.222341005 2.19333775 0.00301205 0.0315427 0.02406844 CYFIP1tg NPC 
Gastric cancer 79 0.278661507 2.53850546 0.0030303 0.0315427 0.02406844 CYFIP1tg NPC 
MAPK signaling pathway 152 0.178455447 2.16027357 0.003367 0.03318841 0.02532418 CYFIP1tg NPC 
Amino sugar and nucleotide sugar me-
tabolism 25 -0.390759555 -1.9589557 0.00347826 0.03318841 0.02532418 CYFIP1tg NPC 
Cytokine-cytokine receptor interaction 66 -0.322704927 -2.4130019 0.00460123 0.04141548 0.03160179 CYFIP1tg NPC 
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Phagosome 59 -0.289373799 -2.0742856 0.00470219 0.04141548 0.03160179 CYFIP1tg NPC 
Insulin secretion 45 0.267767977 1.94313008 0.00515464 0.04371898 0.03335946 CYFIP1tg NPC 
Protein processing in endoplasmic retic-
ulum 113 -0.227713082 -2.0967714 0.00578871 0.04604403 0.03513358 CYFIP1tg NPC 
Calcium signaling pathway 84 0.20887536 1.97784864 0.0058309 0.04604403 0.03513358 CYFIP1tg NPC 
Rap1 signaling pathway 109 0.176793132 1.83478585 0.00623053 0.04755971 0.0362901 CYFIP1tg NPC 
Regulation of actin cytoskeleton 116 0.160929191 1.69546001 0.00645161 0.04765869 0.03636563 CYFIP1tg NPC 
Pathways in cancer 277 0.127896847 1.88676265 0.00803213 0.05719281 0.04364057 CYFIP1tg NPC 
Endocrine resistance 59 0.248760479 2.02253215 0.00824176 0.05719281 0.04364057 CYFIP1tg NPC 
Hepatocellular carcinoma 94 0.187428342 1.84200036 0.00917431 0.06179169 0.04714972 CYFIP1tg NPC 
Ras signaling pathway 115 0.160128045 1.66781773 0.00983607 0.06377054 0.04865966 CYFIP1tg NPC 
Arrhythmogenic right ventricular cardi-
omyopathy (ARVC) 41 0.26574324 1.85303174 0.01002506 0.06377054 0.04865966 CYFIP1tg NPC 
Purine metabolism 99 -0.215446467 -1.8826267 0.0119403 0.07390077 0.05638946 CYFIP1tg NPC 
Dilated cardiomyopathy (DCM) 49 0.240398125 1.80745134 0.01278772 0.07706286 0.05880228 CYFIP1tg NPC 
Thyroid hormone signaling pathway 71 0.211811038 1.83448313 0.01457726 0.08411696 0.06418485 CYFIP1tg NPC 
Cushing syndrome 88 0.193593517 1.87686065 0.0148368 0.08411696 0.06418485 CYFIP1tg NPC 
cAMP signaling pathway 99 0.179945384 1.81742106 0.01506024 0.08411696 0.06418485 CYFIP1tg NPC 
Proteoglycans in cancer 120 0.155171517 1.65762317 0.01602564 0.08578921 0.06546086 CYFIP1tg NPC 
Axon guidance 117 0.152078585 1.60321981 0.01618123 0.08578921 0.06546086 CYFIP1tg NPC 
Inflammatory mediator regulation of 
TRP channels 59 0.220476435 1.79257043 0.01648352 0.08578921 0.06546086 CYFIP1tg NPC 
Ferroptosis 27 -0.34930952 -1.8224196 0.01873935 0.09536248 0.07276567 CYFIP1tg NPC 
Ribosome biogenesis in eukaryotes 46 -0.27634604 -1.7896398 0.01948052 0.09697911 0.07399923 CYFIP1tg NPC 
Signaling pathways regulating pluripo-
tency of stem cells 77 0.185751974 1.6628844 0.02194357 0.10691656 0.08158193 CYFIP1tg NPC 
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NF-kappa B signaling pathway 38 -0.28884542 -1.739592 0.025 0.11927083 0.09100877 CYFIP1tg NPC 
Cell adhesion molecules (CAMs) 45 -0.270677958 -1.738834 0.02605863 0.12123529 0.09250774 CYFIP1tg NPC 
Hippo signaling pathway 83 0.184020589 1.73794953 0.02647059 0.12123529 0.09250774 CYFIP1tg NPC 
Salivary secretion 37 0.253322919 1.68520503 0.02962963 0.13304285 0.10151741 CYFIP1tg NPC 
Cholinergic synapse 65 0.196374185 1.64454301 0.03047091 0.13418922 0.10239214 CYFIP1tg NPC 
Adrenergic signaling in cardiomyocytes 80 0.178761961 1.63627597 0.03303303 0.14272763 0.10890732 CYFIP1tg NPC 
Melanogenesis 62 0.200550467 1.66630594 0.03399433 0.14416116 0.11000116 CYFIP1tg NPC 
Legionellosis 20 -0.357523798 -1.6767958 0.03546099 0.14764668 0.11266076 CYFIP1tg NPC 
Olfactory transduction 21 0.331575261 1.68195483 0.03854875 0.15763686 0.1202837 CYFIP1tg NPC 
Pancreatic secretion 40 0.229410478 1.59650577 0.04086539 0.16417848 0.12527523 CYFIP1tg NPC 
Serotonergic synapse 57 0.201212432 1.60995828 0.04189944 0.16543055 0.12623062 CYFIP1tg NPC 
Neurotrophin signaling pathway 68 0.179997148 1.53403453 0.04558405 0.17692092 0.13499826 CYFIP1tg NPC 
Arachidonic acid metabolism 20 0.330943375 1.65167798 0.04794521 0.17692092 0.13499826 CYFIP1tg NPC 
Bile secretion 31 0.268354167 1.61721707 0.04834606 0.17692092 0.13499826 CYFIP1tg NPC 
Type II diabetes mellitus 28 0.275312603 1.60369036 0.04842615 0.17692092 0.13499826 CYFIP1tg NPC 
Fluid shear stress and atherosclerosis 76 -0.199001689 -1.5825794 0.04867257 0.17692092 0.13499826 CYFIP1tg NPC 
Pathways in cancer 186 -0.229955126 -2.6261617 0.00152439 0.02060185 0.01388889 CYFIP1tg N 
PI3K-Akt signaling pathway 113 -0.223618612 -2.1472949 0.00161031 0.02060185 0.01388889 CYFIP1tg N 
Hippo signaling pathway 80 -0.277089297 -2.3764761 0.00161551 0.02060185 0.01388889 CYFIP1tg N 
Axon guidance 89 -0.25534368 -2.2692678 0.00161812 0.02060185 0.01388889 CYFIP1tg N 
MicroRNAs in cancer 69 -0.293958802 -2.3981257 0.00162866 0.02060185 0.01388889 CYFIP1tg N 
Cushing syndrome 67 -0.27990106 -2.2563086 0.00163934 0.02060185 0.01388889 CYFIP1tg N 
Breast cancer 67 -0.284073223 -2.2899408 0.00163934 0.02060185 0.01388889 CYFIP1tg N 
Signaling pathways regulating pluripo-
tency of stem cells 72 -0.268905887 -2.2312684 0.00164474 0.02060185 0.01388889 CYFIP1tg N 
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Chemokine signaling pathway 51 -0.283650838 -2.0366583 0.00165838 0.02060185 0.01388889 CYFIP1tg N 
Calcium signaling pathway 52 -0.328051698 -2.3761781 0.00166113 0.02060185 0.01388889 CYFIP1tg N 
Wnt signaling pathway 66 -0.359915957 -2.8754081 0.00166113 0.02060185 0.01388889 CYFIP1tg N 
Neuroactive ligand-receptor interaction 55 -0.303844924 -2.249912 0.00166389 0.02060185 0.01388889 CYFIP1tg N 
cAMP signaling pathway 58 -0.297934679 -2.2546518 0.00168634 0.02060185 0.01388889 CYFIP1tg N 
Melanogenesis 46 -0.377713144 -2.5682326 0.00170358 0.02060185 0.01388889 CYFIP1tg N 
Cytokine-cytokine receptor interaction 38 -0.480846588 -3.0252619 0.00173611 0.02060185 0.01388889 CYFIP1tg N 
Human papillomavirus infection 129 -0.223284352 -2.241239 0.00312989 0.03184258 0.02146691 CYFIP1tg N 
Human T-cell leukemia virus 1 infection 69 -0.261463733 -2.1330299 0.00325733 0.03184258 0.02146691 CYFIP1tg N 
Cell adhesion molecules (CAMs) 40 -0.346302253 -2.2130686 0.0034965 0.03184258 0.02146691 CYFIP1tg N 
JAK-STAT signaling pathway 34 -0.390229133 -2.3370687 0.00357782 0.03184258 0.02146691 CYFIP1tg N 
Basal cell carcinoma 34 -0.383399097 -2.2961638 0.00357782 0.03184258 0.02146691 CYFIP1tg N 
Peroxisome 29 0.379349581 2.29410737 0.00464037 0.03933267 0.02651641 CYFIP1tg N 
Focal adhesion 71 -0.237710623 -1.9602429 0.00655738 0.05106139 0.03442341 CYFIP1tg N 
Circadian entrainment 37 -0.340668909 -2.1161168 0.00688468 0.05106139 0.03442341 CYFIP1tg N 
Parathyroid hormone synthesis, secre-
tion and action 37 -0.323674299 -2.0105522 0.00688468 0.05106139 0.03442341 CYFIP1tg N 
Notch signaling pathway 22 -0.38006031 -1.9231203 0.00724638 0.0515942 0.03478261 CYFIP1tg N 
Aldosterone synthesis and secretion 31 -0.347905129 -2.0257989 0.00883392 0.06046196 0.04076087 CYFIP1tg N 
Hepatocellular carcinoma 74 -0.231765421 -1.9380549 0.00980392 0.06046196 0.04076087 CYFIP1tg N 
Influenza A 45 -0.288454653 -1.9407175 0.01025641 0.06046196 0.04076087 CYFIP1tg N 
ECM-receptor interaction 32 -0.354463411 -2.0938486 0.01061947 0.06046196 0.04076087 CYFIP1tg N 
Longevity regulating pathway - multiple 
species 23 -0.379176777 -1.9636378 0.01073345 0.06046196 0.04076087 CYFIP1tg N 
Protein digestion and absorption 25 -0.370772331 -1.9780844 0.01084991 0.06046196 0.04076087 CYFIP1tg N 
Thyroid hormone synthesis 22 -0.37056327 -1.8750648 0.01086957 0.06046196 0.04076087 CYFIP1tg N 
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Ras signaling pathway 79 -0.227964592 -1.9470908 0.01134522 0.06119542 0.04125534 CYFIP1tg N 
Measles 38 -0.304833271 -1.9178684 0.01215278 0.06191612 0.04174121 CYFIP1tg N 
Endocrine resistance 30 -0.336132496 -1.9424484 0.01230229 0.06191612 0.04174121 CYFIP1tg N 
Vascular smooth muscle contraction 34 -0.333679358 -1.998394 0.01252236 0.06191612 0.04174121 CYFIP1tg N 
cGMP-PKG signaling pathway 50 -0.263981537 -1.8739812 0.01328904 0.06393104 0.04309958 CYFIP1tg N 
Longevity regulating pathway 31 -0.325111871 -1.8930772 0.01413428 0.06551343 0.04416636 CYFIP1tg N 
MAPK signaling pathway 110 -0.18737678 -1.785946 0.01435407 0.06551343 0.04416636 CYFIP1tg N 
Arginine and proline metabolism 21 0.343008351 1.84302378 0.0173913 0.07491583 0.05050505 CYFIP1tg N 
Rap1 signaling pathway 76 -0.218645622 -1.8464195 0.01788618 0.07491583 0.05050505 CYFIP1tg N 
Protein processing in endoplasmic retic-
ulum 62 -0.23081666 -1.7920363 0.01836394 0.07491583 0.05050505 CYFIP1tg N 
AMPK signaling pathway 48 -0.260254257 -1.8149607 0.01842546 0.07491583 0.05050505 CYFIP1tg N 
FoxO signaling pathway 54 -0.24447082 -1.7912832 0.01851852 0.07491583 0.05050505 CYFIP1tg N 
Pancreatic secretion 26 -0.33499013 -1.8226297 0.0198556 0.0782217 0.05273373 CYFIP1tg N 
Ribosome 61 -0.230699132 -1.7737497 0.02047782 0.0782217 0.05273373 CYFIP1tg N 
ErbB signaling pathway 37 -0.299301928 -1.8591595 0.02065405 0.0782217 0.05273373 CYFIP1tg N 
Acute myeloid leukemia 29 -0.313839631 -1.8073006 0.02276708 0.0844279 0.05691769 CYFIP1tg N 
Prostate cancer 42 -0.266339778 -1.7531825 0.02401372 0.08622837 0.05813149 CYFIP1tg N 
AGE-RAGE signaling pathway in diabetic 
complications 39 -0.288156532 -1.8330204 0.02422145 0.08622837 0.05813149 CYFIP1tg N 
Parkinson disease 39 0.255678283 1.78879319 0.0259434 0.09054754 0.06104329 CYFIP1tg N 
Non-alcoholic fatty liver disease 
(NAFLD) 39 -0.275481816 -1.7523941 0.02768166 0.09475646 0.06388076 CYFIP1tg N 
Thyroid hormone signaling pathway 54 -0.23377089 -1.7128828 0.02861953 0.09611842 0.06479893 CYFIP1tg N 
Adherens junction 40 -0.269637331 -1.7231361 0.02972028 0.09796685 0.06604507 CYFIP1tg N 
Proteoglycans in cancer 87 -0.196099662 -1.7365521 0.03069467 0.09933911 0.06697019 CYFIP1tg N 
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Chronic myeloid leukemia 35 -0.283139085 -1.7133239 0.03197158 0.10162395 0.06851053 CYFIP1tg N 
Fc gamma R-mediated phagocytosis 31 -0.292201435 -1.7014447 0.03356891 0.10482921 0.07067138 CYFIP1tg N 
Human cytomegalovirus infection 65 -0.21013152 -1.6825257 0.03453947 0.10600045 0.07146098 CYFIP1tg N 
Endometrial cancer 29 -0.289562416 -1.667496 0.03677758 0.1109561 0.07480186 CYFIP1tg N 
Transcriptional misregulation in cancer 57 -0.221209402 -1.6692795 0.04145937 0.1215847 0.08196721 CYFIP1tg N 
NF-kappa B signaling pathway 22 -0.324006176 -1.6394841 0.04166667 0.1215847 0.08196721 CYFIP1tg N 
Oxytocin signaling pathway 54 -0.221304693 -1.6215407 0.04377104 0.12501756 0.0842815 CYFIP1tg N 
Amoebiasis 32 -0.278886816 -1.6474106 0.04424779 0.12501756 0.0842815 CYFIP1tg N 
Insulin secretion 25 -0.309590975 -1.6516795 0.04520796 0.12573463 0.08476492 CYFIP1tg N 

 
clusterProfiler GSEA results for CYFIP1tg and CYFIP1ko cells at three developmental stages using a 10% FDR cut-off threshold for DEGs.NE = neuroepithelium, 
NPC = neural progenitor cells, N = neurons.
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Supplementary Figure 3. Pathways affected by altered dosage of CYFIP1. 
Bar graph representing the significantly enriched pathways in CYFIP1tg and CYFIPko cells at 
different stages of differentiation. Normalised enrichment score for each pathway show mirroring 
effects in the enrichment between each cell line. For representation purposes, only those that are 
significantly changed in at least half of the datasets are plotted in the graph. 
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Supplementary Table 4. Significantly enriched KEGG pathways in CYFIP1tg and CYFIP1ko cells 

Description setSize enrichmentScore NES pvalue p.adjust qvalues Cell Type Stage 

Thermogenesis 77 0.280122524 2.34499199 0.00160256 0.02581166 0.02122669 CYFIP1ko NE 

Huntington disease 69 0.300693986 2.39221952 0.00162866 0.02581166 0.02122669 CYFIP1ko NE 

Alzheimer disease 63 0.323571971 2.4907692 0.00165563 0.02581166 0.02122669 CYFIP1ko NE 

Oxidative phosphorylation 57 0.408577626 3.05456974 0.00167504 0.02581166 0.02122669 CYFIP1ko NE 

Non-alcoholic fatty liver disease (NAFLD) 52 0.34171171 2.44456758 0.00170068 0.02581166 0.02122669 CYFIP1ko NE 

Parkinson disease 49 0.422820958 2.96069823 0.00170358 0.02581166 0.02122669 CYFIP1ko NE 

Ribosome 47 0.424202375 2.9102571 0.0017094 0.02581166 0.02122669 CYFIP1ko NE 

Neuroactive ligand-receptor interaction 27 0.48458751 2.71137536 0.00176991 0.02581166 0.02122669 CYFIP1ko NE 

Cytokine-cytokine receptor interaction 21 0.518655897 2.56622927 0.00181488 0.02581166 0.02122669 CYFIP1ko NE 

Calcium signaling pathway 31 0.383626866 2.25484769 0.0069808 0.07843137 0.06449948 CYFIP1ko NE 

Circadian entrainment 22 0.429238538 2.16651208 0.00720721 0.07843137 0.06449948 CYFIP1ko NE 

Rheumatoid arthritis 20 0.446130704 2.1517142 0.00735294 0.07843137 0.06449948 CYFIP1ko NE 

Cardiac muscle contraction 26 0.392255098 2.15265424 0.00888099 0.08744364 0.07191089 CYFIP1ko NE 
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MAPK signaling pathway 71 0.246428037 1.9761911 0.00978793 0.08948963 0.07359345 CYFIP1ko NE 

cAMP signaling pathway 40 0.319837625 2.04465116 0.01415929 0.12082596 0.09936345 CYFIP1ko NE 

Dilated cardiomyopathy (DCM) 22 0.387165455 1.95415499 0.01621622 0.12972973 0.10668563 CYFIP1ko NE 

Hepatitis C 25 -0.33950731 -1.9155401 0.02 0.15058824 0.12383901 CYFIP1ko NE 

Ubiquitin mediated proteolysis 34 -0.274603726 -1.7992499 0.02540416 0.17483154 0.14377594 CYFIP1ko NE 

Human T-cell leukemia virus 1 infection 55 0.250599205 1.82312688 0.02595156 0.17483154 0.14377594 CYFIP1ko NE 

PI3K-Akt signaling pathway 74 0.218558691 1.80442083 0.0273752 0.17520129 0.14408001 CYFIP1ko NE 

Signaling pathways regulating pluripotency of 

stem cells 28 0.314801831 1.77141441 0.03041145 0.18536502 0.15243834 CYFIP1ko NE 

ECM-receptor interaction 25 0.32941138 1.7614362 0.03442029 0.2002635 0.16469038 CYFIP1ko NE 

Retrograde endocannabinoid signaling 43 0.263675148 1.73658628 0.03664921 0.20396085 0.16773096 CYFIP1ko NE 

Cell adhesion molecules (CAMs) 32 0.297342353 1.76358544 0.04006969 0.20401417 0.16777481 CYFIP1ko NE 

Ras signaling pathway 54 0.235212152 1.69932006 0.04310345 0.20401417 0.16777481 CYFIP1ko NE 

Gap junction 22 0.324848314 1.63961931 0.04324324 0.20401417 0.16777481 CYFIP1ko NE 

Pyrimidine metabolism 20 0.332151382 1.60198533 0.04411765 0.20401417 0.16777481 CYFIP1ko NE 
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Focal adhesion 62 0.217621885 1.67096826 0.0446281 0.20401417 0.16777481 CYFIP1ko NE 

PI3K-Akt signaling pathway 136 0.378905265 2.08219278 0.00195313 0.18893528 0.18019998 CYFIP1ko NPC 

Melanogenesis 50 -0.578303138 -2.5136655 0.00208768 0.18893528 0.18019998 CYFIP1ko NPC 

Pathways in cancer 206 0.332543249 1.97752897 0.00394477 0.22445437 0.21407686 CYFIP1ko NPC 

Melanoma 35 0.573386102 2.37150431 0.00575816 0.22445437 0.21407686 CYFIP1ko NPC 

Ribosome 75 0.435054174 2.11719907 0.00792079 0.22445437 0.21407686 CYFIP1ko NPC 

Transcriptional misregulation in cancer 68 0.461744491 2.19433027 0.00795229 0.22445437 0.21407686 CYFIP1ko NPC 

Regulation of actin cytoskeleton 86 0.408844915 2.07852525 0.00984252 0.22445437 0.21407686 CYFIP1ko NPC 

Breast cancer 72 0.428196065 2.06176565 0.00992063 0.22445437 0.21407686 CYFIP1ko NPC 

Gap junction 46 -0.476570841 -2.0291365 0.01234568 0.24828532 0.23680601 CYFIP1ko NPC 

Ras signaling pathway 84 0.389610478 1.95715309 0.01388889 0.25138889 0.23976608 CYFIP1ko NPC 

Hematopoietic cell lineage 24 0.570672095 2.11524973 0.01912046 0.28116505 0.26816556 CYFIP1ko NPC 

Signaling pathways regulating pluripotency of 

stem cells 66 -0.41007941 -1.910115 0.02061856 0.28116505 0.26816556 CYFIP1ko NPC 

Calcium signaling pathway 65 -0.408111685 -1.8996618 0.02066116 0.28116505 0.26816556 CYFIP1ko NPC 
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Neuroactive ligand-receptor interaction 66 -0.395084621 -1.8402706 0.02268041 0.28116505 0.26816556 CYFIP1ko NPC 

MAPK signaling pathway 126 0.328075161 1.77648304 0.02330097 0.28116505 0.26816556 CYFIP1ko NPC 

Gastric cancer 74 0.38915721 1.88223253 0.02584493 0.29237078 0.2788532 CYFIP1ko NPC 

Viral myocarditis 23 0.48890745 1.79156077 0.0440613 0.46912328 0.44743366 CYFIP1ko NPC 

PI3K-Akt signaling pathway 170 0.33871449 2.19159499 0.00111359 0.02377822 0.01880111 CYFIP1ko N 

Focal adhesion 110 0.364669883 2.19157524 0.0011655 0.02377822 0.01880111 CYFIP1ko N 

Neuroactive ligand-receptor interaction 93 0.555973648 3.22412884 0.00118343 0.02377822 0.01880111 CYFIP1ko N 

Calcium signaling pathway 79 0.389733141 2.18800277 0.00119474 0.02377822 0.01880111 CYFIP1ko N 

Glutamatergic synapse 69 0.40028534 2.16935856 0.00122549 0.02377822 0.01880111 CYFIP1ko N 

Morphine addiction 60 0.462352333 2.43213814 0.00123153 0.02377822 0.01880111 CYFIP1ko N 

Hypertrophic cardiomyopathy (HCM) 51 0.435535163 2.15707865 0.001287 0.02377822 0.01880111 CYFIP1ko N 

Protein digestion and absorption 47 0.542369373 2.62349987 0.00129366 0.02377822 0.01880111 CYFIP1ko N 

Amoebiasis 46 0.475261728 2.27900991 0.00129702 0.02377822 0.01880111 CYFIP1ko N 

ECM-receptor interaction 44 0.616011531 2.92751251 0.00130719 0.02377822 0.01880111 CYFIP1ko N 
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Systemic lupus erythematosus 28 0.601495361 2.53319833 0.00140252 0.02377822 0.01880111 CYFIP1ko N 

Nicotine addiction 25 0.624170055 2.52187857 0.00141844 0.02377822 0.01880111 CYFIP1ko N 

Complement and coagulation cascades 23 0.627917119 2.4710745 0.0014245 0.02377822 0.01880111 CYFIP1ko N 

Retrograde endocannabinoid signaling 91 0.386103052 2.22244979 0.0023753 0.03223411 0.02548707 CYFIP1ko N 

Oxidative phosphorylation 70 0.377810343 2.0622897 0.00245098 0.03223411 0.02548707 CYFIP1ko N 

Dilated cardiomyopathy (DCM) 55 0.442760174 2.26428569 0.00249377 0.03223411 0.02548707 CYFIP1ko N 

GABAergic synapse 53 0.421280259 2.12614334 0.00252525 0.03223411 0.02548707 CYFIP1ko N 

Hematopoietic cell lineage 21 0.591772318 2.25940815 0.00287356 0.0346424 0.02739128 CYFIP1ko N 

MAPK signaling pathway 151 0.301004799 1.90323864 0.00337458 0.03854123 0.03047403 CYFIP1ko N 

Cell adhesion molecules (CAMs) 58 0.390088065 2.03129869 0.00494438 0.05147364 0.04069951 CYFIP1ko N 

Melanogenesis 56 0.386425041 1.98376434 0.00498132 0.05147364 0.04069951 CYFIP1ko N 

Cytokine-cytokine receptor interaction 70 0.359421207 1.96191202 0.00612745 0.0584559 0.04622029 CYFIP1ko N 

Estrogen signaling pathway 61 0.371253888 1.94745992 0.00619579 0.0584559 0.04622029 CYFIP1ko N 

Rheumatoid arthritis 27 0.495523212 2.06925785 0.00699301 0.06086957 0.04812874 CYFIP1ko N 
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Regulation of lipolysis in adipocytes 28 0.504969075 2.12667778 0.00701262 0.06086957 0.04812874 CYFIP1ko N 

Pathways in cancer 277 0.244484665 1.68546085 0.00862069 0.0719496 0.05688957 CYFIP1ko N 

Leukocyte transendothelial migration 49 0.39377812 1.92986217 0.01023018 0.08222033 0.06501049 CYFIP1ko N 

Parkinson disease 83 0.325087312 1.83429265 0.01079137 0.08363309 0.06612755 CYFIP1ko N 

AGE-RAGE signaling pathway in diabetic compli-

cations 59 0.3578329 1.86758138 0.01243781 0.09306914 0.0735885 CYFIP1ko N 

Platelet activation 54 0.361661523 1.82604425 0.01643489 0.11887906 0.09399605 CYFIP1ko N 

cAMP signaling pathway 100 0.293626953 1.73206834 0.02112676 0.13929603 0.11013948 CYFIP1ko N 

Hedgehog signaling pathway 26 -0.603591178 -3.0256453 0.02120141 0.13929603 0.11013948 CYFIP1ko N 

DNA replication 27 -0.560455752 -2.8674221 0.02439024 0.13929603 0.11013948 CYFIP1ko N 

Taste transduction 21 0.494958969 1.88977128 0.02442529 0.13929603 0.11013948 CYFIP1ko N 

TGF-beta signaling pathway 50 0.35842284 1.76080564 0.02448454 0.13929603 0.11013948 CYFIP1ko N 

Homologous recombination 26 -0.489880787 -2.4556447 0.02473498 0.13929603 0.11013948 CYFIP1ko N 

Fanconi anemia pathway 26 -0.490257343 -2.4575323 0.02473498 0.13929603 0.11013948 CYFIP1ko N 

Lysine degradation 29 -0.360794077 -1.8723688 0.0248227 0.13929603 0.11013948 CYFIP1ko N 
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Bile secretion 26 0.454652106 1.88108881 0.02503477 0.13929603 0.11013948 CYFIP1ko N 

Cocaine addiction 31 0.424895847 1.82359228 0.02797203 0.1517011 0.119948 CYFIP1ko N 

Base excision repair 20 -0.440716185 -2.0887427 0.02866242 0.1517011 0.119948 CYFIP1ko N 

Basal cell carcinoma 38 -0.424705467 -2.4590089 0.03225806 0.16666667 0.13178107 CYFIP1ko N 

Ras signaling pathway 115 0.269628687 1.63414471 0.03333333 0.16821705 0.13300694 CYFIP1ko N 

Human papillomavirus infection 168 0.238387167 1.54064549 0.03674833 0.17777518 0.14056441 CYFIP1ko N 

Leishmaniasis 26 0.434460951 1.79754942 0.03755216 0.17777518 0.14056441 CYFIP1ko N 

Melanoma 36 0.397353198 1.79216434 0.03768506 0.17777518 0.14056441 CYFIP1ko N 

Dopaminergic synapse 80 0.302991264 1.70295647 0.03956835 0.18268789 0.14444883 CYFIP1ko N 

RaEA8 signaling pathway 106 0.272070682 1.6214681 0.04084014 0.18463147 0.14598559 CYFIP1ko N 

Phospholipase D signaling pathway 76 0.302671961 1.67522934 0.04227053 0.18719807 0.14801496 CYFIP1ko N 

Olfactory transduction 27 0.419539415 1.75195673 0.04475524 0.19423776 0.15358116 CYFIP1ko N 

Nucleotide excision repair 24 -0.349264258 -1.7300767 0.04590164 0.19527328 0.15439992 CYFIP1ko N 

Relaxin signaling pathway 74 0.295261812 1.63734239 0.04796163 0.19527328 0.15439992 CYFIP1ko N 
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Alcoholism 74 0.295625249 1.6393578 0.04796163 0.19527328 0.15439992 CYFIP1ko N 

Serotonergic synapse 52 0.331792326 1.65383777 0.04859335 0.19527328 0.15439992 CYFIP1ko N 

MAPK signaling pathway 83 -0.286685598 -2.4899417 0.00155039 0.00982987 0.00437767 CYFIP1tg NE 

Regulation of actin cytoskeleton 68 -0.284362812 -2.2858903 0.0015873 0.00982987 0.00437767 CYFIP1tg NE 

Axon guidance 70 -0.326585487 -2.6684555 0.00158983 0.00982987 0.00437767 CYFIP1tg NE 

Focal adhesion 74 -0.35724039 -2.9535614 0.00159236 0.00982987 0.00437767 CYFIP1tg NE 

Proteoglycans in cancer 65 -0.282267193 -2.2293211 0.00159236 0.00982987 0.00437767 CYFIP1tg NE 

RaEA8 signaling pathway 63 -0.329906854 -2.5640272 0.00162075 0.00982987 0.00437767 CYFIP1tg NE 

Neuroactive ligand-receptor interaction 48 -0.458519423 -3.1832102 0.00169492 0.00982987 0.00437767 CYFIP1tg NE 

Dopaminergic synapse 42 -0.41584325 -2.7634514 0.0017301 0.00982987 0.00437767 CYFIP1tg NE 

Cell adhesion molecules (CAMs) 37 -0.423983957 -2.6827732 0.00175131 0.00982987 0.00437767 CYFIP1tg NE 

Platelet activation 37 -0.351021395 -2.2211 0.00175131 0.00982987 0.00437767 CYFIP1tg NE 

Circadian entrainment 37 -0.467774964 -2.9598623 0.00175131 0.00982987 0.00437767 CYFIP1tg NE 

Relaxin signaling pathway 38 -0.365538032 -2.3446685 0.00175131 0.00982987 0.00437767 CYFIP1tg NE 
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Calcium signaling pathway 39 -0.402926459 -2.617061 0.00175439 0.00982987 0.00437767 CYFIP1tg NE 

Arrhythmogenic right ventricular cardiomyopa-

thy (ARVC) 30 -0.481960468 -2.8053889 0.00175747 0.00982987 0.00437767 CYFIP1tg NE 

Endocrine resistance 31 -0.368476636 -2.1605911 0.00176367 0.00982987 0.00437767 CYFIP1tg NE 

Aldosterone synthesis and secretion 31 -0.369298994 -2.1654131 0.00176367 0.00982987 0.00437767 CYFIP1tg NE 

AGE-RAGE signaling pathway in diabetic compli-

cations 31 -0.387300162 -2.2709643 0.00176367 0.00982987 0.00437767 CYFIP1tg NE 

Dilated cardiomyopathy (DCM) 31 -0.436174681 -2.5575438 0.00176367 0.00982987 0.00437767 CYFIP1tg NE 

Glutamatergic synapse 35 -0.435786831 -2.6834243 0.00176991 0.00982987 0.00437767 CYFIP1tg NE 

ErbB signaling pathway 32 -0.353287147 -2.098029 0.0017762 0.00982987 0.00437767 CYFIP1tg NE 

Hypertrophic cardiomyopathy (HCM) 28 -0.417960435 -2.3578 0.00178253 0.00982987 0.00437767 CYFIP1tg NE 

Osteoclast differentiation 26 -0.411115738 -2.262742 0.00178571 0.00982987 0.00437767 CYFIP1tg NE 

Leukocyte transendothelial migration 26 -0.379576241 -2.0891516 0.00178571 0.00982987 0.00437767 CYFIP1tg NE 

Inflammatory mediator regulation of TRP chan-

nels 26 -0.443431804 -2.4406066 0.00178571 0.00982987 0.00437767 CYFIP1tg NE 
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Adherens junction 34 -0.37604482 -2.2730023 0.00179856 0.00982987 0.00437767 CYFIP1tg NE 

Long-term potentiation 24 -0.471585187 -2.4927807 0.00179856 0.00982987 0.00437767 CYFIP1tg NE 

Serotonergic synapse 24 -0.396734412 -2.0971224 0.00179856 0.00982987 0.00437767 CYFIP1tg NE 

Amphetamine addiction 24 -0.456412063 -2.4125761 0.00179856 0.00982987 0.00437767 CYFIP1tg NE 

Salivary secretion 22 -0.412783745 -2.1050526 0.00184502 0.00982987 0.00437767 CYFIP1tg NE 

Amoebiasis 20 -0.480448297 -2.3463191 0.00189036 0.00982987 0.00437767 CYFIP1tg NE 

Basal cell carcinoma 25 0.393140841 2.24757866 0.00226757 0.01002506 0.0044646 CYFIP1tg NE 

Proteasome 32 0.485781098 3.08327614 0.0022779 0.01002506 0.0044646 CYFIP1tg NE 

Ribosome biogenesis in eukaryotes 35 0.42657685 2.81207104 0.00228833 0.01002506 0.0044646 CYFIP1tg NE 

Pyrimidine metabolism 41 0.363367201 2.57702806 0.00231481 0.01002506 0.0044646 CYFIP1tg NE 

Parkinson disease 46 0.44895098 3.39315674 0.00240964 0.01002506 0.0044646 CYFIP1tg NE 

Oxidative phosphorylation 49 0.494253685 3.80196653 0.00246914 0.01002506 0.0044646 CYFIP1tg NE 

Ribosome 55 0.557156134 4.48294325 0.0025 0.01002506 0.0044646 CYFIP1tg NE 

Spliceosome 56 0.338412528 2.75159317 0.0025 0.01002506 0.0044646 CYFIP1tg NE 
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RNA transport 57 0.392977967 3.23325219 0.00250627 0.01002506 0.0044646 CYFIP1tg NE 

Alzheimer disease 59 0.314054434 2.60490694 0.00260417 0.01015625 0.00452303 CYFIP1tg NE 

Huntington disease 71 0.296166419 2.6205934 0.00268097 0.01020075 0.00454284 CYFIP1tg NE 

Thermogenesis 75 0.212754075 1.91922921 0.0027933 0.0103751 0.00462049 CYFIP1tg NE 

cAMP signaling pathway 57 -0.293203141 -2.1773428 0.00331675 0.0113906 0.00507274 CYFIP1tg NE 

Adrenergic signaling in cardiomyocytes 45 -0.315477137 -2.1374663 0.00339559 0.0113906 0.00507274 CYFIP1tg NE 

Oxytocin signaling pathway 45 -0.341966726 -2.3169424 0.00339559 0.0113906 0.00507274 CYFIP1tg NE 

Parathyroid hormone synthesis, secretion and 

action 33 -0.357526331 -2.1383929 0.00355872 0.0113906 0.00507274 CYFIP1tg NE 

Vascular smooth muscle contraction 25 -0.368605354 -1.982709 0.00356506 0.0113906 0.00507274 CYFIP1tg NE 

Gap junction 28 -0.376137716 -2.1218695 0.00356506 0.0113906 0.00507274 CYFIP1tg NE 

Phosphatidylinositol signaling system 29 -0.364571534 -2.0760905 0.00357782 0.0113906 0.00507274 CYFIP1tg NE 

Protein digestion and absorption 22 -0.403057352 -2.0554514 0.00369004 0.01151292 0.00512721 CYFIP1tg NE 

mRNA surveillance pathway 31 0.327648869 2.06784747 0.0045977 0.01406356 0.00626312 CYFIP1tg NE 

FoxO signaling pathway 38 -0.338462915 -2.1710007 0.00525394 0.01551879 0.0069112 CYFIP1tg NE 
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GnRH signaling pathway 27 -0.378027701 -2.107565 0.00527241 0.01551879 0.0069112 CYFIP1tg NE 

Notch signaling pathway 20 -0.411847831 -2.0113016 0.00567108 0.01638311 0.00729612 CYFIP1tg NE 

Pathways in cancer 154 -0.180598138 -1.9096238 0.0057971 0.01644269 0.00732265 CYFIP1tg NE 

Thyroid hormone signaling pathway 42 -0.301946097 -2.0065574 0.00692042 0.01917758 0.00854062 CYFIP1tg NE 

Autophagy - animal 36 -0.324543141 -2.0244282 0.00702988 0.01917758 0.00854062 CYFIP1tg NE 

Bacterial invasion of epithelial cells 28 -0.336097042 -1.8959919 0.00713012 0.01917758 0.00854062 CYFIP1tg NE 

Prostate cancer 30 -0.332877301 -1.9376076 0.00878735 0.02323434 0.01034728 CYFIP1tg NE 

Non-alcoholic fatty liver disease (NAFLD) 50 0.263171028 2.05525631 0.00966184 0.02512077 0.01118739 CYFIP1tg NE 

Estrogen signaling pathway 37 -0.309244333 -1.9567542 0.01050788 0.026 0.01157895 CYFIP1tg NE 

Phospholipase D signaling pathway 36 -0.308875779 -1.9266986 0.01054482 0.026 0.01157895 CYFIP1tg NE 

Cholinergic synapse 36 -0.303108093 -1.8907211 0.01054482 0.026 0.01157895 CYFIP1tg NE 

Purine metabolism 64 0.217578223 1.84618444 0.01066667 0.026 0.01157895 CYFIP1tg NE 

Ras signaling pathway 61 -0.24127429 -1.8498301 0.01141925 0.0274062 0.01220519 CYFIP1tg NE 

Chemokine signaling pathway 38 -0.307391008 -1.9716964 0.01225919 0.02864413 0.01275649 CYFIP1tg NE 
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Hepatitis C 27 -0.327837376 -1.8277459 0.01230228 0.02864413 0.01275649 CYFIP1tg NE 

Renal cell carcinoma 26 -0.33728563 -1.8563881 0.0125 0.02867647 0.0127709 CYFIP1tg NE 

T cell receptor signaling pathway 22 -0.356125723 -1.8161165 0.01291513 0.02919942 0.01300379 CYFIP1tg NE 

Choline metabolism in cancer 32 -0.309609497 -1.8386452 0.01420959 0.03133238 0.01395369 CYFIP1tg NE 

Insulin secretion 25 -0.345200429 -1.8568152 0.01426025 0.03133238 0.01395369 CYFIP1tg NE 

MicroRNAs in cancer 51 -0.260360403 -1.847728 0.01517707 0.03288364 0.01464454 CYFIP1tg NE 

Cytokine-cytokine receptor interaction 35 0.270619419 1.78397171 0.01601831 0.0342309 0.01524453 CYFIP1tg NE 

Fluid shear stress and atherosclerosis 43 -0.271692249 -1.8102759 0.01929825 0.04068279 0.01811784 CYFIP1tg NE 

Human cytomegalovirus infection 53 -0.24782923 -1.7873247 0.02003339 0.04166945 0.01855724 CYFIP1tg NE 

Gastric acid secretion 24 -0.346914919 -1.8337785 0.02158273 0.0443014 0.01972937 CYFIP1tg NE 

Tight junction 40 -0.266082939 -1.7328702 0.02464789 0.04875762 0.02171392 CYFIP1tg NE 

RNA degradation 34 0.267092836 1.74501221 0.02466368 0.04875762 0.02171392 CYFIP1tg NE 

ECM-receptor interaction 31 -0.295451092 -1.7324002 0.02469136 0.04875762 0.02171392 CYFIP1tg NE 

JAK-STAT signaling pathway 25 -0.324876405 -1.7474933 0.02673797 0.05213904 0.02321981 CYFIP1tg NE 



 211 

Neurotrophin signaling pathway 38 -0.273052026 -1.751436 0.02802102 0.0539664 0.02403362 CYFIP1tg NE 

Hippo signaling pathway 62 0.206503132 1.7538407 0.02864583 0.05449695 0.0242699 CYFIP1tg NE 

Glycerophospholipid metabolism 21 -0.352990217 -1.7566981 0.02962963 0.05568942 0.02480096 CYFIP1tg NE 

PI3K-Akt signaling pathway 88 -0.185712954 -1.6394804 0.03301887 0.06132075 0.02730884 CYFIP1tg NE 

Chagas disease (American trypanosomiasis) 23 -0.318856308 -1.6559358 0.03683241 0.06759831 0.03010451 CYFIP1tg NE 

Inositol phosphate metabolism 21 -0.332864394 -1.6565395 0.04074074 0.07390181 0.03291174 CYFIP1tg NE 

Insulin signaling pathway 40 -0.252983609 -1.6475606 0.04225352 0.07494457 0.03337612 CYFIP1tg NE 

Wnt signaling pathway 60 -0.213941659 -1.6272938 0.04227642 0.07494457 0.03337612 CYFIP1tg NE 

TGF-beta signaling pathway 29 0.266614521 1.63800292 0.04514673 0.07913359 0.03524168 CYFIP1tg NE 

C-type lectin receptor signaling pathway 23 -0.312746597 -1.6242058 0.04604052 0.07980356 0.03554005 CYFIP1tg NE 

Metabolic pathways 674 -0.134565585 -1.9391519 0.00116414 0.0315427 0.02406844 CYFIP1tg NPC 

Thermogenesis 152 -0.265746356 -2.6579116 0.00141844 0.0315427 0.02406844 CYFIP1tg NPC 

Alzheimer disease 114 -0.343699166 -3.1735193 0.00144509 0.0315427 0.02406844 CYFIP1tg NPC 

Ribosome 118 -0.525110637 -4.9089177 0.00144718 0.0315427 0.02406844 CYFIP1tg NPC 



 212 

Huntington disease 129 -0.399228795 -3.8294793 0.00144718 0.0315427 0.02406844 CYFIP1tg NPC 

Non-alcoholic fatty liver disease (NAFLD) 97 -0.349521818 -3.0354469 0.00148368 0.0315427 0.02406844 CYFIP1tg NPC 

Parkinson disease 97 -0.418835675 -3.6374079 0.00148368 0.0315427 0.02406844 CYFIP1tg NPC 

Oxidative phosphorylation 90 -0.490753099 -4.1175118 0.0015361 0.0315427 0.02406844 CYFIP1tg NPC 

Cardiac muscle contraction 44 -0.35227261 -2.2429681 0.00163666 0.0315427 0.02406844 CYFIP1tg NPC 

Proteasome 34 -0.451158355 -2.5943003 0.00167224 0.0315427 0.02406844 CYFIP1tg NPC 

Systemic lupus erythematosus 28 -0.402666364 -2.1413872 0.00169779 0.0315427 0.02406844 CYFIP1tg NPC 

Hematopoietic cell lineage 26 -0.520142725 -2.6719777 0.00171527 0.0315427 0.02406844 CYFIP1tg NPC 

Taste transduction 22 0.528592451 2.75135316 0.00226244 0.0315427 0.02406844 CYFIP1tg NPC 

Basal cell carcinoma 40 0.365746124 2.54528826 0.00240385 0.0315427 0.02406844 CYFIP1tg NPC 

Lysine degradation 32 0.346116669 2.14634928 0.00244499 0.0315427 0.02406844 CYFIP1tg NPC 

Notch signaling pathway 34 0.357058556 2.28343187 0.00247525 0.0315427 0.02406844 CYFIP1tg NPC 

Melanoma 38 0.295795188 1.97976134 0.00248756 0.0315427 0.02406844 CYFIP1tg NPC 

Retrograde endocannabinoid signaling 94 -0.260058033 -2.2463067 0.00296296 0.0315427 0.02406844 CYFIP1tg NPC 
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Breast cancer 81 0.34564814 3.20628463 0.00296736 0.0315427 0.02406844 CYFIP1tg NPC 

Neuroactive ligand-receptor interaction 80 -0.280003602 -2.2666872 0.00298954 0.0315427 0.02406844 CYFIP1tg NPC 

Wnt signaling pathway 93 0.222341005 2.19333775 0.00301205 0.0315427 0.02406844 CYFIP1tg NPC 

Gastric cancer 79 0.278661507 2.53850546 0.0030303 0.0315427 0.02406844 CYFIP1tg NPC 

MAPK signaling pathway 152 0.178455447 2.16027357 0.003367 0.03318841 0.02532418 CYFIP1tg NPC 

Amino sugar and nucleotide sugar metabolism 25 -0.390759555 -1.9589557 0.00347826 0.03318841 0.02532418 CYFIP1tg NPC 

Cytokine-cytokine receptor interaction 66 -0.322704927 -2.4130019 0.00460123 0.04141548 0.03160179 CYFIP1tg NPC 

Phagosome 59 -0.289373799 -2.0742856 0.00470219 0.04141548 0.03160179 CYFIP1tg NPC 

Insulin secretion 45 0.267767977 1.94313008 0.00515464 0.04371898 0.03335946 CYFIP1tg NPC 

Protein processing in endoplasmic reticulum 113 -0.227713082 -2.0967714 0.00578871 0.04604403 0.03513358 CYFIP1tg NPC 

Calcium signaling pathway 84 0.20887536 1.97784864 0.0058309 0.04604403 0.03513358 CYFIP1tg NPC 

RaEA8 signaling pathway 109 0.176793132 1.83478585 0.00623053 0.04755971 0.0362901 CYFIP1tg NPC 

Regulation of actin cytoskeleton 116 0.160929191 1.69546001 0.00645161 0.04765869 0.03636563 CYFIP1tg NPC 

Pathways in cancer 277 0.127896847 1.88676265 0.00803213 0.05719281 0.04364057 CYFIP1tg NPC 
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Endocrine resistance 59 0.248760479 2.02253215 0.00824176 0.05719281 0.04364057 CYFIP1tg NPC 

Hepatocellular carcinoma 94 0.187428342 1.84200036 0.00917431 0.06179169 0.04714971 CYFIP1tg NPC 

Ras signaling pathway 115 0.160128045 1.66781773 0.00983607 0.06377054 0.04865966 CYFIP1tg NPC 

Arrhythmogenic right ventricular cardiomyopa-

thy (ARVC) 41 0.26574324 1.85303174 0.01002506 0.06377054 0.04865966 CYFIP1tg NPC 

Purine metabolism 99 -0.215446467 -1.8826267 0.0119403 0.07390077 0.05638946 CYFIP1tg NPC 

Dilated cardiomyopathy (DCM) 49 0.240398125 1.80745134 0.01278772 0.07706286 0.05880228 CYFIP1tg NPC 

Thyroid hormone signaling pathway 71 0.211811038 1.83448313 0.01457726 0.08411696 0.06418485 CYFIP1tg NPC 

Cushing syndrome 88 0.193593517 1.87686065 0.0148368 0.08411696 0.06418485 CYFIP1tg NPC 

cAMP signaling pathway 99 0.179945384 1.81742106 0.01506024 0.08411696 0.06418485 CYFIP1tg NPC 

Proteoglycans in cancer 120 0.155171517 1.65762316 0.01602564 0.08578921 0.06546085 CYFIP1tg NPC 

Axon guidance 117 0.152078585 1.60321981 0.01618123 0.08578921 0.06546085 CYFIP1tg NPC 

Inflammatory mediator regulation of TRP chan-

nels 59 0.220476435 1.79257043 0.01648352 0.08578921 0.06546085 CYFIP1tg NPC 

Ferroptosis 27 -0.34930952 -1.8224196 0.01873935 0.09536248 0.07276567 CYFIP1tg NPC 
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Ribosome biogenesis in eukaryotes 46 -0.27634604 -1.7896398 0.01948052 0.09697911 0.07399923 CYFIP1tg NPC 

Signaling pathways regulating pluripotency of 

stem cells 77 0.185751974 1.6628844 0.02194357 0.10691656 0.08158193 CYFIP1tg NPC 

NF-kappa B signaling pathway 38 -0.28884542 -1.739592 0.025 0.11927083 0.09100877 CYFIP1tg NPC 

Cell adhesion molecules (CAMs) 45 -0.270677958 -1.738834 0.02605863 0.12123529 0.09250774 CYFIP1tg NPC 

Hippo signaling pathway 83 0.184020589 1.73794953 0.02647059 0.12123529 0.09250774 CYFIP1tg NPC 

Salivary secretion 37 0.253322919 1.68520503 0.02962963 0.13304285 0.10151741 CYFIP1tg NPC 

Cholinergic synapse 65 0.196374185 1.64454301 0.03047091 0.13418922 0.10239214 CYFIP1tg NPC 

Adrenergic signaling in cardiomyocytes 80 0.178761961 1.63627597 0.03303303 0.14272763 0.10890732 CYFIP1tg NPC 

Melanogenesis 62 0.200550467 1.66630594 0.03399433 0.14416116 0.11000116 CYFIP1tg NPC 

Legionellosis 20 -0.357523798 -1.6767958 0.03546099 0.14764668 0.11266076 CYFIP1tg NPC 

Olfactory transduction 21 0.331575261 1.68195483 0.03854875 0.15763686 0.1202837 CYFIP1tg NPC 

Pancreatic secretion 40 0.229410478 1.59650577 0.04086538 0.16417848 0.12527523 CYFIP1tg NPC 

Serotonergic synapse 57 0.201212432 1.60995828 0.04189944 0.16543055 0.12623062 CYFIP1tg NPC 

Neurotrophin signaling pathway 68 0.179997148 1.53403453 0.04558405 0.17692092 0.13499826 CYFIP1tg NPC 
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Arachidonic acid metabolism 20 0.330943375 1.65167798 0.04794521 0.17692092 0.13499826 CYFIP1tg NPC 

Bile secretion 31 0.268354167 1.61721707 0.04834606 0.17692092 0.13499826 CYFIP1tg NPC 

Type II diabetes mellitus 28 0.275312603 1.60369036 0.04842615 0.17692092 0.13499826 CYFIP1tg NPC 

Fluid shear stress and atherosclerosis 76 -0.199001689 -1.5825794 0.04867257 0.17692092 0.13499826 CYFIP1tg NPC 

Pathways in cancer 186 -0.229955126 -2.6261617 0.00152439 0.02060185 0.01388889 CYFIP1tg N 

PI3K-Akt signaling pathway 113 -0.223618612 -2.1472949 0.00161031 0.02060185 0.01388889 CYFIP1tg N 

Hippo signaling pathway 80 -0.277089297 -2.3764761 0.00161551 0.02060185 0.01388889 CYFIP1tg N 

Axon guidance 89 -0.25534368 -2.2692678 0.00161812 0.02060185 0.01388889 CYFIP1tg N 

MicroRNAs in cancer 69 -0.293958802 -2.3981257 0.00162866 0.02060185 0.01388889 CYFIP1tg N 

Cushing syndrome 67 -0.27990106 -2.2563086 0.00163934 0.02060185 0.01388889 CYFIP1tg N 

Breast cancer 67 -0.284073223 -2.2899408 0.00163934 0.02060185 0.01388889 CYFIP1tg N 

Signaling pathways regulating pluripotency of 

stem cells 72 -0.268905887 -2.2312684 0.00164474 0.02060185 0.01388889 CYFIP1tg N 

Chemokine signaling pathway 51 -0.283650838 -2.0366583 0.00165837 0.02060185 0.01388889 CYFIP1tg N 

Calcium signaling pathway 52 -0.328051698 -2.3761781 0.00166113 0.02060185 0.01388889 CYFIP1tg N 
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Wnt signaling pathway 66 -0.359915957 -2.8754081 0.00166113 0.02060185 0.01388889 CYFIP1tg N 

Neuroactive ligand-receptor interaction 55 -0.303844924 -2.249912 0.00166389 0.02060185 0.01388889 CYFIP1tg N 

cAMP signaling pathway 58 -0.297934679 -2.2546518 0.00168634 0.02060185 0.01388889 CYFIP1tg N 

Melanogenesis 46 -0.377713144 -2.5682326 0.00170358 0.02060185 0.01388889 CYFIP1tg N 

Cytokine-cytokine receptor interaction 38 -0.480846588 -3.0252619 0.00173611 0.02060185 0.01388889 CYFIP1tg N 

Human papillomavirus infection 129 -0.223284352 -2.241239 0.00312989 0.03184258 0.02146691 CYFIP1tg N 

Human T-cell leukemia virus 1 infection 69 -0.261463733 -2.1330299 0.00325733 0.03184258 0.02146691 CYFIP1tg N 

Cell adhesion molecules (CAMs) 40 -0.346302253 -2.2130686 0.0034965 0.03184258 0.02146691 CYFIP1tg N 

JAK-STAT signaling pathway 34 -0.390229133 -2.3370687 0.00357782 0.03184258 0.02146691 CYFIP1tg N 

Basal cell carcinoma 34 -0.383399097 -2.2961638 0.00357782 0.03184258 0.02146691 CYFIP1tg N 

Peroxisome 29 0.379349581 2.29410737 0.00464037 0.03933267 0.02651641 CYFIP1tg N 

Focal adhesion 71 -0.237710623 -1.9602429 0.00655738 0.05106139 0.03442341 CYFIP1tg N 

Circadian entrainment 37 -0.340668909 -2.1161168 0.00688468 0.05106139 0.03442341 CYFIP1tg N 

Parathyroid hormone synthesis, secretion and 

action 37 -0.323674299 -2.0105522 0.00688468 0.05106139 0.03442341 CYFIP1tg N 



 218 

Notch signaling pathway 22 -0.38006031 -1.9231202 0.00724638 0.0515942 0.03478261 CYFIP1tg N 

Aldosterone synthesis and secretion 31 -0.347905129 -2.0257989 0.00883392 0.06046196 0.04076087 CYFIP1tg N 

Hepatocellular carcinoma 74 -0.231765421 -1.9380549 0.00980392 0.06046196 0.04076087 CYFIP1tg N 

Influenza A 45 -0.288454653 -1.9407175 0.01025641 0.06046196 0.04076087 CYFIP1tg N 

ECM-receptor interaction 32 -0.354463411 -2.0938486 0.01061947 0.06046196 0.04076087 CYFIP1tg N 

Longevity regulating pathway - multiple species 23 -0.379176777 -1.9636378 0.01073345 0.06046196 0.04076087 CYFIP1tg N 

Protein digestion and absorption 25 -0.370772331 -1.9780844 0.01084991 0.06046196 0.04076087 CYFIP1tg N 

Thyroid hormone synthesis 22 -0.37056327 -1.8750648 0.01086957 0.06046196 0.04076087 CYFIP1tg N 

Ras signaling pathway 79 -0.227964592 -1.9470908 0.01134522 0.06119542 0.04125534 CYFIP1tg N 

Measles 38 -0.304833271 -1.9178684 0.01215278 0.06191612 0.0417412 CYFIP1tg N 

Endocrine resistance 30 -0.336132496 -1.9424484 0.01230228 0.06191612 0.0417412 CYFIP1tg N 

Vascular smooth muscle contraction 34 -0.333679358 -1.998394 0.01252236 0.06191612 0.0417412 CYFIP1tg N 

cGMP-PKG signaling pathway 50 -0.263981537 -1.8739812 0.01328904 0.06393104 0.04309958 CYFIP1tg N 

Longevity regulating pathway 31 -0.325111871 -1.8930772 0.01413428 0.06551343 0.04416636 CYFIP1tg N 
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MAPK signaling pathway 110 -0.18737678 -1.785946 0.01435407 0.06551343 0.04416636 CYFIP1tg N 

Arginine and proline metabolism 21 0.343008351 1.84302378 0.0173913 0.07491582 0.05050505 CYFIP1tg N 

RaEA8 signaling pathway 76 -0.218645622 -1.8464195 0.01788618 0.07491582 0.05050505 CYFIP1tg N 

Protein processing in endoplasmic reticulum 62 -0.23081666 -1.7920363 0.01836394 0.07491582 0.05050505 CYFIP1tg N 

AMPK signaling pathway 48 -0.260254257 -1.8149607 0.01842546 0.07491582 0.05050505 CYFIP1tg N 

FoxO signaling pathway 54 -0.24447082 -1.7912832 0.01851852 0.07491582 0.05050505 CYFIP1tg N 

Pancreatic secretion 26 -0.33499013 -1.8226297 0.0198556 0.0782217 0.05273373 CYFIP1tg N 

Ribosome 61 -0.230699132 -1.7737497 0.02047782 0.0782217 0.05273373 CYFIP1tg N 

ErbB signaling pathway 37 -0.299301928 -1.8591595 0.02065404 0.0782217 0.05273373 CYFIP1tg N 

Acute myeloid leukemia 29 -0.313839631 -1.8073006 0.02276708 0.0844279 0.05691769 CYFIP1tg N 

Prostate cancer 42 -0.266339778 -1.7531825 0.02401372 0.08622837 0.05813149 CYFIP1tg N 

AGE-RAGE signaling pathway in diabetic compli-

cations 39 -0.288156532 -1.8330204 0.02422145 0.08622837 0.05813149 CYFIP1tg N 

Parkinson disease 39 0.255678283 1.78879318 0.0259434 0.09054754 0.06104329 CYFIP1tg N 

Non-alcoholic fatty liver disease (NAFLD) 39 -0.275481816 -1.7523941 0.02768166 0.09475645 0.06388076 CYFIP1tg N 
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Thyroid hormone signaling pathway 54 -0.23377089 -1.7128828 0.02861953 0.09611842 0.06479893 CYFIP1tg N 

Adherens junction 40 -0.269637331 -1.7231361 0.02972028 0.09796685 0.06604507 CYFIP1tg N 

Proteoglycans in cancer 87 -0.196099662 -1.7365521 0.03069467 0.09933911 0.06697019 CYFIP1tg N 

Chronic myeloid leukemia 35 -0.283139085 -1.7133239 0.03197158 0.10162395 0.06851053 CYFIP1tg N 

Fc gamma R-mediated phagocytosis 31 -0.292201435 -1.7014447 0.0335689 0.10482921 0.07067138 CYFIP1tg N 

Human cytomegalovirus infection 65 -0.21013152 -1.6825257 0.03453947 0.10600045 0.07146098 CYFIP1tg N 

Endometrial cancer 29 -0.289562416 -1.667496 0.03677758 0.1109561 0.07480186 CYFIP1tg N 

Transcriptional misregulation in cancer 57 -0.221209402 -1.6692795 0.04145937 0.1215847 0.08196721 CYFIP1tg N 

NF-kappa B signaling pathway 22 -0.324006176 -1.6394841 0.04166667 0.1215847 0.08196721 CYFIP1tg N 

Oxytocin signaling pathway 54 -0.221304693 -1.6215407 0.04377104 0.12501756 0.0842815 CYFIP1tg N 

Amoebiasis 32 -0.278886816 -1.6474106 0.04424779 0.12501756 0.0842815 CYFIP1tg N 

Insulin secretion 25 -0.309590975 -1.6516795 0.04520796 0.12573463 0.08476492 CYFIP1tg N 

clusterProfiler GSEA results for CYFIP1tg and CYFIP1ko cells at three developmental stages using a 5% FDR cut-off threshold for DEGs.NE = neuroepithelium, 
NPC = neural progenitor cells, N = neurons.
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Supplementary Table 5. Significant enrichment for AKT in DEGs is independent from FMRP. 

 
Significant differentially expressed AKT genes are not enriched amongst FRMP targets (Fisher exact p 
> 0.05), with exception to CYFIP1tg neuroepithelial 
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Supplementary Table 6. Significantly enriched KEGG pathways in EA8 and EA62 cells.  
Description setSize enrichmentScore NES pvalue p.adjust qvalues Patient Stage 
Neuroactive ligand-receptor interac-
tion 48 -0.463717924 -2.8111068 0.00146199 0.05333333 0.03859649 EA8 NPC 
Chemokine signaling pathway 29 0.369105734 2.21986947 0.00284091 0.05333333 0.03859649 EA8 NPC 
Hepatocellular carcinoma 40 0.37966562 2.56473406 0.00288184 0.05333333 0.03859649 EA8 NPC 
Cytokine-cytokine receptor interac-
tion 36 0.383166008 2.47527629 0.00295858 0.05333333 0.03859649 EA8 NPC 
Fluid shear stress and atherosclerosis 44 0.425487794 2.96339171 0.00296736 0.05333333 0.03859649 EA8 NPC 
Proteoglycans in cancer 48 0.3115418 2.25990775 0.00314465 0.05333333 0.03859649 EA8 NPC 
Focal adhesion 55 0.365093297 2.81603982 0.00333333 0.05333333 0.03859649 EA8 NPC 
Pathways in cancer 120 0.232646242 2.38064403 0.004329 0.06060606 0.04385965 EA8 NPC 
Non-alcoholic fatty liver disease 
(NAFLD) 23 0.421098142 2.28364294 0.0052356 0.06515416 0.04715104 EA8 NPC 
Protein processing in endoplasmic re-
ticulum 36 0.317031635 2.04804411 0.0147929 0.13423404 0.09714305 EA8 NPC 
Vascular smooth muscle contraction 23 0.346519629 1.87919876 0.01570681 0.13423404 0.09714305 EA8 NPC 
Leukocyte transendothelial migration 27 0.340265095 2.00576265 0.01902174 0.13423404 0.09714305 EA8 NPC 
Relaxin signaling pathway 36 0.285223651 1.84256256 0.02071006 0.13423404 0.09714305 EA8 NPC 
Human T-cell leukemia virus 1 infec-
tion 43 0.272870517 1.8780169 0.02089552 0.13423404 0.09714305 EA8 NPC 
AGE-RAGE signaling pathway in dia-
betic complications 28 0.328970977 1.96837641 0.02222222 0.13423404 0.09714305 EA8 NPC 
Herpes simplex infection 25 0.306725182 1.73929436 0.024 0.13423404 0.09714305 EA8 NPC 
Apoptosis 33 0.305192379 1.93538011 0.0252809 0.13423404 0.09714305 EA8 NPC 
Apelin signaling pathway 34 0.295599973 1.90188857 0.02549575 0.13423404 0.09714305 EA8 NPC 
p53 signaling pathway 20 0.342230565 1.74672843 0.02583979 0.13423404 0.09714305 EA8 NPC 
Biosynthesis of amino acids 21 -0.395569621 -1.786649 0.02614379 0.13423404 0.09714305 EA8 NPC 
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Glucagon signaling pathway 25 0.299556902 1.69864641 0.02666667 0.13423404 0.09714305 EA8 NPC 
PI3K-Akt signaling pathway 74 0.204517361 1.76568706 0.02816901 0.13423404 0.09714305 EA8 NPC 
Gastric cancer 31 0.294463342 1.81114286 0.02816901 0.13423404 0.09714305 EA8 NPC 
Regulation of actin cytoskeleton 53 0.241740682 1.84324605 0.02912621 0.13423404 0.09714305 EA8 NPC 
Amoebiasis 20 0.329336569 1.6809181 0.03100775 0.13423404 0.09714305 EA8 NPC 
Kaposi sarcoma-associated herpesvi-
rus infection 34 0.289111484 1.86014166 0.03116147 0.13423404 0.09714305 EA8 NPC 
Epstein-Barr virus infection 36 0.275348927 1.77877123 0.03254438 0.1349989 0.09769658 EA8 NPC 
Retrograde endocannabinoid signal-
ing 39 -0.312659707 -1.7622096 0.03479576 0.13918306 0.10072458 EA8 NPC 
Necroptosis 29 0.29529102 1.77593426 0.03693182 0.14263323 0.10322142 EA8 NPC 
Morphine addiction 26 -0.34962333 -1.7068979 0.03930818 0.14675052 0.10620104 EA8 NPC 
Glutamatergic synapse 33 -0.322513197 -1.7026306 0.04334365 0.15280899 0.11058545 EA8 NPC 
MicroRNAs in cancer 41 0.260666884 1.75871288 0.04464286 0.15280899 0.11058545 EA8 NPC 
TNF signaling pathway 29 0.262623759 1.57946738 0.04545455 0.15280899 0.11058545 EA8 NPC 
Gap junction 23 0.302191401 1.63880386 0.04712042 0.15280899 0.11058545 EA8 NPC 
Cellular senescence 30 0.252685008 1.54825544 0.04775281 0.15280899 0.11058545 EA8 NPC 
Signaling pathways regulating pluripo-
tency of stem cells 47 -0.392105498 -2.1616211 0.00133333 0.04375 0.03212074 EA8 N 
Calcium signaling pathway 44 -0.424068873 -2.279199 0.00134409 0.04375 0.03212074 EA8 N 
Cytokine-cytokine receptor interac-
tion 38 -0.437110644 -2.2457355 0.00136986 0.04375 0.03212074 EA8 N 
Insulin resistance 26 -0.479526575 -2.1007556 0.00147059 0.04375 0.03212074 EA8 N 
Proteasome 26 0.543681319 2.93062708 0.00310559 0.04837398 0.03551562 EA8 N 
Ribosome 30 0.440292397 2.59656482 0.003125 0.04837398 0.03551562 EA8 N 
MAPK signaling pathway 66 -0.3395161 -2.0437904 0.00382166 0.04837398 0.03551562 EA8 N 
Non-alcoholic fatty liver disease 
(NAFLD) 58 0.343684586 2.63130924 0.00444444 0.04837398 0.03551562 EA8 N 
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Parkinson disease 68 0.385000969 3.10858323 0.00454545 0.04837398 0.03551562 EA8 N 
Oxidative phosphorylation 71 0.401011464 3.29847665 0.00458716 0.04837398 0.03551562 EA8 N 
Salivary secretion 21 -0.483471337 -1.9556194 0.00466563 0.04837398 0.03551562 EA8 N 
Huntington disease 84 0.312187854 2.67445282 0.00487805 0.04837398 0.03551562 EA8 N 
Tight junction 33 -0.431439497 -2.0935394 0.00560224 0.05128205 0.03765069 EA8 N 
Protein digestion and absorption 21 -0.478164388 -1.9341531 0.00777605 0.06149871 0.04515164 EA8 N 
Serotonergic synapse 26 -0.426184545 -1.8670698 0.00882353 0.06149871 0.04515164 EA8 N 
ECM-receptor interaction 29 -0.417631803 -1.8907893 0.0089153 0.06149871 0.04515164 EA8 N 
Neuroactive ligand-receptor interac-
tion 63 -0.30614823 -1.8130352 0.00895141 0.06149871 0.04515164 EA8 N 
Alzheimer disease 77 0.247491922 2.09112002 0.00930233 0.06149871 0.04515164 EA8 N 
Thermogenesis 93 0.252580814 2.24546402 0.01010101 0.06165803 0.04526861 EA8 N 
Proteoglycans in cancer 55 -0.322586262 -1.8621071 0.01036269 0.06165803 0.04526861 EA8 N 
Aldosterone synthesis and secretion 27 -0.415113306 -1.8424144 0.01186944 0.06630758 0.04868226 EA8 N 
Thyroid hormone synthesis 20 -0.462186844 -1.8360167 0.01269841 0.06630758 0.04868226 EA8 N 
HIF-1 signaling pathway 26 -0.412705094 -1.8080177 0.01323529 0.06630758 0.04868226 EA8 N 
Estrogen signaling pathway 29 -0.398874689 -1.8058682 0.01337296 0.06630758 0.04868226 EA8 N 
Wnt signaling pathway 44 -0.359599552 -1.9327024 0.01478495 0.07037634 0.0516695 EA8 N 
Hippo signaling pathway 46 -0.340718085 -1.8539334 0.02005348 0.09114284 0.06691602 EA8 N 
TGF-beta signaling pathway 28 -0.384740713 -1.7278348 0.02067947 0.09114284 0.06691602 EA8 N 
Vascular smooth muscle contraction 32 -0.369482765 -1.7699825 0.02269504 0.0964539 0.07081534 EA8 N 
Amoebiasis 29 -0.372926944 -1.6883922 0.02377415 0.09755598 0.07162447 EA8 N 
PI3K-Akt signaling pathway 84 -0.265323766 -1.6832107 0.0250941 0.09803156 0.07197364 EA8 N 
cGMP-PKG signaling pathway 44 -0.332829628 -1.7888249 0.02553763 0.09803156 0.07197364 EA8 N 
Inflammatory mediator regulation of 
TRP channels 27 -0.384807018 -1.7079048 0.02818991 0.10483123 0.07696588 EA8 N 
RaEA8 signaling pathway 46 -0.301918769 -1.6428165 0.04010695 0.1446281 0.10618427 EA8 N 
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Ras signaling pathway 51 -0.286399181 -1.6139168 0.04623514 0.16169666 0.11871581 EA8 N 
Focal adhesion 60 -0.272556336 -1.5999691 0.04755784 0.16169666 0.11871581 EA8 N 
Pathways in cancer 120 -0.220968385 -1.5270215 0.04929577 0.16294992 0.11963594 EA8 N 
Dilated cardiomyopathy (DCM) 29 -0.441914641 -2.3809315 0.00172117 0.10829103 0.10211654 EA62 NPC 
Neuroactive ligand-receptor interac-
tion 36 0.333929641 2.09728007 0.00238095 0.10829103 0.10211654 EA62 NPC 
Hypertrophic cardiomyopathy (HCM) 27 -0.432774477 -2.2924067 0.00338409 0.10829103 0.10211654 EA62 NPC 
Circadian entrainment 20 -0.427820141 -2.0017598 0.01243339 0.29840142 0.2813873 EA62 NPC 
Cholinergic synapse 22 -0.369453306 -1.818082 0.02581756 0.39706712 0.37442733 EA62 NPC 
Protein digestion and absorption 27 0.291876769 1.62317538 0.02919708 0.39706712 0.37442733 EA62 NPC 
Carbon metabolism 24 -0.337873172 -1.7214683 0.0359589 0.39706712 0.37442733 EA62 NPC 
Oxytocin signaling pathway 29 -0.322313732 -1.7365501 0.03614458 0.39706712 0.37442733 EA62 NPC 
Arrhythmogenic right ventricular car-
diomyopathy (ARVC) 28 -0.319966142 -1.7123642 0.03722504 0.39706712 0.37442733 EA62 NPC 
Adrenergic signaling in cardiomyo-
cytes 35 -0.286952768 -1.6587018 0.04835924 0.44918585 0.42357438 EA62 NPC 
Neuroactive ligand-receptor interac-
tion 80 -0.494714207 -3.4288045 0.00139276 0.03297975 0.02436177 EA62 N 
Calcium signaling pathway 66 -0.464697595 -3.0577766 0.00139665 0.03297975 0.02436177 EA62 N 
Signaling pathways regulating pluripo-
tency of stem cells 51 -0.413353765 -2.512028 0.00143885 0.03297975 0.02436177 EA62 N 
Cholinergic synapse 43 -0.487359259 -2.8131237 0.00147929 0.03297975 0.02436177 EA62 N 
Glutamatergic synapse 46 -0.477066832 -2.792278 0.00148368 0.03297975 0.02436177 EA62 N 
Circadian entrainment 38 -0.470222065 -2.6096199 0.00151057 0.03297975 0.02436177 EA62 N 
Serotonergic synapse 31 -0.555206257 -2.8489446 0.00153374 0.03297975 0.02436177 EA62 N 
Salivary secretion 22 -0.623031325 -2.8163113 0.0015748 0.03297975 0.02436177 EA62 N 
cGMP-PKG signaling pathway 51 -0.3866922 -2.3500007 0.0028777 0.03297975 0.02436177 EA62 N 
Dopaminergic synapse 49 -0.382845678 -2.2851848 0.00291971 0.03297975 0.02436177 EA62 N 
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Oxidative phosphorylation 46 0.33421707 2.39002457 0.00304878 0.03297975 0.02436177 EA62 N 
Aldosterone synthesis and secretion 32 -0.496061364 -2.5770896 0.0030722 0.03297975 0.02436177 EA62 N 
Protein processing in endoplasmic re-
ticulum 48 0.260286586 1.91113025 0.00311526 0.03297975 0.02436177 EA62 N 
Parkinson disease 50 0.265198439 1.96489021 0.003125 0.03297975 0.02436177 EA62 N 
Morphine addiction 26 -0.477228722 -2.2933663 0.00312989 0.03297975 0.02436177 EA62 N 
Insulin secretion 24 -0.519168227 -2.410852 0.00318471 0.03297975 0.02436177 EA62 N 
Ribosome 53 0.562641072 4.28951074 0.00327869 0.03297975 0.02436177 EA62 N 
Cortisol synthesis and secretion 20 -0.484088179 -2.0939965 0.00481541 0.04574639 0.03379235 EA62 N 
Rheumatoid arthritis 21 0.381799195 1.95440368 0.00546448 0.04723757 0.03489386 EA62 N 
Peroxisome 27 0.341468716 1.98323202 0.00552486 0.04723757 0.03489386 EA62 N 
Wnt signaling pathway 45 -0.364788258 -2.1243988 0.00591716 0.04818259 0.03559194 EA62 N 
GABAergic synapse 24 -0.451808191 -2.0980535 0.00636943 0.04923697 0.0363708 EA62 N 
Spliceosome 56 0.254210307 1.96788691 0.00662252 0.04923697 0.0363708 EA62 N 
Retrograde endocannabinoid signal-
ing 56 -0.326769888 -2.0511439 0.00714286 0.05089286 0.03759398 EA62 N 
Oxytocin signaling pathway 61 -0.313489868 -2.0110147 0.00852273 0.05740181 0.04240208 EA62 N 
Adrenergic signaling in cardiomyo-
cytes 43 -0.353005757 -2.0376116 0.00887574 0.05740181 0.04240208 EA62 N 
Parathyroid hormone synthesis, se-
cretion and action 38 -0.361534414 -2.0064295 0.00906344 0.05740181 0.04240208 EA62 N 
cAMP signaling pathway 61 -0.309494434 -1.9853843 0.00994318 0.06072443 0.04485646 EA62 N 
Basal cell carcinoma 22 0.345479171 1.80840606 0.01089918 0.06263736 0.04626952 EA62 N 
Long-term depression 28 -0.422303655 -2.0797387 0.01098901 0.06263736 0.04626952 EA62 N 
Non-alcoholic fatty liver disease 
(NAFLD) 47 0.247616865 1.79072878 0.0125 0.06895161 0.05093379 EA62 N 
Apelin signaling pathway 46 -0.340218114 -1.9913008 0.01335312 0.07135571 0.05270967 EA62 N 
RNA degradation 30 0.291319181 1.76425658 0.01392758 0.07217017 0.0533113 EA62 N 
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Long-term potentiation 30 -0.397263131 -1.9992855 0.0155521 0.07645875 0.05647923 EA62 N 
Amoebiasis 26 -0.403245909 -1.9378351 0.01564945 0.07645875 0.05647923 EA62 N 
MAPK signaling pathway 94 -0.253168226 -1.8592088 0.01735648 0.08244326 0.06089991 EA62 N 
Vascular smooth muscle contraction 38 -0.344636389 -1.9126495 0.01812689 0.08377562 0.06188411 EA62 N 
Inflammatory mediator regulation of 
TRP channels 34 -0.351864518 -1.8621905 0.02173913 0.09782609 0.07226304 EA62 N 
Platelet activation 34 -0.345013996 -1.8259351 0.02329193 0.0995889 0.07356521 EA62 N 
Gastric acid secretion 25 -0.403767201 -1.9044188 0.02340094 0.0995889 0.07356521 EA62 N 
Mitophagy - animal 24 0.296773803 1.61438414 0.02406417 0.0995889 0.07356521 EA62 N 
Cytokine-cytokine receptor interac-
tion 51 -0.308891779 -1.877193 0.02446043 0.0995889 0.07356521 EA62 N 
Adherens junction 33 -0.342886258 -1.7991482 0.02936631 0.11678229 0.08626577 EA62 N 
Pancreatic secretion 26 -0.375334953 -1.8037065 0.03286385 0.12700535 0.09381743 EA62 N 
PI3K-Akt signaling pathway 93 -0.227534144 -1.671921 0.03342246 0.12700535 0.09381743 EA62 N 
Thermogenesis 85 0.18309286 1.61553254 0.03971119 0.14762204 0.10904675 EA62 N 
Estrogen signaling pathway 46 -0.291850727 -1.7082059 0.04154303 0.15114591 0.11164979 EA62 N 
Arrhythmogenic right ventricular car-
diomyopathy (ARVC) 23 -0.373805745 -1.7200503 0.04388715 0.15634796 0.11549249 EA62 N 
TGF-beta signaling pathway 28 -0.339908623 -1.673964 0.0455259 0.15887611 0.11736001 EA62 N 
Cell adhesion molecules (CAMs) 40 -0.297886505 -1.6915642 0.04661654 0.15942857 0.1177681 EA62 N 
Herpes simplex infection 55 0.206002135 1.58532278 0.04966887 0.16653681 0.12301888 EA62 N 

clusterProfiler GSEA results for EA8 and EA62 cells at three developmental stages using a 5% FDR cut-off threshold for DEGs. NPC = neural progenitor cells, 
N = neurons. 
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Supplementary Figure 4. Overlapping altered pathways between patient-derived iPSCs and 
CYFIP1 engineered hESCs.  
(A) Bar graph representing the significantly enriched pathways in CYFIP1tg and CYFIPko cells at dif-
ferent stages of differentiation. Normalised enrichment score for each pathway show similar trends in 
the enrichment between each cell line. 
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Supplementary Table 7. Significantly enriched KEGG pathways in EA8 and EA62 cells 

Description setSize enrichmentScore NES pvalue p.adjust qvalues Patient Stage 

Neuroactive ligand-receptor interaction 48 -0.463717924 -2.8111068 0.00146199 0.05333333 0.03859649 EA8 NPC 

Chemokine signaling pathway 29 0.369105734 2.21986947 0.00284091 0.05333333 0.03859649 EA8 NPC 

Hepatocellular carcinoma 40 0.37966562 2.56473406 0.00288184 0.05333333 0.03859649 EA8 NPC 

Cytokine-cytokine receptor interaction 36 0.383166008 2.47527629 0.00295858 0.05333333 0.03859649 EA8 NPC 

Fluid shear stress and atherosclerosis 44 0.425487794 2.96339171 0.00296736 0.05333333 0.03859649 EA8 NPC 

Proteoglycans in cancer 48 0.3115418 2.25990775 0.00314465 0.05333333 0.03859649 EA8 NPC 

Focal adhesion 55 0.365093297 2.81603982 0.00333333 0.05333333 0.03859649 EA8 NPC 

Pathways in cancer 120 0.232646242 2.38064403 0.004329 0.06060606 0.04385965 EA8 NPC 

Non-alcoholic fatty liver disease (NAFLD) 23 0.421098142 2.28364294 0.0052356 0.06515416 0.04715104 EA8 NPC 

Protein processing in endoplasmic reticulum 36 0.317031635 2.04804411 0.0147929 0.13423404 0.09714305 EA8 NPC 

Vascular smooth muscle contraction 23 0.346519629 1.87919876 0.01570681 0.13423404 0.09714305 EA8 NPC 

Leukocyte transendothelial migration 27 0.340265095 2.00576265 0.01902174 0.13423404 0.09714305 EA8 NPC 
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Relaxin signaling pathway 36 0.285223651 1.84256256 0.02071006 0.13423404 0.09714305 EA8 NPC 

Human T-cell leukemia virus 1 infection 43 0.272870517 1.8780169 0.02089552 0.13423404 0.09714305 EA8 NPC 

AGE-RAGE signaling pathway in diabetic compli-

cations 28 0.328970977 1.96837641 0.02222222 0.13423404 0.09714305 EA8 NPC 

Herpes simplex infection 25 0.306725182 1.73929436 0.024 0.13423404 0.09714305 EA8 NPC 

Apoptosis 33 0.305192379 1.93538011 0.0252809 0.13423404 0.09714305 EA8 NPC 

Apelin signaling pathway 34 0.295599973 1.90188857 0.02549575 0.13423404 0.09714305 EA8 NPC 

p53 signaling pathway 20 0.342230565 1.74672843 0.02583979 0.13423404 0.09714305 EA8 NPC 

Biosynthesis of amino acids 21 -0.395569621 -1.786649 0.02614379 0.13423404 0.09714305 EA8 NPC 

Glucagon signaling pathway 25 0.299556902 1.69864641 0.02666667 0.13423404 0.09714305 EA8 NPC 

PI3K-Akt signaling pathway 74 0.204517361 1.76568706 0.02816901 0.13423404 0.09714305 EA8 NPC 

Gastric cancer 31 0.294463342 1.81114286 0.02816901 0.13423404 0.09714305 EA8 NPC 

Regulation of actin cytoskeleton 53 0.241740682 1.84324605 0.02912621 0.13423404 0.09714305 EA8 NPC 

Amoebiasis 20 0.329336569 1.6809181 0.03100775 0.13423404 0.09714305 EA8 NPC 
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Kaposi sarcoma-associated herpesvirus infec-

tion 34 0.289111484 1.86014166 0.03116147 0.13423404 0.09714305 EA8 NPC 

Epstein-Barr virus infection 36 0.275348927 1.77877123 0.03254438 0.1349989 0.09769658 EA8 NPC 

Retrograde endocannabinoid signaling 39 -0.312659707 -1.7622096 0.03479576 0.13918306 0.10072458 EA8 NPC 

Necroptosis 29 0.29529102 1.77593426 0.03693182 0.14263323 0.10322142 EA8 NPC 

Morphine addiction 26 -0.34962333 -1.7068979 0.03930818 0.14675052 0.10620104 EA8 NPC 

Glutamatergic synapse 33 -0.322513197 -1.7026306 0.04334365 0.15280899 0.11058545 EA8 NPC 

MicroRNAs in cancer 41 0.260666884 1.75871288 0.04464286 0.15280899 0.11058545 EA8 NPC 

TNF signaling pathway 29 0.262623759 1.57946738 0.04545455 0.15280899 0.11058545 EA8 NPC 

Gap junction 23 0.302191401 1.63880386 0.04712042 0.15280899 0.11058545 EA8 NPC 

Cellular senescence 30 0.252685008 1.54825544 0.04775281 0.15280899 0.11058545 EA8 NPC 

Signaling pathways regulating pluripotency of 

stem cells 47 -0.392105498 -2.1616211 0.00133333 0.04375 0.03212074 EA8 N 

Calcium signaling pathway 44 -0.424068873 -2.279199 0.00134409 0.04375 0.03212074 EA8 N 
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Cytokine-cytokine receptor interaction 38 -0.437110644 -2.2457355 0.00136986 0.04375 0.03212074 EA8 N 

Insulin resistance 26 -0.479526575 -2.1007556 0.00147059 0.04375 0.03212074 EA8 N 

Proteasome 26 0.543681319 2.93062708 0.00310559 0.04837398 0.03551562 EA8 N 

Ribosome 30 0.440292397 2.59656482 0.003125 0.04837398 0.03551562 EA8 N 

MAPK signaling pathway 66 -0.3395161 -2.0437904 0.00382166 0.04837398 0.03551562 EA8 N 

Non-alcoholic fatty liver disease (NAFLD) 58 0.343684586 2.63130924 0.00444444 0.04837398 0.03551562 EA8 N 

Parkinson disease 68 0.385000969 3.10858323 0.00454545 0.04837398 0.03551562 EA8 N 

Oxidative phosphorylation 71 0.401011464 3.29847665 0.00458716 0.04837398 0.03551562 EA8 N 

Salivary secretion 21 -0.483471337 -1.9556194 0.00466563 0.04837398 0.03551562 EA8 N 

Huntington disease 84 0.312187854 2.67445282 0.00487805 0.04837398 0.03551562 EA8 N 

Tight junction 33 -0.431439497 -2.0935394 0.00560224 0.05128205 0.03765069 EA8 N 

Protein digestion and absorption 21 -0.478164388 -1.9341531 0.00777605 0.06149871 0.04515164 EA8 N 

Serotonergic synapse 26 -0.426184545 -1.8670698 0.00882353 0.06149871 0.04515164 EA8 N 



 233 

ECM-receptor interaction 29 -0.417631803 -1.8907893 0.0089153 0.06149871 0.04515164 EA8 N 

Neuroactive ligand-receptor interaction 63 -0.30614823 -1.8130352 0.00895141 0.06149871 0.04515164 EA8 N 

Alzheimer disease 77 0.247491922 2.09112002 0.00930233 0.06149871 0.04515164 EA8 N 

Thermogenesis 93 0.252580814 2.24546402 0.01010101 0.06165803 0.04526861 EA8 N 

Proteoglycans in cancer 55 -0.322586262 -1.8621071 0.01036269 0.06165803 0.04526861 EA8 N 

Aldosterone synthesis and secretion 27 -0.415113306 -1.8424144 0.01186944 0.06630758 0.04868226 EA8 N 

Thyroid hormone synthesis 20 -0.462186844 -1.8360167 0.01269841 0.06630758 0.04868226 EA8 N 

HIF-1 signaling pathway 26 -0.412705094 -1.8080177 0.01323529 0.06630758 0.04868226 EA8 N 

Estrogen signaling pathway 29 -0.398874689 -1.8058682 0.01337296 0.06630758 0.04868226 EA8 N 

Wnt signaling pathway 44 -0.359599552 -1.9327024 0.01478495 0.07037634 0.0516695 EA8 N 

Hippo signaling pathway 46 -0.340718085 -1.8539334 0.02005348 0.09114284 0.06691602 EA8 N 

TGF-beta signaling pathway 28 -0.384740713 -1.7278348 0.02067947 0.09114284 0.06691602 EA8 N 

Vascular smooth muscle contraction 32 -0.369482765 -1.7699825 0.02269504 0.0964539 0.07081534 EA8 N 
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Amoebiasis 29 -0.372926944 -1.6883922 0.02377415 0.09755598 0.07162447 EA8 N 

PI3K-Akt signaling pathway 84 -0.265323766 -1.6832107 0.0250941 0.09803156 0.07197364 EA8 N 

cGMP-PKG signaling pathway 44 -0.332829628 -1.7888249 0.02553763 0.09803156 0.07197364 EA8 N 

Inflammatory mediator regulation of TRP chan-

nels 27 -0.384807018 -1.7079048 0.02818991 0.10483123 0.07696588 EA8 N 

RaEA8 signaling pathway 46 -0.301918769 -1.6428165 0.04010695 0.1446281 0.10618427 EA8 N 

Ras signaling pathway 51 -0.286399181 -1.6139168 0.04623514 0.16169666 0.11871581 EA8 N 

Focal adhesion 60 -0.272556336 -1.5999691 0.04755784 0.16169666 0.11871581 EA8 N 

Pathways in cancer 120 -0.220968385 -1.5270215 0.04929577 0.16294992 0.11963594 EA8 N 

Dilated cardiomyopathy (DCM) 29 -0.441914641 -2.3809315 0.00172117 0.10829103 0.10211654 EA62 NPC 

Neuroactive ligand-receptor interaction 36 0.333929641 2.09728007 0.00238095 0.10829103 0.10211654 EA62 NPC 

Hypertrophic cardiomyopathy (HCM) 27 -0.432774477 -2.2924067 0.00338409 0.10829103 0.10211654 EA62 NPC 

Circadian entrainment 20 -0.427820141 -2.0017598 0.01243339 0.29840142 0.2813873 EA62 NPC 

Cholinergic synapse 22 -0.369453306 -1.818082 0.02581756 0.39706712 0.37442733 EA62 NPC 
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Protein digestion and absorption 27 0.291876769 1.62317538 0.02919708 0.39706712 0.37442733 EA62 NPC 

Carbon metabolism 24 -0.337873172 -1.7214683 0.0359589 0.39706712 0.37442733 EA62 NPC 

Oxytocin signaling pathway 29 -0.322313732 -1.7365501 0.03614458 0.39706712 0.37442733 EA62 NPC 

Arrhythmogenic right ventricular cardiomyopa-

thy (ARVC) 28 -0.319966142 -1.7123642 0.03722504 0.39706712 0.37442733 EA62 NPC 

Adrenergic signaling in cardiomyocytes 35 -0.286952768 -1.6587018 0.04835924 0.44918585 0.42357438 EA62 NPC 

Neuroactive ligand-receptor interaction 80 -0.494714207 -3.4288045 0.00139276 0.03297975 0.02436177 EA62 N 

Calcium signaling pathway 66 -0.464697595 -3.0577766 0.00139665 0.03297975 0.02436177 EA62 N 

Signaling pathways regulating pluripotency of 

stem cells 51 -0.413353765 -2.512028 0.00143885 0.03297975 0.02436177 EA62 N 

Cholinergic synapse 43 -0.487359259 -2.8131237 0.00147929 0.03297975 0.02436177 EA62 N 

Glutamatergic synapse 46 -0.477066832 -2.792278 0.00148368 0.03297975 0.02436177 EA62 N 

Circadian entrainment 38 -0.470222065 -2.6096199 0.00151057 0.03297975 0.02436177 EA62 N 

Serotonergic synapse 31 -0.555206257 -2.8489446 0.00153374 0.03297975 0.02436177 EA62 N 
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Salivary secretion 22 -0.623031325 -2.8163113 0.0015748 0.03297975 0.02436177 EA62 N 

cGMP-PKG signaling pathway 51 -0.3866922 -2.3500007 0.0028777 0.03297975 0.02436177 EA62 N 

Dopaminergic synapse 49 -0.382845678 -2.2851848 0.00291971 0.03297975 0.02436177 EA62 N 

Oxidative phosphorylation 46 0.33421707 2.39002457 0.00304878 0.03297975 0.02436177 EA62 N 

Aldosterone synthesis and secretion 32 -0.496061364 -2.5770896 0.0030722 0.03297975 0.02436177 EA62 N 

Protein processing in endoplasmic reticulum 48 0.260286586 1.91113025 0.00311526 0.03297975 0.02436177 EA62 N 

Parkinson disease 50 0.265198439 1.96489021 0.003125 0.03297975 0.02436177 EA62 N 

Morphine addiction 26 -0.477228722 -2.2933663 0.00312989 0.03297975 0.02436177 EA62 N 

Insulin secretion 24 -0.519168227 -2.410852 0.00318471 0.03297975 0.02436177 EA62 N 

Ribosome 53 0.562641072 4.28951074 0.00327869 0.03297975 0.02436177 EA62 N 

Cortisol synthesis and secretion 20 -0.484088179 -2.0939965 0.00481541 0.04574639 0.03379235 EA62 N 

Rheumatoid arthritis 21 0.381799195 1.95440368 0.00546448 0.04723757 0.03489386 EA62 N 

Peroxisome 27 0.341468716 1.98323202 0.00552486 0.04723757 0.03489386 EA62 N 
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Wnt signaling pathway 45 -0.364788258 -2.1243988 0.00591716 0.04818259 0.03559194 EA62 N 

GABAergic synapse 24 -0.451808191 -2.0980535 0.00636943 0.04923697 0.0363708 EA62 N 

Spliceosome 56 0.254210307 1.96788691 0.00662252 0.04923697 0.0363708 EA62 N 

Retrograde endocannabinoid signaling 56 -0.326769888 -2.0511439 0.00714286 0.05089286 0.03759398 EA62 N 

Oxytocin signaling pathway 61 -0.313489868 -2.0110147 0.00852273 0.05740181 0.04240208 EA62 N 

Adrenergic signaling in cardiomyocytes 43 -0.353005757 -2.0376116 0.00887574 0.05740181 0.04240208 EA62 N 

Parathyroid hormone synthesis, secretion and 

action 38 -0.361534414 -2.0064295 0.00906344 0.05740181 0.04240208 EA62 N 

cAMP signaling pathway 61 -0.309494434 -1.9853843 0.00994318 0.06072443 0.04485646 EA62 N 

Basal cell carcinoma 22 0.345479171 1.80840606 0.01089918 0.06263736 0.04626952 EA62 N 

Long-term depression 28 -0.422303655 -2.0797387 0.01098901 0.06263736 0.04626952 EA62 N 

Non-alcoholic fatty liver disease (NAFLD) 47 0.247616865 1.79072878 0.0125 0.06895161 0.05093379 EA62 N 

Apelin signaling pathway 46 -0.340218114 -1.9913008 0.01335312 0.07135571 0.05270967 EA62 N 

RNA degradation 30 0.291319181 1.76425658 0.01392758 0.07217017 0.0533113 EA62 N 
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Long-term potentiation 30 -0.397263131 -1.9992855 0.0155521 0.07645875 0.05647923 EA62 N 

Amoebiasis 26 -0.403245909 -1.9378351 0.01564945 0.07645875 0.05647923 EA62 N 

MAPK signaling pathway 94 -0.253168226 -1.8592088 0.01735648 0.08244326 0.06089991 EA62 N 

Vascular smooth muscle contraction 38 -0.344636389 -1.9126495 0.01812689 0.08377562 0.06188411 EA62 N 

Inflammatory mediator regulation of TRP chan-

nels 34 -0.351864518 -1.8621905 0.02173913 0.09782609 0.07226304 EA62 N 

Platelet activation 34 -0.345013996 -1.8259351 0.02329193 0.0995889 0.07356521 EA62 N 

Gastric acid secretion 25 -0.403767201 -1.9044188 0.02340094 0.0995889 0.07356521 EA62 N 

Mitophagy - animal 24 0.296773803 1.61438414 0.02406417 0.0995889 0.07356521 EA62 N 

Cytokine-cytokine receptor interaction 51 -0.308891779 -1.877193 0.02446043 0.0995889 0.07356521 EA62 N 

Adherens junction 33 -0.342886258 -1.7991482 0.02936631 0.11678229 0.08626577 EA62 N 

Pancreatic secretion 26 -0.375334953 -1.8037065 0.03286385 0.12700535 0.09381743 EA62 N 

PI3K-Akt signaling pathway 93 -0.227534144 -1.671921 0.03342246 0.12700535 0.09381743 EA62 N 

Thermogenesis 85 0.18309286 1.61553254 0.03971119 0.14762204 0.10904675 EA62 N 
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Estrogen signaling pathway 46 -0.291850727 -1.7082059 0.04154303 0.15114591 0.11164979 EA62 N 

Arrhythmogenic right ventricular cardiomyopa-

thy (ARVC) 23 -0.373805745 -1.7200503 0.04388715 0.15634796 0.11549249 EA62 N 

TGF-beta signaling pathway 28 -0.339908623 -1.673964 0.0455259 0.15887611 0.11736001 EA62 N 

Cell adhesion molecules (CAMs) 40 -0.297886505 -1.6915642 0.04661654 0.15942857 0.1177681 EA62 N 

Herpes simplex infection 55 0.206002135 1.58532278 0.04966887 0.16653681 0.12301888 EA62 N 

clusterProfiler GSEA results for EA8 and EA62 cells at three developmental stages using a 5% FDR cut-off threshold for DEGs. NPC = neural progenitor cells, N = 
neurons. 
 


