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Abstract 
 
 

Title of thesis: FOXN2 expression: from pluripotent stem cells to neural progenitor cells  

Wissam Saleh, Master of Science, 2020 

Thesis directed by: Seth Ament, PhD, Assistant Professor, Department of Psychiatry 

 

Several transcription factors (TFs) have been demonstrated as risk genes for 

schizophrenia (SCZ) based on genome-wide association studies (GWAS), fine-mapping, 

and functional studies. In this project, we prioritized TFs that have multiple lines of 

evidence supporting their likelihood of being causal risk loci for SCZ. We integrated 

results from four published studies, which used GWAS, gene expression and chromatin 

conformation studies to identify genes and gene networks associated with SCZ. These 

analyses revealed that the TF FOXN2 is a strong candidate risk gene for SCZ. Next, we 

characterized the dynamic expression profile of FOXN2 in our stem-cell based cortical 

neurogenesis model by qPCR. This study helped in establishing FOXN2 as a risk gene for 

SCZ potentially involved in cortical neurogenesis and building a strong base for the 

future genetic editing experiments designed for functional characterization of FOXN2 in 

cortical neurogenesis, that might relate to the pathophysiology of SCZ. 
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1. General Introduction 
 
1.1 Schizophrenia  

 
Schizophrenia (SCZ) is a neuropsychiatric disorder that affects around 0.5 - 1% of the 

general population, with a median incidence rate of 15.2 per 100,000 persons (McGrath, 

Saha, et al. 2004). The onset of this disorder usually occurs between late adolescence and 

early adulthood, with earlier onset in males comparing to females (Patel, et al. 2014, 

Gejman, Sanders and Duan 2010). SCZ shows an overlap with other mental disorders 

that are characterized by psychosis. Therefore, careful examination of the symptoms 

during diagnosis is done to distinguish SCZ from other psychotic disorders. The 

symptoms of SCZ are mainly categorized into three groups: positive, negative and 

cognitive symptoms. Positive symptoms (psychotic behavior) include hallucinations, 

delusions, and abnormal motor behavior. Negative symptoms manifest as poor emotional 

expression, avolition and anhedonia. Finally, cognitive symptoms include disorganized 

speech, thinking and attention, and memory disruption. Depression and substance abuse 

are fairly common amongst patients with SCZ, which negatively impact the prognosis of 

the disorder (Patel, et al. 2014).  

SCZ is associated with changes in brain structure and function, including abnormalities in 

neurotransmitters such as dopamine, serotonin, glutamate, and gamma-aminobutyric acid 

(GABA) (Hany, et al. 2020, Patel, et al. 2014). However, the etiology and 

pathophysiological mechanisms of SCZ are still not fully understood. Even when treated, 

many patients show little symptomatic improvement or have severe side effects in 

response to currently available antipsychotic treatments (Patel, et al. 2014). Research is 
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being done to better understand the causes behind SCZ, in order to develop improved 

targeting treatment options for these patients.  

1.2 Schizophrenia as a complex disorder  

Twin studies showed that SCZ is a complex disorder, with both hereditary and 

environmental components contributing to its development. A meta-analysis from 12 

published twin studies estimated the heritability of SCZ to be around 81% (Sullivan, 

Kendler and Neale 2003). The probandwise concordance rates were found to be around 

40% in monozygotic twins (Cardno and Gottesman 2000, Shields and Gottesman 1972, 

Kringlen 2000). Therefore, genetics plays a fundamental role in SCZ risk. 

On the other hand, the shared environment’s contribution to SCZ risk was also found to 

be significant with an estimate of 11% (Sullivan, Kendler and Neale 2003). Various 

environmental factors impact SCZ disease risk, which include but are not limited to: the 

use of marijuana, urbanization, racial and ethnic background, childhood traumatic events, 

and the intrauterine environment (Patel, et al. 2014, Van Os, Kenis and Rutten 2010). 

GWAS studies demonstrated that SCZ is highly polygenic. A landmark GWAS from the 

Psychiatric Genomics Consortium (PGC) identified 108 different genetic loci that were 

associated with the development of SCZ as shown in Figure 1 (Ripke, et al. 2014) (Used 

with permission from Nature journal, see Appendix B). Most of these common risk 

variants identified through GWAS were found to be noncoding, which aligns with 

research findings showing the enrichment of SCZ risk loci for expression quantitative 

trait loci (eQTLs). This supports the hypothesis that these associated variants affect the 
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disorder by modifying gene expression rather than the structure and function of the 

encoded proteins (Ripke, et al. 2014, Hauberg, et al. 2017). 

Both common and rare variants contribute to the genetic risk of SCZ. Genetic variations 

associated with SCZ are varied and they range from rare de novo mutations with very 

low allelic frequencies to single nucleotide polymorphisms (SNPs) that are common 

amongst the general populations (Gejman, Sanders and Duan 2010). Compared to control 

groups, SCZ patients have increased large copy number variations (CNVs). In contrast to 

common variants, these SCZ-associated CNVs have large effect size, with very low 

frequency in the population (Kavanagh, et al. 2015). 

 

 

 

Figure 1: “Manhattan plot showing SCZ associations. The x axis is chromosomal position and 
the y axis is the significance (–log10 P; 2-tailed) of association derived by logistic regression. The 
red line shows the genome-wide significance level” (Ripke, et al. 2014) (Used with permission 
from Nature journal, see Appendix B). 
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1.3 Neocortical development and schizophrenia 

The prefrontal cortex (PFC) is a cortical region in the forebrain that plays an important 

role in cognitive function (Miller and Cohen 2001). Structural and functional deficits in 

the PFC have been associated with several psychiatric and neurodevelopmental disorders 

(Pearl, et al. 2019). The brain development process starts from the first trimester of 

pregnancy and extends through childhood and adolescence until early adulthood (Stiles 

and Jernigan 2010). Interestingly, the PFC is extremely well developed in humans 

comparing to other primates, and it is the last brain region to mature. Psychosis typically 

manifests in late adolescence to early adulthood (between ages 18 to 25 years old), when 

the prefrontal cortex continues to mature (Insel 2010). 

SCZ is hypothesized to be a neurodevelopmental disorder. Several lines of evidence 

support this hypothesis. First, early exposure to environmental risk factors during the 

fetal developmental period was associated with a strong increase in risk for developing 

SCZ later in adulthood (Insel 2010). Furthermore, GWAS studies have shown that genes 

with structural variants associated with SCZ are enriched in prenatal brain development 

and synaptic function. (Owen, et al. 2011). Also, genes that harbor rare disruptive de 

novo mutations implicated in SCZ were found to cluster in gene networks involved in 

regulating fetal brain development (Gulsuner, et al. 2013, McCarthy, et al. 2014). Thus, 

studying gene expression regulation in early cortical neurogenesis would help understand 

the genetic mechanisms of SCZ and other neuropsychiatric diseases. 
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1.4 Pluripotent stem cells 

 
The central nervous system is very complex and highly developed in humans comparing 

to other animals. Till now, we have limited knowledge about the human brain and its 

development. As a result, the pathophysiology of neurodevelopmental and psychiatric 

disorders remains poorly understood, hence the lack of effective targeted treatments. 

Cortical neurogenesis varies distinctively amongst species and therefore it has been 

difficult to model the human neurodevelopmental process in animals (Parr, Yamanaka 

and Saito 2017). In addition, the genetic complexity of neuropsychiatric disorders, being 

mostly polygenic and associated with non-coding risk variants, makes it nearly 

impossible to recapitulate brain disorders in animals, unlike monogenic diseases 

(Soliman, et al. 2017). 

Immense research efforts have been made during the last few decades to develop cell-

based models for the human neurodevelopmental process and investigate genetic 

contributions to brain diseases (Soliman, et al. 2017, Parr, Yamanaka and Saito 2017). 

Human embryonic stem cells (hESCs) are undifferentiated cells isolated from the human 

embryo at the blastocyst stage. These cells are able to divide indefinitely due to the high 

telomerase activity, which expands their replicative lifespan. Also, hESCs are pluripotent 

cells, which means they can differentiate into any type of cells from the three germ layers 

and their derivatives (Thomson, et al. 1998). The pluripotency of hESC is maintained by 

key TFs (SOX2, NANOG, and OCT4) and their target gene networks which are involved 

in preserving the proliferative properties and repressing differentiation (Zhang, et al. 

2011, Boyer, et al. 2005). 
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This cell system can be used in various research applications which include but are not 

limited to gene-targeting drug testing and transplantation therapy (Thomson, et al. 1998). 

Recently, multiple methods and approaches have been developed to differentiate 

pluripotent stem cells (PSCs), including hESCs and induced pluripotent stem cells 

(iPSCs), to neural progenitor cells and most types of neurons (Parr, Yamanaka and Saito 

2017). The differentiation of hESCs into cortical neurons have proven to be a valid model 

for the neocortical developmental process in the human brain at the molecular level (Van 

De Leemput, et al. 2014). Given their human origin, high replicative potential, ability to 

differentiate into all three germ layers and the recent methodological advances in 

differentiating them into neurons makes them a suitable model for the molecular 

pathogenesis of SCZ. 

1.5 Specific aims and hypothesis  

 
As noted earlier, SCZ is strongly heritable, with multiple lines of evidence pointing to a 

complex, polygenic genetic architecture (Gejman, Sanders and Duan 2010). Large-scale 

GWAS studies have revealed more than a hundred risk loci for SCZ. However, clinical 

translation of GWAS findings has proven difficult for several reasons: (i) Effects on 

disease risk for variants discovered through GWAS are universally very small; (ii) Most 

of the associated GWAS variants are in non-coding regions, with subtle effects on gene 

regulation; (iii) Many of the genes that have been identified from GWAS do not play a 

role in known biological pathways.  

The overarching goal of my Master’s thesis and related projects in the Ament lab is to 

overcome these barriers and elucidate disease mechanisms by identifying gene networks 
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in the developing and mature adult brain that are involved in SCZ risk. I am focusing on 

elucidating transcriptional regulatory networks, for two reasons: (i) Both common and 

rare genetic variants linked to SCZ risk were found to be enriched for genes involved in 

regulating gene expression at the levels of transcription and modulation of chromatin 

structure. (ii) SCZ has been associated with gene expression alterations in the neocortex, 

which is responsible for the brain’s higher functions including sensory, perception, 

cognition and emotion (Pearl, et al. 2019). 

A previous study in the Ament laboratory demonstrated that genetic risk loci for SCZ and 

disease-perturbed gene regulatory networks in the neocortex of SCZ cases vs. controls 

converge on specific TFs that may be key regulators of pathogenic processes in SCZ. 

Convergent evidence suggests that risk for SCZ arises in part from neurodevelopmental 

changes that begin in utero, but the specific neurodevelopmental perturbations associated 

with disease risk remain poorly understood. Therefore, my Master’s thesis aims to further 

prioritize TFs and their target genes based on their dynamic expression patterns in the 

developing neocortex in vivo (Aim 1), as well as in stem cell models of cortical 

development in vitro (Aim 2). My project has two Specific Aims: 

 

Aim 1: Use an integrated approach involving GWAS, eQTL and epigenomic 

annotation data to prioritize TFs implicated in SCZ.  

A previous study in the Ament lab identified 84 TFs as key regulators of SCZ based on 

convergent evidence from GWAS and the altered expression of their predicted target 

genes in the prefrontal cortex of SCZ cases vs. controls. We hypothesized that a subset of 

these TF networks may influence SCZ by regulating cell fate decisions during neocortical 
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development. I conducted bioinformatic analyses to identify TFs with robust, dynamic 

expression in the developing neocortex. My analyses revealed that the TF FOXN2 is a 

strong candidate risk gene for SCZ. 

 

Aim 2: Test the hypothesis that the TF FOXN2 is expressed dynamically during the 

induction of neural progenitor cells in vitro. 

Based on my analyses in Aim 1 and previous work in the Ament lab, SCZ-associated TF 

FOXN2 is a likely regulator of cortical neurogenesis that has not been well characterized 

in the peer-reviewed literature. My eventual goal is to characterize neurodevelopmental 

functions of FOXN2 and their relationship with SCZ. As an initial step toward this goal, I 

will characterize the expression of FOXN2 during the induction of neural progenitor cells 

from pluripotent stem cells by qPCR. My hypothesis is that FOXN2 is enriched 

specifically in neural progenitor cells committed to the excitatory neuron lineage. These 

studies support genome-editing studies of FOXN2 in a human stem cell model of cortical 

neurogenesis, which I may pursue as a future direction. 
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2. Approach and Methodology 

2.1 An integrated approach involving GWAS, eQTL and epigenomic annotation 

data to prioritize TFs implicated in SCZ.  

Being a positional candidate at a genome wide significant risk locus is not enough 

evidence for a gene to be predicted as a true risk gene for SCZ. Integrating data generated 

by different tools from systems biology (e.g., genomics, transcriptomics, proteomics… 

etc.) will help in delineating biological pathways involved in the pathophysiology of SCZ 

(Gejman, Sanders and Duan 2010). Gene-based analyses using SCZ-GWAS data 

identified 1400 genes associated with risk for SCZ (Casella and Ament, unpublished). 

These genes are enriched for 2 functions: 1. synaptic function and scaffolding proteins, 

which is expected since they are related to neuronal function, neurotransmitters and 

proteins that are targeted by drugs, and 2. enhancers, TFs, and chromatin remodeling 

factors, which supports the hypothesis that GWAS variants exert their effect by gene 

expression regulation. 

Altered transcriptional regulation is a prominent mechanism of common human disease 

including neuropsychiatric disorders, and several TFs have been demonstrated as risk 

genes for SCZ based on GWAS, fine-mapping, and functional studies (Pearl, et al. 2019, 

Won, et al. 2016).  

To identify additional TFs that may be master regulators of risk for SCZ, I prioritized TFs 

that have multiple lines of evidence supporting their likelihood of being causal risk loci 

for SCZ. I integrated results from four published studies, which used GWAS, gene 

expression and chromatin conformation studies to identify genes and gene networks 

associated with SCZ (Table 1). 
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Study  Gene Set  No. of Genes 

Hauberg et al. 2017 Genes that had significant signals from both 
GWAS and eQTLs in SCZ. 

215 

Won et al. 2016 High probability SCZ risk loci predicted by 
HiC interactions and cortical eQTLs, and 
genes that were found to interact with SCZ 
credible SNPs by HiC. 

12 , 18 

Pearl et al. 2019 Key regulators predicted by the 
transcriptional regulatory network (TRN) 
model for SCZ. 

84 

Kilpinen et al. 2017 Genes with iPSC eQTLs that co-localize with 
genome wide risk variants in SCZ. 

101 

 
Table 1: Published research studies included in the bioinformatics analysis. For each study, 
the gene set and number of genes used in our integrated approach for prioritizing TFs is listed. 

 
Hauberg et al. used summary- data- based Mendelian Randomization method (SMR) 

combining data from GWAS and eQTL studies, to infer how GWAS variants affect gene 

expression across multiple tissues. They discovered a total of 3,484 instances of gene-

trait-associated changes in expression at a false-discovery rate < 0.05. This study 

identified 215 genes for which SCZ- associated variants co-localize with variants that 

influence gene expression. The majority of these associated genes were not the closest 

transcripts to the risk genetic variant. (Hauberg, et al. 2017). 

Won et al. generated a genome-wide map of long-distance, three-dimensional chromatin 

contacts in two regions from the fetal human neocortex and used these data to predict 

target genes for non-coding variants associated with SCZ risk (Won, et al. 2016). Risk 

genes identified by this epigenomic fine-mapping approach were found to be enriched for 

postsynaptic density, acetylcholine receptors, neuronal differentiation, and chromatin 

remodeling factors. These results are consistent with research findings showing that SCZ-

associated risk variants converge onto specific pathways involved in brain development 
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and function (Won, et al. 2016, Fromer, et al. 2016, Gulsuner, et al. 2013). 

Pearl et al. integrated human brain-specific DNase I footprinting and TF-gene co-

expression to reconstruct a transcriptional regulatory network (TRN) model for the 

human brain, predicting the brain-specific binding sites and target genes for 741 TFs. 

Then, they used that model to predict core TFs involved in psychiatric and 

neurodegenerative disorders. Core TFs were frequently implicated in a disease through 

multiple mechanisms including: 1. Differential expression of their target genes, 2. 

Disruption of their binding sites by disease-associated SNPs, 3. Associations of the 

genetic loci encoding these TFs with disease risk. They defined a TF as a key regulator 

when its predicted target genes were over-represented among the differentially expressed 

genes in that disease. In this study, they identified 84 key regulators of gene expression 

changes in prefrontal cortex in SCZ cases vs. controls, of which 13 were also identified 

as key regulators of gene expression changes in bipolar disorder cases vs. controls (Pearl, 

et al. 2019). 

Kilpinen et al. generated, genotyped and phenotyped 711 iPS cell lines derived from 301 

healthy individuals as part of the Human Induced Pluripotent Stem Cells Initiative. They 

identified iPSC eQTLs that may be associated with common diseases and traits. They 

used statistical co-localization to identify loci where the same causal variant was driving 

both an iPSC eQTL and a genome wide association with one of fourteen different traits, 

including SCZ. 101 genes were found to be targeted by eQTLs in human iPSCs that co-

localize with SCZ risk loci (Kilpinen, et al. 2017).  

After combining these gene sets (listed in Table 1), I looked for overlaps highlighting the 

genes that have the most supporting lines of evidence for their contribution in SCZ- 
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disease risk. I also searched for additional information to further annotate the genes of 

interest by reviewing the literature and searching the available online gene databases: 

NCBI Gene (https://www.ncbi.nlm.nih.gov/gene), OMIM (https://www.omim.org/), 

GeneCards (https://www.genecards.org/), and Ensembl (https://www.ensembl.org/). The 

collected data included gene function, location, related pathways, associated risks, 

previous research studies. 

2.2 Characterizing the expression of FOXN2 in the differentiation system using 

qPCR. 

As a result of the analysis in my first aim, FOXN2 was found to be the most interesting 

TF to focus on in my study. For this aim, I used qPCR to quantitate the gene expression 

of FOXN2 and pluripotency and differentiation markers at six time points in the process 

of differentiating embryonic stem cells to neural progenitor cells.  

 

2.2.1 Cell culture  

The human embryonic stem cell line H9 WA09 was used to generate neural progenitor 

cells (NPCs). This cell line has a normal XX karyotype (Thomson, et al. 1998). H9 cells 

were cultured on laminin-coated plates in the serum-free neurophysiological basal 

medium mTeSR™1 (STEMCELLTM Technologies #05851). Medium was changed daily 

until cells reached confluency, which was typically on day 4. Then, they were passaged 

using ReLeSRTM (STEMCELLTM Technologies #05873), an enzyme-free reagent for 

dissociation and passaging of human ES and iPS cells. Cells were maintained according 

the producer’s instructions manual (STEMCELLTM Technologies - Doc #29106).  
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2.2.2 Differentiation process and cell samples  

H9 cells were differentiated to NPCs through a 20-day neural induction process 

according to the STEMdiffTM Neural System - Embryo Body Protocol (STEMCELLTM 

Technologies - Doc #28782) as shown in Figure 2. The serum-free EB protocol (SFEB) 

is a floating culture method that allows for PSCs to re-aggregate in low adhesion wells to 

form an EB-like intermediates and, when morphogens are added, rapidly and efficiently 

generate cortical neurons (Parr, Yamanaka and Saito 2017).  

We performed two separate differentiation experiments. We started with around 2 million 

H9 cells per well in AggrewellTM800 plates grown in neural induction medium to form 

uniform EBs. Then, these EBs were re-plated on day 5 onto cell culture coated plates for 

attachment, and on day 8 the neural induction was estimated to be ~100% in both 

differentiation experiments. Neural rosettes were selected and re-plated on day 12. Media 

was changed until day 19-20, where NPCs were passaged in neural progenitor medium.  

Cell samples were harvested at six time points through the differentiation process - Days 

0, 5, 8, 12, NPC Day 5 of the first passage, NPC Day 5 of the second passage. Samples 

harvested at each time point were stored in RNAlaterTM Stabilization Solution 

(Invitrogen) for RNA extraction. 
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Figure 2: Schematic of EBs generation and their differentiation into NPCs using the 
STEMdiff™ Neural System - EB culture protocol.  

 
 

2.2.3 Nucleic acids extraction and quantification 

Genomic DNA samples were extracted from H9 cells using Wizard SV genomic DNA 

purification system (A2360). DNA was quantified using NanoDrop and the Qubit dsDNA 

BR assay kit (Q32850), and stored at -20 C. Total RNA were extracted from cell samples, 

which were stored in RNAlater (Qiagen, Cat# 76163) at -80 C, using the Qiagen RNeasy 

plus mini kit (74134). RNA samples were quantified using NanoDrop and the Agilent 

RNA ScreenTape system. RNA samples with RIN > 8.0 were accepted.  

 

2.2.4 Primer design 

Primers were designed using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) and analyzed 

with the web based tools: NetPrimer (http://www.premierbiosoft.com/netprimer/) and 
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OligoAnalyzer 3.1 (https://www.idtdna.com/pages/tools/oligoanalyzer). These tools 

helped in predicting the melting temperature (Tm), 3’ end stability and all primer 

secondary structures, in order to minimize primer dimers and hairpin structures 

formation.  

qPCR primers were designed to have a length between 18-23 bp with a Tm ~ 60 C. The 

GC content ranged between 50-60% and the product size from 100-260 bp. To test the 

efficiency of the designed primers, absolute quantitation (standard curve) assays were 

conducted for all primer pairs using H9 genomic DNA samples in a serial dilution. 

Efficiency values between 90-110% and slopes between -3.58 to – 3.10 were accepted.   

qPCR primer pairs were designed for FOXN2, the pluripotency and differentiation 

markers SOX2, NANOG, OCT4, SOX1, PAX6, NES, and three housekeeping genes 

RPL19, RPL29, GAPDH. Designed primers are listed in the Table 2 below. 

 

Table 2: List of designed qPCR primer pairs. qPCR primers were designed for FOXN2, 
pluripotency markers (POU5F1, NANOG, SOX2) differentiation markers (NES, PAX6, SOX1) 
and housekeeping genes (GAPDH, RPL19,RPL29). 

 

Primer   Sequence 5'-3' 
Product Size 
(bp) 

FOXN2-Fw 5'- CTT CTA ACA AAC TTC AGC CTC GG -3' 
138 

FOXN2-Rv 5'- GGG CTT TGA AGT CGC TGA TT -3' 
SOX2-Fw 5'- CCC ACC TAC AGC ATG TCC TAC TC -3' 

116 
SOX2- Rv 5'- GAG GAA GAG GTA ACC ACA GGG -3' 
SOX1-Fw 5'- TCT CTT GGG AAA ACG GGC A -3' 

113 
SOX1-Rv 5'- GCG TTC ACA TCG GTT AGC AA -3' 
NES-Fw 5'- GGA AAA GAC CAT CTG CCC G -3' 

170 
NES-Rv 5'- CTC CTT TGC CAC ACC CCT T -3' 
POU5F1 (OCT4)- Fw 5'- TATGGGAGCCCTCACTTCAC -3' 

173 
POU5F1 (OCT4)- Rv 5'- CAGGTTTTCTTTCCCTAGCT -3' 

 



 
 
 

16 

Table 2 continued 
  

NANOG -Fw 5'- AAAGCTTGCCTTGCTTTGAA -3' 259 
NANOG - Rv 5'- TTCTTGACCGGGACCTTGTC -3' 

PAX6- Fw 5'- TCAGCAGTAGTTTCAGCACCA -3' 
130 

PAX6- Rv 5'- TCAGCAGTAGTTTCAGCACCA -3' 
RPL19- Fw 5'- GGCACATGGGCATAGGTAAG -3' 

226 
RPL19- Rv 5'- TTGTCTGCCTTCAGCTTGTG -3' 
RPL29 Fw 5'- CCAAGAACCACACCACACAC -3' 

237 
RPL29 Rv 5'- GCTTAACCTCCTTGGGCTTT -3' 
GAPDH-Fw 5'- AGGGCTGCTTTTAACTCTGGT -3' 

206 
GAPDH-Fw 5'- CCCCACTTGATTTTGGAGGGA -3' 

 
 

2.2.5 cDNA synthesis and qPCR 

cDNA were reverse transcribed starting with total RNA samples of 50-150 ng, using the 

Thermo Scientific Maxima H cDNA synthesis master mix, with dsDNase (M1669). 

qPCR assays were performed using the KAPA SYBR FAST qPCR master mix (KK4601) 

with 3 technical replicates for each reaction. The reactions were run on the BioRad 

CFX384 touch Real-Time detection system and data were analyzed using the CFX 

Maestro software. 

 

2.2.6 Sample size and statistical analysis 

The qPCR experiment was performed in a minimum of three biological replicates. These 

biological replicate samples were taken from separate wells at each time point of the 

differentiation process. Cycle threshold (Ct) was calculated as an average of the three 

technical replicates. The housekeeping genes RPL19, RPL29 and GAPDH were used as 

reference genes for normalization 
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ANOVA was performed, considering the main effect of time point in the differentiation 

process and a batch effect due to the set of cells that were differentiated in parallel: Y ~ µ 

+ Batch + Time point. Then, post-hoc contrasts were computed, comparing all pairs of 

time points during differentiation (15 tests / gene) using Tukey’s Honest Significant 

Difference test (Tukey HSD) to account for multiple testing. 
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3.  Results 

 
We integrated gene regulatory network analysis and fine-mapping of SCZ GWAS risk 

loci with epigenomic data and eQTLs to identify TFs that are predicted both to be 

associated with genetic risk for SCZ and whose target genes were differentially expressed 

in the brains of SCZ cases vs. controls. Pearl et al. predicted 84 TFs to be key regulators 

of gene expression changes in the prefrontal cortex of SCZ cases vs. controls by a 

transcriptional regulatory network model for the human brain, which integrated DNase 

footprinting with TF-gene co-expression to predict the target genes for 741 TFs. In this 

model, a TF was predicted as a key regulator if its predicted genes that were over-

represented among differentially expressed gene in the prefrontal cortex of SCZ cases vs. 

controls. Of the 84 predicted key regulator TFs, 8 TFs (SREBF1, NPAS3, EGR1, 

POU3F2, RFX2, KLF13, FOXN2, NR3C2) were also associated with genetic risk for 

SCZ (Pearl, et al. 2019). We prioritized TFs associated with SCZ based on co-

localization of risk-associated SNPs with expression quantitative trait loci in multiple 

tissues (Hauberg, et al. 2017). We further prioritized the TFs based on chromatin 

interactions with credible SNPs, and the overlap between HiC and eQTL data (Won, et 

al. 2016). Finally, we prioritized TFs based on co-localization of SCZ risk variants with 

eQTLs in iPSCs (Kilpinen et al. 2017). This is of great significance, PSC-derived neurons 

are tractable models for cortical neurogenesis and for gene expression changes related to 

neuropsychiatric disorders (Soliman, et al. 2017).  

Looking at the intersections between the gene sets from the four studies included in our 

bioinformatics analysis (Table 1),  FOXN2 was found to overlap across three gene sets 

(Figure 3). Specifically, FOXN2’s predicted target genes were over-represented among 
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genes up-regulated in the prefrontal cortex of SCZ cases vs. controls with a p-value of 

5.2x10-14 (Pearl, et al. 2019) and the SCZ risk-associated SNPs are predicted to down-

regulate FOXN2 expression. As FOXN2 and other forkhead-box TFs primarily repress 

their target genes, these results converge on the hypothesis that FOXN2 is down-

regulated in SCZ, leading to aberrant up-regulation of its target genes. 

 

 
 
Figure 3: FOXN2 has strong genetic evidence as a SCZ-disease risk gene. Venn diagram 
describing the overlap of 1. Genes associated with genetic risk for SCZ from GWAS and eQTL 
data (Hauberg et al. 2017), 2. High probability SCZ risk loci predicted by HiC interactions and 
cortical eQTL data, and genes found to interact with SCZ credible SNPs by HiC (Won et al. 
2016), 3. Genes with iPSC eQTLs that co-localize with genome wide risk variants in SCZ 
(Kilpinen et al. 2017), 4. Key regulators predicted by the TRN model (Pearl et al. 2019). FOXN2 
is supported across three analyses.   

 

Interestingly, despite the strong genetic evidence linking FOXN2 to SCZ risk, there have 

been no studies describing functional roles for FOXN2 in the mammalian brain. Taking 

these factors together, I decided to focus on studying this TF to understand the role it 

plays in cortical neurogenesis. For this purpose, we studied FOXN2 expression in 

publicly available RNA-seq data from human brain development and from in vitro model 
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of cortical neurogenesis. This helped provide insight on when FOXN2 is expressed 

throughout the neurodevelopmental process and gave us an idea on what to expect in a 

stem-cell model of cortical neurogenesis.  

The BrainSpan consortium collected postmortem brains from individuals from 5-7 post-

conception weeks (PCW) to over 40 years of age. They categorized the samples based on 

age and major neurodevelopmental milestones, to ensure all the developmental and adult 

stages were included. They generated RNASeq from different brain regions. For our 

project, we looked at RNASeq data from the dorsolateral PFC region (DLPFC) (Li, et al. 

2018).  In addition, CORTECON is a transcriptome database encompassing human in 

vitro corticogenesis. These data were generated from the differentiation of hESCs into 

cortical neurons over 77 days, and performing RNASeq and further downstream analysis 

(Van De Leemput, et al. 2014).  

Data from BrainSpan and CORTECON showed a dynamic expression of FOXN2 during 

the cortical development process with high levels in early developmental stages (Figure 

4.). More specifically, FOXN2 showed the highest expression between 8 PCW and 13 

PCW in the human prefrontal cortex development process, and on days 0-12 in the in 

vitro differentiation of H9 cells to neurons, which represent the neural induction stage. 

Based on these analyses, we hypothesized that FOXN2 influences early cortical 

neurogenesis, particularly of cortical excitatory neurons. 
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Figure 4: FOXN2 expression during the cortical developmental process in BrainSpan and 
CORTECON data (By C. Colantuoni). The left panel shows the expression of FOXN2 during 
the development of the human dorsolateral prefrontal cortex (BrainSpan). The x axis is brain 
donor’s age (log10[yrs+0.7]) starting from 8 post-conception weeks to 40 years old. The y axis is 
FOXN2’s expression scaled as Log2 [RPKM]. The right panel shows the expression of FOXN2 
through the differentaion of pluripotent stem cells into cortical neurons (CORTECON). The x 
axis is days of in vitro neural differentiation starting from day 0 to day 77. The y axis is is 
FOXN2’s expression scaled as Log2 [RPKM]. The red line respresents the shift from nerual 
induction medium to cortical differetiation medium on day 13. 

 
To start testing this hypothesis, we first focused on characterizing the dynamics of 

FOXN2 more precisely during cortical neurogenesis. We studied the expression of 

FOXN2 in a stem cell model for the induction of forebrain excitatory neurons. This study 

will help establish a good base for future perturbation experiments aiming to observe the 

effect of knocking-out FOXN2 on gene expression and cellular phenotype in the cortical 

development cellular models, in order to learn about the causal mechanism by which 

FOXN2 increases risk for SCZ. 

While characterizing the expression of FOXN2 by qPCR through the induction of NPCs 

from embryonic stem cells, we also examined pluripotency and differentiation marker 
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genes to study the correlation between FOXN2 and these markers throughout the cortical 

neurogenesis process. For pluripotency markers, we studied the TFs POU5F1 which 

plays an important role in stem cell pluripotency and embryonic development, NANOG, 

which is involved in embryonic stem cell proliferation, renewal and pluripotency, and 

SOX2 involved in the regulation of embryonic development and cell fate determination. 

For differentiation markers, we examined PAX6 and NES, which are considered as 

neural induction markers, and SOX1 as an NPC marker gene. 

qPCR primer pairs were designed for each one of the genes mentioned above in addition 

to the housekeeping genes GAPDH, RPL29, and RPL19. To the test the efficiency of 

these primers, absolute quantitation (AQ) analysis was performed using 5 serial dilutions 

with a dilution factor of 4. Efficiency values between 90-110% and standard curve slopes 

between -3.58 to – 3.10 were accepted. Figure 5 shows the results for FOXN2’s primer 

pair AQ analysis, which had an efficiency of 101.3% and a slope of -3.29. The results for 

the remaining primer pairs are shown in Figure S1, Appendix A. The qPCR products 

were run on a gel to confirm amplifying specific products with the right amplicon size 

(Figure S2, Appendix A).  
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Figure 5: Absolute Quantitation (AQ) analysis results for FOXN2’s qPCR primers. The left 
panel is the melt curve. The upper right panel is the amplification plot. The bottom right panel is 
the standard curve with 101.3% efficiency and a slope of -3.291.   

 
 
After optimizing the qPCR protocol, H9 cells were differentiated in two independent 

batches and Figure 6 shows images taken throughout the 30-day differentiation process.  

In the second differentiation, the number of proliferating cells were significantly lower 

comparing to the first differentiation across all time points. Furthermore, NPCs in the last 

time point of the second batch (NPCP2D5) showed atypical proliferation and 

morphological phenotypes that might be attributed to technical issues. Therefore, samples 

from this time point were eliminated from the analysis. RNA was extracted from cell 

samples harvested at 6 time points in each batch, with 2 biological replicates per time 

point. RNA was quantified by Nanodrop and the ScreenTape system, and the RNA yields 

were significantly lower in the second batch (Table 3) due to the lower number of cells 

harvested.  
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a. Batch A 

 
 

b. Batch B 
 

 
 
Figure 6: Differentiation of pluripotent stem cells (H9) to neural progenitor cells. Panel a 
shows images of cell cultures taken over 30 days of the 1st differentiation experiment (Batch A). 
Panel b shows images of cell cultures taken over 30 days of the 2nd differentiation experiment 
(Batch B). P: passage, D: day. 
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Batch A Batch B 

Sample ID 
RNA conc. 
(ng/µl) 

Sample ID 
RNA conc. 
(ng/µl) 

H9 –A1 1070 H9 – B1 47 
H9 – A2 1076 H9 – B2 115 

EBD5-A1 67.2 EBD5 – B1 9.49 

EBD5- A2 20.3 EBD5 – B2 5.14 

EBD8-A1 144.8 EBD8 – B1 98.4 

EBD8-A2 79.4 EBD8 – B2 27.7 

EBD12-A1 292 
EBD12 – B 6.72 

EBD12-A2 330 

EBD25 (NPCP1D5)-A1 157.2 EBD26 (NPCP1D5)-B1 19.3 

EBD25 (NPCP1D5)-A2 70.2 EBD26 (NPCP1D5)-B2 16.0 

EBD31 (NPCP2D5)-A 37.5 EBD31 (NPCP2D5)-B1 26.6 

EBD32 (NPCP2D6)-A 31.6 EBD31 (NPCP2D5)-B2 22.8 

 
Table 3: RNA concentrations of differentiation samples. The table shows RNA concentrations 
of 21 samples harvested over 6 time points in two differentiation experiments. The extracted 
sample volume is ~ 30 µl. 

 
cDNA were synthesized using 160 and 40 ng total RNA from Batch A and B 

respectively. qPCR was performed for 10 genes in 21 samples with 3 technical replicates 

for each reaction. The qPCR results were analyzed using the CFX Maestro software, with 

the relative normalized expression calculated by DDCq formula. The expression of each 

one of the seven target genes was normalized to the average of three reference genes 

GAPDH, RPL29, and RPL19. 

 Figure 7 shows the expression profile for FOXN2 and the pluripotency and 

differentiation markers tested in both batches. In general, the expression patterns for all 

genes were found similar across the 4 biological replicates. The expression of the 

pluripotency markers NANOG and POU5F1 was high in pluripotent cells, and they both 



 
 
 

26 

rapidly decreased after the initiation of neural induction, as expected (Figure 7 a & b). 

SOX2’s expression increases and peaks at Day 8 and then decrease in later time points 

(Figure 7 c). The expression of the neural induction markers NES and PAX6 (Figure 7 d 

& e), peaks on day 8 and then decreases gradually. SOX1 and FOXN2 were found to be 

expressed highly at later time points of the differentiation with a steady increase in 

expression (Figure 7 f & g). 

 

Figure 7: Gene expression during the differentiation of human embryonic stem cells to 
neural progenitor cells. Panels a-g show the expression of the genes NANOG, POU5F1, SOX2, 
NES, PAX6, SOX1and FOXN2 respectively in our stem cell model. The x axis is days in 
differentation, and the y axis is the normalized expression of the target gene. The asterisk 
indicates significant difference resulting from the ANOVA analysis that compares each time 
point to the baseline (Day 0), with the significance cutoff at p = 0.05.      
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Next, we compared the expression from different time points for each gene using the 

linear regression model, to evaluate the increase or decrease of gene expression over time 

taking into account the biological variation (Table 4). Using the linear regression model, 

we tested the linear effect of time on gene expression with a batch effect controlling for 

biological replicates. FOXN2, similar to SOX1, showed significant change of expression 

over time even after adjusting for the batch effect with a p value of  5.80 x10-9. 

We performed an Analysis of Variance (ANOVA), comparing the baseline – Day 0 to 

each of the 5 time points in the differentiation using Tukey’s Honest Significant 

Difference test, which adjusts for multiple comparisons (Table 5). The test revealed a 

significant difference in FOXN2’s expression comparing Day 0 to the later time points 

D25 and D30, which show much higher expression (p =1 x 10-06). 
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Next, we compared the expression of different genes using Pearson’s correlation test. The 

correlation coefficient r and P values for each pair of genes are listed in Table S1, 

Appendix A. SOX1 and FOXN2 were found to be strongly correlated (r = 0.917, p =2.87 

x 10-10). However, it is important to note that only FOXN2 is expressed in pluripotent 

stem cells (Figure 7). In BrainSpan and CORTECON, both genes’ expression peaks in 

intermediate precursors but they are not super strongly correlated as found in our study.  

 
 
 

Genes beta F p 

FOXN2 0.048184904 105.7417835 5.80E-09 

NANOG -0.019823931 7.578128235 0.013092756 

NES 0.155938779 8.817246401 0.008213948 

PAX6 18.43206452 1.27791121 0.273126304 

POU5F1 -0.020580553 8.328848962 0.009838811 

SOX1 42.57288472 154.4434627 2.87E-10 

SOX2 0.034179101 2.299841758 0.146752912 

 
Table 4: Linear regression analysis results.  

 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

29 

 
Groups diff lower upper p.adj 

D5-D0 -0.136990991 -0.50864287 0.234660888 0.825601772 

D8-D0 0.26335083 -0.108301049 0.635002709 0.247534701 

D12-D0 0.216850398 -0.184579512 0.618280307 0.51177446 

D25-D0 0.969187956 0.597536077 1.340839834 7.66E-06 

D30-D0 1.404097675 0.948918942 1.859276407 1.01E-06 

 
Table 5: ANOVA analysis results for FOXN2 expression 
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4. Discussion and Future Directions  
 
In this project, we were able to prioritize the risk gene FOXN2 as a TF implicated in risk 

for SCZ, and characterize its expression profile in our 2 D cortical development stem-cell 

model. We found that FOXN2 was expressed at basal levels in pluripotent stem cells and 

early-stage neural stem cells, then increased significantly in later-stage neural precursors, 

with a significant linear increase over time. Furthermore, FOXN2 showed a strong 

correlation with SOX1, which suggests the possibility of FOXN2 being a neural 

progenitor marker gene.  

When comparing the gene expression data from our qPCR experiment to the 

CORTECON dataset, the expression of FOXN2 appears to diverge after day 20 of the 

differentiation process. This can be explained by the different differentiation protocols 

used in each study. In the CORTICON study, the generation of NPCs was done using a 

12-day neural induction protocol. And on day 13 of the neural induction, the culture 

medium was changed to a differentiation culture medium that enhances cortical 

differentiation. By contrast, in our study, we generated NPCs using a 20-day neural 

induction protocol, then continued to passage these NPCs using neural progenitor 

medium. Taken together, these results suggest that the expression of FOXN2 increases or 

remains high in proliferating NPCs across multiple passages, then decreases rapidly 

during the maturation of these cells toward post-mitotic cortical neurons. 

One limitation of our study is that it is only a descriptive analysis for FOXN2 expression. 

A perturbation study is needed for functional characterization of FOXN2 in order to 

understand the role played by this TF in cortical neurogenesis that might relate to SCZ-

disease risk.  However, our study was able to clarify the dynamic expression of FOXN2 
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in our stem-cell based cortical development model, further establishing FOXN2 as a risk 

gene for SCZ potentially involved in cortical neurogenesis and building a strong base for 

the future genetic editing experiments designed for functional characterization of FOXN2 

in cortical neurogenesis. Another limitation in our study is that we only used one stem 

cell line (H9 WA09) to generate neural progenitor cells in our model. The same 

experiments should be done in other cell lines to replicate these results while taking into 

account the genetic background effect that might alter gene expression regulation.  

As previously noted, the next step to test our hypothesis that FOXN2 influences cortical 

neurogenesis, particularly of cortical excitatory neurons, is performing  perturbation 

experiments for functional characterization of FOXN2. The qPCR characterization of 

FOXN2’s expression profile in our stem-cell based model set the stage for two planned 

experiments to complete in the Ament laboratory. First, we will perform RNA-seq to 

more completely characterize the dynamics of the FOXN2 gene regulatory network in our 

cortical neurogenesis model. Second, we will knock out FOXN2 in H9 cells and observe 

the effect on the transcriptome and neural induction phenotypes. This will help elucidate 

the role that FOXN2 plays in altered gene expression related to SCZ. We will be using 

the genome editing tool CRISPR-Cas9 system to knock out FOXN2 in H9 cells. The 

validation of the knock out will be done using qPCR and western blotting in comparison 

to control samples. FOXN2 knockout hESCs will be differentiated to neural precursors, 

and we will measure effects on transcriptional networks (RNA-seq) and neural induction 

(cellular morphology, proliferation) that might be linked to the pathophysiology of SCZ. 
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Appendix A: Supplementary Figures and Tables  
 
Figure S 1: Absolute Quantitation (AQ) analysis results  

 
a. GAPDH 

 
 
 

b. NANOG 
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Figure S1 continued  
 

c. NES 

 
 
d. POU5F1 (OCT4)
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Figure S1 continued  
  
e. RPL29

 
 
 
f.  SOX1
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Figure S1 continued  
 
g. SOX2

 
  
 
 
Figure S 2: Electrophoresis of qPCR products on agarose gel 
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Table S 1: Pearson’s correlation test results  

  
Gene1 Gene2 r p 

FOXN2 FOXN2 1 5.80E-09 

NANOG FOXN2 -0.31 1.30E-02 

NES FOXN2 0.47 8.20E-03 

PAX6 FOXN2 0.072 2.70E-01 

POU5F1 FOXN2 -0.33 9.80E-03 

SOX1 FOXN2 0.92 2.90E-10 

SOX2 FOXN2 0.33 1.50E-01 

FOXN2 NANOG -0.31 5.80E-09 

NANOG NANOG 1 1.30E-02 

NES NANOG -0.65 8.20E-03 

PAX6 NANOG -0.33 2.70E-01 

POU5F1 NANOG 1 9.80E-03 

SOX1 NANOG -0.45 2.90E-10 

SOX2 NANOG -0.66 1.50E-01 

FOXN2 NES 0.47 5.80E-09 

NANOG NES -0.65 1.30E-02 

NES NES 1 8.20E-03 

PAX6 NES 0.64 2.70E-01 

POU5F1 NES -0.68 9.80E-03 

SOX1 NES 0.55 2.90E-10 
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Table S1 continued  
 

SOX2 NES 0.57 1.50E-01 

FOXN2 PAX6 0.072 5.80E-09 

NANOG PAX6 -0.33 1.30E-02 

NES PAX6 0.64 8.20E-03 

PAX6 PAX6 1 2.70E-01 

POU5F1 PAX6 -0.35 9.80E-03 

SOX1 PAX6 0.017 2.90E-10 

SOX2 PAX6 0.048 1.50E-01 

FOXN2 POU5F1 -0.33 5.80E-09 

NANOG POU5F1 1 1.30E-02 

NES POU5F1 -0.68 8.20E-03 

PAX6 POU5F1 -0.35 2.70E-01 

POU5F1 POU5F1 1 9.80E-03 

SOX1 POU5F1 -0.47 2.90E-10 

SOX2 POU5F1 -0.67 1.50E-01 

FOXN2 SOX1 0.92 5.80E-09 

NANOG SOX1 -0.45 1.30E-02 

NES SOX1 0.55 8.20E-03 

PAX6 SOX1 0.017 2.70E-01 

POU5F1 SOX1 -0.47 9.80E-03 

SOX1 SOX1 1 2.90E-10 
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Table S1 continued  
 

SOX2 SOX1 0.38 1.50E-01 

FOXN2 SOX2 0.33 5.80E-09 

NANOG SOX2 -0.66 1.30E-02 

NES SOX2 0.57 8.20E-03 

PAX6 SOX2 0.048 2.70E-01 

POU5F1 SOX2 -0.67 9.80E-03 

SOX1 SOX2 0.38 2.90E-10 

SOX2 SOX2 1 1.50E-01 
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Appendix B: License from Nature Journal to Use Figure 1 
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