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Abstract 
During development, transcription factors (TFs) play a key role in ensuring the robust 

establishment of gene expression programs and, thus, of cellular identities. In this work, we used 

a human induced pluripotent stem cells (hiPSCs) in vitro differentiation system that models 

forebrain development to investigate the role of the ZIC2 gene, a member of the ZIC family of TFs, 

during the induction of anterior neural identities. The relevance of the ZIC2 gene is highlighted by 

its association with holoprosencephaly (HPE), a forebrain congenital disorder affecting the 

proper separation of the cerebral hemispheres. Despite the medical and developmental 

relevance of ZIC2, little is known about the regulatory network controlled by this TF during 

forebrain development, particularly in humans. We therefore took advantage of hiPSCs and 

differentiated them into anterior neural progenitor cells (AntNPCs) with a forebrain-like identity 

to study the regulatory network controlled by ZIC2 upon neural induction. Combining CRISPR-

Cas9 genome editing approaches and genomic methods (RNA-seq, ChIP-seq and scRNA-seq), 

we showed that (i) our differentiation system of hiPSCs into AntNPCs recapitulates important 

aspects of dorsal-ventral and rostro-caudal forebrain patterning; (ii) in the absence of ZIC2, 

AntNPCs showed increased expression of rostral telencephalon markers (e.g. SIX3, FOXG1, 

FGF8) and reduced levels of WNT signaling and cortical hem markers (e.g. WNT2B, WNT3A, 

LMX1A), (iii) the loss of ZIC2  sensitized AntNPC to SHH signaling;  (iv) ZIC2 binds to and is 

required for the activation of distal enhancers associated with major forebrain patterning 

regulators;  (v) AntNPC display ZIC2 haploinsufficiency, as the loss of one ZIC2 allele already 

resulted in severe expression defect for major forebrain patterning genes. Altogether, this work 

provides novel insights into the regulatory network controlled by ZIC2 during human forebrain 

patterning, which in turn can help understanding the molecular basis of HPE. 
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Resumen 
Durante el desarrollo, los factores de transcripción (TFs) juegan un papel clave en garantizar el 

establecimiento robusto de los programas de expresión génica y, por lo tanto, de las identidades 

celulares. En este trabajo, utilizamos un sistema de diferenciación in vitro de células madre 

pluripotentes inducidas humanas (hiPSCs) que modela el desarrollo del prosencéfalo para 

investigar el papel del gen ZIC2, un miembro de la familia de TFs ZIC, durante la inducción de 

identidades neuronales anteriores. La relevancia del gen ZIC2 se destaca por su asociación con 

la holoprosencefalia (HPE), un trastorno congénito del prosencéfalo que afecta la correcta 

separación de los hemisferios cerebrales. A pesar de la importancia médica y en el desarrollo de 

ZIC2, se sabe poco sobre la red reguladora controlada por este TF durante el desarrollo del 

prosencéfalo, particularmente en humanos. Por ello, aprovechamos el sistema de diferenciación 

de hiPSCs hacia células progenitoras neuronales anteriores (AntNPCs) con identidad similar a la 

del prosencéfalo para estudiar la red reguladora controlada por ZIC2 durante la inducción neural. 

Combinando métodos de edición genética con CRISPR-Cas9 y análisis genómicos (RNA-seq, 

ChIP-seq y scRNA-seq), mostramos que (i) nuestro sistema de diferenciación de hiPSCs a 

AntNPCs recapitula aspectos clave del patrón dorsal-ventral y rostro-caudal del prosencéfalo; 

(ii) en ausencia de ZIC2, las AntNPCs presentan una mayor expresión de marcadores del 

telencéfalo rostral (SIX3, FOXG1, FGF8) y niveles reducidos de señalización WNT y de 

marcadores del cortical hem (WNT2B, WNT3A, LMX1A); (iii) la pérdida de ZIC2 sensibiliza a las 

AntNPCs a la señalización de SHH; (iv) ZIC2 se une y es necesario para la activación de 

potenciadores distales asociados con reguladores clave del patrón del prosencéfalo;(v) las 

AntNPCs exhiben haploinsuficiencia de ZIC2, ya que la pérdida de un alelo de ZIC2 provoca 

defectos severos en la expresión de genes clave para el patrón del prosencéfalo. En conjunto, 

este trabajo proporciona nuevos conocimientos sobre la red reguladora controlada por ZIC2 

durante la organización del prosencéfalo humano, lo que a su vez puede ayudar a comprender la 

base molecular de la HPE. 
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1.1. Transcription factors are master regulators of gene expression 

From a single cell to a complex organism, the precise spatiotemporal control of gene expression 

is essential. Thanks to their ability to recognize and bind specific cis-regulatory elements (CREs) 

of the DNA (i.e., promoters, enhancers, insulators and silencers), transcription factors (TFs) 

(Lambert et al., 2018; Spitz & Furlong, 2012) play a critical role in the establishment of 

transcriptional programs that drive the differentiation and function of the multitude of cell types 

that compose an organism. 

Several types of CREs have been identified (Figure 1.1): (i) Promoters are DNA regions localized 

in proximity to the transcription start sites (TSS) of their genes (Haberle & Stark, 2018). They serve 

as binding platforms for the recruitment of the basal transcription machinery composed of 

general transcription factors and RNA polymerase II, allowing basal gene transcription to start. 

(ii) Enhancers (Long et al., 2016) are defined as distal regulatory elements able to increase the 

transcription of their target genes via the recruitment of TFs to transcription factor binding sites 

(TFBS), which in turn interact with co-factors. The three-dimensional conformation of the genome 

allows enhancers to come into physical proximity with the promoters of their target genes (Bonev 

et al., 2017; Hsieh et al., 2020; Hua et al., 2021). Epigenetic modifications (histone methylation, 

acetylation) and binding of certain transcription factors and co-factors defined different types of 

enhancers: active, primed and poised (Heintzman et al., 2009; Rada-Iglesias et al., 2011; 

Thurman et al., 2012). Briefly, active enhancers are characterized by an open chromatin state and 

histone modifications such as H3K27ac and H3K4me1 together with RNA polymerase II and 

production of eRNA; primed enhancers show H3K4me1 without H3K27ac, indicating an 

intermediate state ready for activation but not yet active; poised enhancer (or CG-rich enhancers) 

are bookmarked in pluripotent cells with active features (binding of transcription factors and co-

activators like P300, high accessibility and H3K4me1) but lack H3K27ac and they are instead 

bound by Polycomb proteins that are associated with the deposition of the repressive mark 

H3K27me3 (Cruz-Molina et al., 2017), reflecting a bivalent state ready to be activated or 

repressed depending on developmental cues. (iii) Insulators act as boundary elements 

preventing enhancers from communicating with non-target genes by recruiting architectural 

proteins (i.e., CTCF) (Özdemir & Gambetta, 2019). (iv) In an analogous manner to enhancers, 

silencers recruit co-repressors leading to down-regulation of gene expression (Segert et al., 

2021). 
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Figure 1.1: Schematic representation of the main types of cis-regulatory elements. 
(A) The promoter region located next to the TSS of its gene recruits the general transcription 
factors together with the RNA polymerase II (pol II), to ensure basal transcription. (B) Enhancers 
can recruit TFs which in turn interact with co-factors (COFs) to increase the expression of their 
target genes. (C) Insulators prevent ectopic gene expression by blocking the communication 
between an enhancer and a gene. They are bound by architectural proteins such as CTCF. 
 

TFs have therefore been defined as master regulators of gene expression, shaping cellular 

identities, maintaining homeostasis and responding to developmental and environmental cues. 

The binding motif of a TF is usually a short, between 6 to 12bp, and degenerate DNA sequence, 

raising questions about its specificity (Spitz & Furlong, 2012). The binding of a TF to DNA is a highly 

dynamic process involving cooperation between TFs and co-factors with different combinations 

leading to different transcriptional outputs, answering the issue of specificity. Nevertheless, 

decoding the cis-regulatory code is not straightforward as several layers of complexity are adding 

up when interpreting transcriptional changes. Indeed, gene expression is highly context-

dependent, influenced by the presence and/or absence of co-factors, by chromatin accessibility 

and nucleosomes spacing, by post-translational modifications of the TFs themselves, co-factors 

and chromatin (S. Kim & Wysocka, 2023) and by the rules determining enhancer-promoter 

communication such as the distance, the biochemical compatibility (Pachano et al., 2021) or the 

presence of insulators. Overall, gene expression results from the integration of multiple factors, 

but many of which remain to be elucidated. 

To understand how TFs shape cellular identities, we must also consider two inherent features of 

TFs, redundancy and pleiotropy. Functional redundancy refers to TFs that are able to perform 

similar functions: a single mutant will not show phenotypic defects while a double mutant will be 
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affected. Note that redundancy can be complete (a TF compensating fully for the loss of another 

TF) or partial (a mutation in a single TF can have deleterious defects that are enhanced if a second 

TF is also mutated). Therefore, TF redundancy plays an important role in ensuring transcriptional 

robustness (i.e., the ability of the system to remain unchanged under perturbations). On the other 

hand, pleiotropy is the phenomenon by which a single TF contributes to apparently unrelated 

phenotypic traits. This occurs because the same TF can be expressed across a broad range of 

tissues and thus, regulating diverse biological processes. 

1.2. Transcription factors and disease 

Given their critical role in controlling gene expression and defining cellular identities, it is not 

surprising that TFs and their regulated regions are frequently linked to human disease 

(Claringbould & Zaugg, 2021; T. I. Lee & Young, 2013; Maurano et al., 2012; Rada-Iglesias, 2014; 

R. van der Lee et al., 2020). Despite the precise regulation of transcription during development, 

TFs are often found to be dosage sensitive (Naqvi et al., 2023; Seidman & Seidman, 2002; R. van 

der Lee et al., 2020), ranging from phenotypic variations to developmental disorders due to 

haploinsufficiency or triplosensitivity. 

Mouse models have offered significant insights into the study of developmental disorders, 

providing valuable data on gene regulation. However, several differences between mice and 

humans can be identified, including morphological differences, variations in developmental 

timing or in dosage sensitivity. There are numerous examples of developmental genes for which 

in humans but not mice are haploinsufficient (e.g., LMX1B, TFAP2A, SHH) (Haro et al., 2021; 

Zhang et al., 1996), emphasizing the importance of also studying developmental diseases within 

a human-specific context. Gene dosage sensitivity can be exacerbated by gene-environment 

interactions, where environmental stress increases penetrance and/or expressivity. Indeed, 

several developmental disorders have been associated with exposure to environmental 

teratogenic insults (e.g., retinoic acid, alcohol, nicotine, etc.) (Lovely et al., 2017; Nishimura & 

Kurosawa, 2022). 

Within this framework, this thesis will focus on ZIC2 function, a TF from the ZIC family, which has 

been implicated in holoprosencephaly (HPE), a congenital disorder affecting brain development. 
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1.3.  Early brain development 

After fertilization, through a series of cleavage divisions, the zygote will form the morula which 

consists of a compact ball of cells. The morula will reorganize into a blastula, a sphere of cells 

surrounding an inner fluid-filled cavity: the outer layer of cells of the blastocyst is called the 

trophoblast and will give rise to extra-embryonic structures, while the inner cell mass will form 

the embryo proper (Mu et al., 2022). As early embryonic development progresses, the inner cell 

mass will reorganize into a two-layered disc composed of the hypoblast ventrally and epiblast 

dorsally, this bilaminar disc sets the dorsal-ventral axis. Gastrulation starts with the appearance 

of the primitive streak on the surface of the epiblast, setting the antero-posterior axis of the 

embryo. Cells of the epiblast undergo an epithelial-to-mesenchymal transition and migrate 

through the primitive streak to form first the innermost germ layer, the endoderm, followed by the 

mesoderm, whereas, the ectoderm forms the external germ layer, that is responsible for three 

major roles: specification of the neural plate, the epidermis and the presumptive neural crest 

(Rossant & Tam, 2022). 

The neural plate, formed by the thickening of the ectodermal cells on the dorsal surface of the 

embryo, is the precursor of the neural tube, which in turn will give rise to the central nervous 

system. First, the edges of the neural plate will thicken and move upward to form the neural folds, 

letting apparent the neural groove in a “U-shape”. Progressively, the neural folds will meet at the  

middle and fuse to form the neural tube. This process during which the neural system is formed 

is called neurulation (Figure 1.2). On a related note, the neural folds give rise to the neural crest 

cells, often referred to as the “fourth germ layer”, as they contribute to craniofacial structures, 

peripheral nerves and various other cell types. 

Even before the closure of the posterior part of the neural tube, the anterior part changes 

drastically forming three primary vesicles: the prosencephalon (forebrain), mesencephalon 

(midbrain) and the rhombencephalon (hindbrain) along the antero-posterior axis, respectively. 

The primary vesicles further divide into the secondary vesicles, the forebrain becomes the 

telencephalon and diencephalon while the rhombencephalon subdivides into the 

metencephalon and myelencephalon. These vesicles will differentiate into the distinct functional 

units of the brain. For instance, the telencephalon will give rise to the cerebral hemispheres, 

olfactory lobes and hippocampus while the diencephalon is responsible for the formation of the 

optic vesicles, thalamus and hypothalamus. The most posterior part of the neural tube will form 

the spinal cord.  
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Figure 1.2: Schematic representation of neurulation. 
(A) Neural plate (B) Neural groove: the edges of the neural plate thicken and move upwards, 
forming the neural folds.  (C) Closure of the neural tube: the neural folds meet at the middle and 
fuse, giving rise to the neural tube. (D) Regionalization of the neural tube into the forebrain, 
midbrain, hindbrain and spinal cord. Figure from Breedlove, 2017. 
 

1.4.  Early brain patterning 

To understand early brain patterning, it is essential to comprehend how morphogen signaling is 

transduced and interpreted by the cells to express the correct set of TFs, subsequentially defining 

the developmental fate. The “French-flag” model of Wolpert (Wolpert, 1969) describes how a 

gradient of morphogens gives information to the cells about their positional identities within a 

tissue: a morphogen is secreted from a group of cells, usually referred to as organizers or 

signaling centers and, through diffusion, is distributed within the tissue. Depending on their 
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distance from the source, the cells will receive different concentrations of morphogens and 

integrate the signal differentially. Cells that are close to the source will receive a higher 

concentration of morphogens than the cells located further away. It is important to note that not 

only the concentration matter but also the time of exposure. In addition, the integration of the 

signal is also dependent on the TFs already expressed in the cells, meaning that the morphogen 

by itself does not instruct cellular identities but is rather integrated within a prepatterned tissue 

(Briscoe & Small, 2015; Sagner & Briscoe, 2017). 

Nevertheless, this graded information needs to be converted into sharp boundaries: cross-

repressive interactions of TFs (Delás & Briscoe, 2020) ensure the establishment of the proper 

gene expression program within a tissue by mutually inhibiting the expression of other TFs and 

thus preventing differentiation into alternative cell fates (Figure 1.3). In other words, very often in 

development, a signal promoting one cell fate will inhibit the specification into an alternative cell 

type. This is well illustrated by the example of SHH, a signaling protein emanating ventrally from 

the notochord and from the floor plate of the neural tube, that determines the ventral progenitor 

domains within the developing spinal tube, p3, pMN and p2 which are characterized by the 

expression of Nkx2.2, Olig2 and Pax6, respectively. Notably, the loss of Olig2 and/or Pax6 leads 

to the expansion of the Nkx2.2 domain (Balaskas et al., 2012), reflecting the importance of cross-

repression among TFs to determine the proper progenitor domains and subsequently the 

production of the proper neuron subtypes.  

 

 
 

Figure 1.3: Dorso-ventral patterning in the neural tube. 
(A) Progenitor domain identities along the dorsal-ventral axis are determined by the combinatorial 
expression of TFs, in response to Shh gradient emanating ventrally and to BMP and Wnt signaling 
dorsally. (B) TFs expressed in neighboring domains cross-repress each other. Figure from Briscoe 
& Small, 2015. 
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The process of brain patterning is highly complex, combining signaling molecules and 

transcriptional programs to shape the neural tube into the distinct specialized regions that will 

compose the central nervous system. Here, I will outline some key players of brain patterning, 

focusing on the forebrain, namely the telencephalon and diencephalon.  

Based on gene expression patterns and morphological data, the prosomeric model (Puelles & 

Rubenstein, 2003) offers a framework for interpreting complex genetic patterns of the developing 

neural tube. It describes the brain of vertebrates as transversal subunits called neuromeres, each 

defined by a unique combination of TFs and signaling pathways (Figure 1.4). 

 

 
Figure 1.4: Prosomeric model. 
Illustration of the prosomeric model. It describes the developing brain as transversal subunits, 
called neuromeres. They are defined based on expression data of TFs and signaling molecules. 
Am: amygdala; Cb: cerebellum; Dienc: diencephalon; Hab: habenula; HT: hypothalamus; Ist: 
isthmus; Mam: mammillary; Mes: mesencephalic alar plate; p1-3: prosomeres p1 to p3; Pal: 
pallidum; POA: pre-optic area; PT: pretectum; PTh: prethalamus; PThE: prethalamic eminence; 
r1-11: rhombomeres r1 to r11; Rb: rhombencephalon; SC: spinal cord; Se:  Septum; St: Striatum; 
Tect: tectum; Tel: telencephalon; Th: thalamus; TS: torus semicircularis; Tub: tuberal; zl: zona 
limitans. Figure from Puelles, 2009. 
 

In development, a recurring set of signaling molecules are involved, namely, WNTs, BMPs, FGFs 

and SHH (Figure 1.5). The telencephalon located at the anterior end of the neural tube is 

subjected to Fgf8 signaling emanating from the anterior neural ridge (ANR) and to Shh coming 

from the ventral midline (floor plate). The interplay between Fgf and Shh signaling, together with 

the expression of TFs such as Gli3, Foxg1 or Pax6 among others, will pattern the telencephalon 

into distinct proliferative zones. Ventral and dorsal telencephalon is defined by the cross-

repression of Gli3 and Shh. Gli3 is a TF that exists in two forms: the repressor form Gli3R promotes 
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dorsalization of the telencephalon, while the presence of Hedgehog signaling (Hh) ventrally 

inhibits the post-translational processing of Gli3 into the Gli3R, thus preventing dorsalization 

(Rallu et al., 2002). Indeed, the loss of Shh in mice leads to a loss of ventral identities that is 

rescued in the double mutant Shh/Gli3, indicating that rather than directly promoting ventral 

identities within the telencephalon, Shh inhibits the dorsalization action of Gli3R (Hébert & 

Fishell, 2008a; Rallu et al., 2002). At most posterior positions of the forebrain (e.g., caudal 

telencephalon, diencephalon), the ventralization of Shh is mediated via the direct activation of 

the class II genes (e.g., Nkx2-1, Nkx2-2, Olig2) via Gli1 and Gli2 TFs activation (Briscoe et al., 2000; 

Corbin et al., 2003; Fuccillo et al., 2004). Pax6, is another TF involved in dorsal-ventral patterning 

of the telencephalon. Similarly to Gli3 mutant, the loss of Pax6 in Shh-/- mice results in partial 

rescuing of the ventral identities (Fuccillo et al., 2006). 

Other examples of TFs marking the rostral-most identities of the telencephalon are Six3, Foxg1 or 

Lhx2 for instance (Suda et al., 2001; Tétreault et al., 2009; Tian et al., 2002). In particular, Six3-

null embryos lack the telencephalon and the expression domain of Wnt1 expands in the anterior 

neuroectoderm (Lagutin et al., 2003; Lavado et al., 2008). Additionally, Six3 have been shown to 

promote Shh expression in the ventral telencephalon (Geng et al., 2008, 2016; Jeong et al., 2008). 

Thus, by promoting Shh expression while inhibiting WNT expression, Six3 is essential for the 

proper patterning of forebrain along both axes, dorsal-ventral and rostro-caudal. 

Located at the telencephalic dorsal midline, the cortical hem, is an important signaling center 

that produces WNT and BMP signaling molecules (Iskusnykh et al., 2023; Shimogori et al., 2004). 

Wnt ligands are secreted glycoproteins essential for establishing regional identity in the 

developing forebrain. Indeed, the genetic ablation of the cortical hem in mice (i.e., loss of its 

major secreted molecule Wnt3a), lead to a loss of the hippocampus, region of the brain involved 

in learning and memory (Caronia-Brown et al., 2014). The loss of the cortical hem affected both 

dorsal-ventral and rostro-caudal patterning axis (i.e., the dorsomedial neocortex was reduced in 

size while the ventral cortex was expanded and, the rostral regions of the neocortex were 

expanded at the expense of the caudal ones). On the other hand, mutations in the BMP pathway 

in mice (Fernandes et al., 2007) led to a reduced or absent expression of Wnt2b and Wnt3a 

throughout the rostro-caudal axis. Moreover, expression of Msx1, normally expressed in the 

cortical hem was lost. BMP signaling is therefore necessary for the proper formation of the 

cortical hem. Several other TFs have been associated with the cortical hem. For instance, the loss 

of Lmx1a also results in reduced Wnt signaling and cortical hem abnormalities (Iskusnykh et al., 

2023), whereas the loss of Lhx2 or Foxg1, originally expressed in the telencephalon result in an 

expanded cortical hem (Bulchand et al., 2000; Mangale et al., 2008; Muzio & Mallamaci, 2005). 
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All the previous examples therefore illustrate the crosstalk between dorsal-ventral and rostro-

caudal patterning of the developing forebrain. 

Within the diencephalon, at the boundary located between the prosomeres p2 and p3, the zona 

limitans intrathalamica (ZLI) is a source of Shh signaling that is expanding dorsally, involved in the 

patterning of the adjacent regions (Lim & Golden, 2007; Puelles & Martinez, 2013). Examples of 

TFs marking the diencephalon include Barhl1 or Barhl2 (Bulfone et al., 2000; Parish et al., 2016). 

In figure 1.5 are described the WNT, FGF, SHH and BMP signaling pathways. Interestingly, SHH 

and WNT/BMP signaling exhibit an antagonistic role regarding forebrain patterning, promoting 

ventral or dorsal identities, respectively. Effectors of the hedgehog pathway, namely GLI TFs, 

cooperate with SoxB1 proteins (i.e., Sox1-3 transcriptional activators) to promote ventral 

identities (Oosterveen et al., 2012). In the case of the canonical WNT signaling pathway, it is 

unclear whether other TFs cooperate with the β-catenin complex to set up dorsal midline 

identities. 
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Figure 1.5: Signaling centers of the forebrain and main signaling pathways involved in its 
patterning. 
(A) Within the forebrain, formed by the telencephalon and diencephalon, several signaling 
centers are the source of key morphogens. BMP and WNT (red) are expressed dorsally from the 
cortical hem and roof plate, SHH emanate ventrally (yellow) from the floor plate and at the most 
anterior part of the telencephalon, the anterior neural ridge is source of FGF signaling (green). 
Figure from Sapir et al., 2022. (B) WNT, FGF, SHH and BMP signaling pathways. WNT ligands bind 
to the frizzled receptor (Fz) and co-receptor LRP5/6 on the cell membrane which in turn recruit 
dishevelled (DSH) that prevents the destruction complex (Axin, APC, GSK-3) from degrading β-
catenin, that can therefore accumulate in the cytoplasm and translocate to the nucleus to 
activate its target genes in association with TCF/LEF TFs. FGF ligands bind to their receptors FGFR 
(tyrosine kinase receptors), that results in the dimerization and activation of the receptors and the 
subsequent activation of the RAS/MAPK pathway. SHH ligands bind to PTCH1 (patched) receptor 
which remove its repression on SMO, therefore preventing the phosphorylation of GLI TFs that can 
in turn activate their target genes. Receptors of BMP ligands consist of a complex composed of 
BMPR type I and type II receptors. The presence of BMP ligands leads to the phosphorylation of 
the receptors and to the activation of SMAD1, 5 or 8 that can form a complex with SMAD4 to 
activate the expression of its target genes. Figure from Takagaki et al., 2012. 

1.5.  ZIC family of transcription factors 

The ZIC family of TFs is composed of five members, ZIC1 to ZIC5. Several functions have been 

associated with ZIC proteins, ranging from maintenance of pluripotency, patterning of the neural 

tube to skeletal and eye development (Houtmeyers et al., 2013; Solomon et al., 2010). ZIC genes 

are organized in tandem pairs with ZIC2 and ZIC5 being located on chromosome 13 and ZIC1 and 

ZIC4 on chromosome 3, whereas ZIC3 is located on chromosome X as a singleton. Similar 

organization in tandem is also found in mice, with Zic2/Zic5 located on chromosome 14, Zic1/Zic4 

on chromosome 9 and Zic3 on chromosome X (Houtmeyers et al., 2013). At both DNA and protein 

levels, ZICs are highly conserved between mouse and human. At the functional level, there are 

also conserved as mutations in Zic genes in mouse recapitulate phenotypes observed in human. 

All five ZIC proteins contain a highly conserved zinc finger domain that consists of five tandem 

Cys2His2-type zinc fingers (Figure 1.6), with the exception of the first zinc fingers of ZIC4 and ZIC5 

that are divergent. This domain has been linked with protein-protein interactions as well as DNA 

binding (Pourebrahim et al., 2011). They also share a ZF-NC domain (zinc finger N-flanking 

conserved), located immediately upstream of the zinc finger domain. ZIC1, ZIC2 and ZIC3 

possess a ZOC motif (ZIC opa conserved) that have been shown to be involved in protein-protein 

interactions (Mizugishi et al., 2004). Depending on the presence of the ZOC motif and the degree 

of conservation, ZIC proteins have been divided into two structural subclasses, with ZIC1, ZIC2 
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and ZIC3 being part of the structural subclass A and ZIC4 and ZIC5 part of subclass B 

(Houtmeyers et al., 2013). 

 

 
Figure 1.6: Protein structures of the five ZIC family members. 
All five ZIC proteins share a conserved zinc finger domain that consists of five tandem Cys2His2-
type zinc fingers. The first zinc finger of ZIC4 and ZIC5 is divergent. They all share a conserved ZF-
NC domain located upstream of the zinc finger domain. Different low complexity regions, 
enriched in specific amino acids, are also present within the ZIC proteins. Additionally, ZIC1, ZIC2 
and ZIC3 possess a ZOC motif. Depending on the degree of conservation of the first zinc finger 
and the presence of the ZOC motif, ZIC proteins have been classified into structural subclass A 
(ZIC1, ZIC2 and ZIC3) and structural subclass B (ZIC4 and ZIC5). Figure from Houtmeyers et al., 
2013. 
 

Based on their expression patterns during mouse embryogenesis (Figure 1.7), we can separate 

the Zic genes into two groups. Zic2, Zic3 and Zic5 are the first Zic members that are being 

expressed, starting already before implantation (Brown & Brown, 2009). During gastrulation, 

there are expressed in the ectoderm and in part of the newly formed mesoderm (Elms et al., 2004; 

Furushima et al., 2000; Houtmeyers et al., 2013). By the early head-fold stage, their expression 

becomes restricted to the neuroectoderm and later to the dorsal neuroectoderm (that 

corresponds to the region that will form the neural crest cells and dorsal neurons) and to the pre-

somitic and somatic regions of the lateral mesoderm (Diamand et al., 2018). Expression of Zic1 

and Zic4 is first detected during early organogenesis in the neurectoderm and somitic mesoderm. 

As development progresses (E9.5), all Zic genes are co-expressed in the dorsal spinal cord, neural 

tube and in the somites except for Zic4 not being expressed in the roof plate of the neural tube 

(Elms et al., 2004; Furushima et al., 2000; Nagai et al., 1997). At E10.5, the Zic genes of the first 

group (Zic2, Zic3 and Zic5) are detected in the developing eye and limb buds (Diamand et al., 

2018; Nagai et al., 1997). At later stages (E12.5), Zic expression in the brain is restricted to the 

dorsal midline structures (cortical hem, septum and ventricular and subventricular zone) and to 
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the ventral part of the neural tube (Diamand et al., 2018). Interestingly, the expression pattern of 

each group mirrors their genomic arrangement, possibly due to shared regulatory regions 

(Houtmeyers et al., 2013). 

The ZIC family of TFs illustrates well the two concepts of pleiotropy and redundancy mentioned 

in previous sections. Indeed, the phenotypes related to Zic2 loss of function are not limited to 

HPE, as it has also been associated with neural tube closure defects (spina bifida), heart 

developmental defects and skeletal abnormalities (Nagai et al., 2000). On the other hand, partial 

redundancy is illustrated by the compound mutant of Zic2 and Zic3 (Inoue et al., 2007). Both 

single mutants show neural tube defects and skeletal defects that are exacerbated in the double 

mutant. 

 

Figure 1.7: Expression patterns of the Zic family members during early development. 
During gastrulation, only Zic2, Zic3 and Zic5 are expressed in the ectoderm and mesoderm, 
whereas expression of Zic1 and Zic4 is initiated during organogenesis. At this later stage, Zic 
expression is limited to the central nervous system. Figure from Houtmeyers et al., 2013. 
 

1.6. ZIC2-related HPE 

Insight into ZIC2 function during brain development is given by the different mouse models of 

Zic2-related HPE. HPE is a congenital disorder affecting the dorsal-ventral forebrain axis, 

characterized by a lack of separation of the two brain hemispheres. It is the most common 

structural defect of the human forebrain, affecting 1 in 250 conceptuses and 1 in 16000 live births 

(Dubourg et al., 2007; Tekendo-Ngongang et al., 1993). Phenotypic expression of this disorder is 

highly variable and defined by incomplete penetrance. Classical HPE can be classified into three 

categories depending on the level of severity (alobar, semilobar and lobar, from more to less 
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severe, respectively). In classical HPE, defects are mainly localized ventrally. The middle 

interhemispheric variant (MIHV), a less severe form of HPE, is characterized by defects localized 

dorsally. Several genes have been associated with this disorder, among them SHH, ZIC2, SIX3, 

TGIF1 or GLI2 for instance, ZIC2 being the second most mutated gene in HPE. Interestingly, while 

all these genes have been associated with classical HPE, only ZIC2 have also been associated 

with the MIVH form. Nevertheless, the majority of the patients (> 95%) with ZIC2-related HPE have 

the classical form (Barratt & Arkell, 2018). These genes are haploinsufficient, meaning that the 

loss of function in one allele is enough to lead to the development of HPE (Dubourg et al., 2007; 

Tekendo-Ngongang et al., 1993). In addition to genetic factors, exposure to teratogens, such as 

maternal alcohol consumption or to retinoic acid, have been associated with HPE etiology (Hong 

& Krauss, 2017; Michael Cohen & Shiota, 2002), highlighting the complexity of HPE and the 

multiple processes affected. 

In mouse, the severe loss of function of ZIC2 (Kumba allele) results in classical HPE (Warr et al., 

2008), indicating that ZIC2 plays a role in ventral patterning. It has been shown that during 

gastrulation, ZIC2 interacts with the NODAL pathway during the establishment of the anterior 

notochord. Loss of ZIC2 at this stage disrupts the proper establishment of the prechordal plate 

which in turn prevents initiation of Shh signaling, leading to ventral patterning defects resembling 

classical HPE (Warr et al., 2008). Conversely, mouse models with a partial reduction 

(approximately 80%) in ZIC2 activity result in MIHV (Nagai et al., 2000), where the forebrain 

defects are localized dorsally. In these mice, roof plate formation is impaired, leading to absent 

or defective dorsal structures. Yet, the exact molecular mechanism by which ZIC2 might control 

the development of dorsal structures remains unknown. Interestingly, dorsal patterning seems 

to be more sensitive to ZIC2 dosage compared to ventral patterning, as ventral forebrain signaling 

does not seem to be impaired in Zic2 hypomorphic mutants where ZIC2 expression/activity is 

reduced to ~20% (Nagai et al., 2000). In summary, Zic2 plays a dual role in forebrain patterning, 

being necessary for the proper establishment of ventral identities through the interaction with the 

NODAL pathway and in the establishment of dorsal identities during neurulation, where it is 

expressed in the dorsal midline of the neural tube. 

1.7. ZIC2 as an enhancer binding factor 

At the mechanistic level, little is known about ZIC2 target genes during neural induction. 

Nevertheless, different studies depict ZIC2 as an essential enhancer binding factor in 

pluripotency. ZIC2 ChIP-seq in mESC (Luo et al., 2015), revealed that ZIC2 binds to enhancers, 
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including active and poised ones. They also show that ZIC2 interacts with the chromatin 

remodeler complex NuRD. Studies in drosophila (Soluri et al., 2020) have shown that Opa gene 

(homolog of the Zic genes) facilitates chromatin opening. ChIP-seq analysis of pluripotency 

network in mESC and EpiSC, revealed that the dominance of SOX2 and OCT4 in mESC in terms 

of the number of binding sites and bound CREs is shifted toward a dominance of ZIC2 and OTX2 

in EpiSC (Matsuda et al., 2017). Consistently with these observations, a recent study in human 

pluripotent stem cells (hESC) showed that the loss of both ZIC2/ZIC3, but not of ZIC2 alone, in 

primed hESC is correlated with a loss of chromatin accessibility at CREs and down-regulation of 

nearby genes (Hossain et al., 2024). In the same study, they demonstrated that the chromatin 

opening capacity of ZIC2/ZIC3 is mediated via the recruitment of the SWI/SNF complex. 

Therefore, these results argue in favor of a pioneering role for ZIC2 and ZIC3 in pluripotent cells. 

However, these two ZIC factors seem to be redundant in human pluripotent cells and it is 

currently unclear whether ZIC2 could play a similar and perhaps redundant pioneering role 

function during neural induction. 

1.8. Modeling early brain development in vitro 

Although animal models have provided valuable data, understanding specific aspects of human 

brain development remains challenging. In this context, human pluripotent stem cells and their 

differentiation towards a neural fate provide new opportunities to study the underlying molecular 

mechanisms (Suzuki & Vanderhaeghen, 2015). In vitro differentiation offers several advantages 

as they represent highly tractable systems that allow for easy genetic modifications of hiPSC 

before differentiation while yielding a large amount of biological material for subsequent 

molecular applications, such as RNA-seq or ChIP-seq for instance.  

Neural induction of pluripotent stem cells is considered as the default differentiation pathway in 

the absence of signal for self-renewal. This default pathway is triggered by the inhibition of TGFβ 

and BMP signaling. One other main advantage of in vitro differentiation system is the possibility 

to modulate the cellular identities obtained by the addition of different drugs that either inhibit or 

activate the chosen pathway. For instance, retinoic acid is known to promote posterior identities 

of the central nervous system while the addition of a WNT inhibitor will favor the most anterior 

identities, with the expression of the TF FOXG1 (Chambers et al., 2009). Conversely, the addition 

of a WNT agonist will promote midbrain identities. In this work, we took advantage of human 

induced pluripotent stem cells (hiPSC) and their differentiation into anterior neural progenitor 

cells (AntNPC), following the protocol from (Tchieu et al., 2017). This differentiation protocol is 



Introduction 

28 

based on dual SMAD inhibition, using SB and LDN molecules that inhibits TGFβ and BMP 

signaling pathways, respectively. 

1.9. Genomics to study ZIC2 function 

In this thesis, we employed RNA-seq and ChIP-seq techniques to study the role of ZIC2 during the 

induction of anterior neural identities. They provided valuable results in the understanding of ZIC2 

function, interrogating the transcriptional changes upon loss of ZIC2, mapping ZIC2 binding sites 

across differentiation and investigating key changes in chromatin activity. Nevertheless, 

interpretation of bulk measurements can be challenging as they produce an average readout, 

failing to capture cell population heterogeneity. For this reason, we also performed single-cell 

RNA-seq experiments, to uncover the heterogeneity of the cellular identities obtained during the 

differentiation of hiPSC into anterior neural progenitor cells and better interpret the 

transcriptional changes observed. Indeed, recent advances in single-cell measurement 

techniques have provided key advantages in the understanding of biological processes, with the 

possibility to assess transcriptional states at the single-cell resolution. Despite the new 

advances, limitations of single cell techniques persist, such as the sparsity of the data or the 

requirement of advanced computational tools (Lähnemann et al., 2020; Trapnell, 2015). 

Nevertheless, single cell omics represent a powerful tool for the understanding of cellular 

heterogeneity and dynamics of gene expression changes. Several brain cell atlases using single-

cell transcriptomics from human embryo have/will help identifying cell types and cellular states 

of the developing human brain (Braun et al., 2023; X. Chen et al., 2024; Y. Li et al., 2023; Xu et al., 

2023; Zeng et al., 2023). 

 

  



Objectives 

29 

2. Objectives 
The main objectives of this thesis are: 

1. To understand the role of ZIC2 during neural induction and brain patterning in a human context.  

2. To elucidate the regulatory network controlled by ZIC2 during the establishment of anterior 

neural identities.  

To do so, we took advantage of hiPSC and differentiated them into AntNPC. Prior to 

differentiation, hiPSC have been genetically engineered, using CRISPR-Cas9 technology. 

Throughout the differentiation, RNA-seq, ChIP-seq and scRNA-seq data have been generated. 
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3. Materials and Methods 
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3.1.  Material 

3.1.1. Equipment 

Table 3.1: List of equipment 

Equipment Company 

Bacteria incubators 

Infors HT Multitron Ampere Chart Multitron II Infors HT 

HeraTherm Incubator Thermo Scientific 

Cell culture 

Hera Cell 240i CO2 Incubator Thermo Scientific 

Panasonic KM-CC17RH2E CO2 incubator Panasonic 

TC20™ Automated Cell Counter BioRad 

Telstar Bio II Advance Class II Cabinet Telstar 

Nikon Eclipse TS100 Nikon 

ZOE Fluorescent Cell Imager BioRad 

Centrifuges 

Eppendorf Centrifuge 5810 R Eppendorf 

Eppendorf Centrifugue 5425 R Epperdorf 

Sonicator 

EpiShear™ Probe Sonicator Active motif 

Thermal cyclers 

T100 Thermal Cycler BioRad 

C1000 Touch Thermal Cycler BioRad 

SimpliAmp Thermal Cycler Applied Biosystems 

Veriti 96 Well Thermal Cycler Applied Biosystems 

qPCR Opus CFX BioRad 

DNA electrophoresis 

Mini-Sub Cell GT Horizontal Electrophoresis 

System (7x7 cm) 
BioRad 

Wide Mini-Sub Cell GT Horizontal Electrophoresis 

System (15 x 10 cm) 
BioRad 

PowerPac™ Basic Power Supply BioRad 

Agilent 4200 TapeStation System Agilent 
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Equipment Company 

Western Blot 

Mini-PROTEAN Tetra Vertical Electrophoresis Cell BioRad 

Mini-PROTEAN Tetra Companion Running Module BioRad 

PowerPac Universal Power Supply BioRad 

Amersham ImageQuant 800 Cytiva 

Spectophotometers/Fluorimeters 

Nanodrop 2000 Spectophotometer Thermo Scientific 

Qubit 4 fluorometer Invitrogen 

Multiskan FC Thermo Scientific 

OD600 DiluPhotometer IMPLEN 

Thermoblocks 

Thermo Block Eppendorf Eppendorf 

Thermo Block Ditabis Ditabis 

 

3.1.2. Cell lines 

Wild-type human induced pluripotent stem cells (hiPSC) were provided by Tomo Saric lab 

(University of Cologne, Germany) and are available through the European Bank for Induced 

Pluripotent Stem Cells (EBiSC) (ID: UKKi011-A; https://ebisc.org/UKKi011-A). Using CRISPR-Cas9 

technology, several cell lines with heterozygous (ZIC2+/- hiPSC; clones #10, #11 and #28) or 

homozygous (ZIC2-/- hiPSC; clones #14, #25 and #34) deletions of the ZIC2 gene were generated. 

In addition, deletion of the ZIC1 gene within ZIC2-/- background has been generated (ZIC1-/-;ZIC2-

/- hiPSC; clone #13). Moreover, the endogenous ZIC2 gene was tagged with a Flag-HA sequence 

in C-terminal (ZIC2FHA/FHA hiPSC; clones #17 and #5). 

3.1.3. Cell culture reagents and media 

Table 3.2: Cell culture reagents 

Reagent Source Catalog number 

Accutase ThermoFisher Scientific A1110501 

Dimetilsulfóxido (DMSO) Sigma-Aldrich D2650 

Fetal Bovine Serum (FBS) ThermoFisher Scientific 10500064 

FuGENE HD Transfection Reagent Promega E2311 

Geltrex ThermoFisher Scientific A1413302 

https://ebisc.org/UKKi011-A
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Reagent Source Catalog number 

LDN193189 (LDN) Sigma-Aldrich SML0559 

Opti-MEM ThermoFisher Scientific 31985070 

Puromycin Sigma-Aldrich P8833 

SB431542 (SB) R&D Systems 1614 

Smoothened Agonist (SAG) Sigma-Aldrich 566660 

TrypLE ThermoFisher Scientific 12-604-021 

Y-27632 (ROCKi) R&D Systems 1254 

 

Table 3.3: Cell culture media 

Media Components Volume Source Catalog 
number 

mTeSR media 

mTeSR1 400mL STEMCELL technologies 85850 

mTeSR supplement 

100X 

100mL STEMCELL technologies 85850 

Antimycotic/antibiotic 5mL Sigma-Aldrich A5955 

KSR media 

DMEM KnockOut 410mL ThermoFisher Scientific 10829018 

KnockOut Serum 

Replacement (KSR) 

75mL ThermoFisher Scientific 10828028 

Antimycotic/antibiotic 5mL Sigma-Aldrich A5955 

L-Glutamine 5mL ThermoFisher Scientific 25030024 

MEM NEAA 5mL ThermoFisher Scientific 11140035 

2-mercaptoethanol 0.5mL ThermoFisher Scientific 21985023 

N2 media 

DMEM/F-12 500mL ThermoFisher Scientific 11320033 

2-mercaptoethanol 0.5mL ThermoFisher Scientific 21985023 

Sodium Bicarbonate 1g Sigma-Aldrich S5761 

D-(+)- Glucose 0.78g Roth HN06 

Progesterone 10µL Sigma-Aldrich P8783 

N2 supplement  5mL R&D Systems AR009 

Freezing media 

hiPSC 

mTeSR media 40% STEMCELL technologies 85850 

DMSO 20% Sigma-Aldrich D2650 

KSR 40% ThermoFisher Scientific 10828028 
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3.1.4. Molecular biology kits, reagents, enzymes and antibodies 

Table 3.4: Commercial kits 

Kits Source Catalog number 

BD Rhapsody™ Cartridge Kit BD Biosciences 633733 

BD Rhapsody™ Cartridge Reagent Kit BD Biosciences 633731 

BD Rhapsody™ cDNA Kit BD Biosciences 633773 

BD™ Hu Single Cell Sample Multiplexing Kit BD Biosciences 633781 

innuPREP RNA Mini Kit Analytik Jena 845-KS-2040010 

NZY Tissue gDNA Isolation kit NZYtech MB13503 

NZYMiniprep NZYtech MB01001 

Pierce BCA Protein Assay kit ThermoFisher Scientific 23225 

Protease Inhibitor Cocktail, Complete Ultra Sigma-Aldrich 5892791001 

ProtoScript II First Strand cDNA Synthesis Kit NEB E6560L 

QIAquick PCR & Gel Cleanup Kit Qiagen 28506 

SPEEDTOOLS PCR Clean-Up kit Biotools 21201-4205 

 

Table 3.5: List of reagents 

Reagents Source Catalog number 

2-mercaptoethanol  ThermoFisher 21985023 

30% Acrylamide- 

Bisacrylamide solution 

Sigma-Aldrich A3574 

Agarose NZYTech MB02703 

Ammonium persulfate (APS) Merck A3678 

Bovine Serum Albumin 

Powder (BSA) 

Sigma-Aldrich A9085 

Bromophenol Blue Sigma-Aldrich 114405 

Dithiothreitol (DTT) VWR 0281 

Dynabeads™ Protein A for 

Immunoprecipitation 

Invitrogen 10002D 

EDTA Sigma-Aldrich E5134 

EGTA VWR 0732 

Ethanol 96% Molecular 

Biology Grade 

VWR C20824.2 
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Reagents Source Catalog number 

Formaldehyde solution 37% Sigma-Aldrich 252549 

Glycerol bidistilled 99.5% VWR 24.388.295 

Glycine powder 99% Sigma-Aldrich G8898 

HEPES VWR 30.487.297 

Hydrochloric acid (HCl)  Sigma-Aldrich  320331 

Hydrogen Peroxide Sigma-Aldrich  216763 

Invitrogen Ambion Sodium 

Acetate (3M), pH5.5 

Thermo Fisher Scientific AM9740 

LB agar Sigma-Aldrich L2897 

Lithium Chloride (LiCl) Sigma-Aldrich 310468 

Lithium Chloride (LiCl) ACS 

reagent, 99% 

Sigma-Aldrich 310468 

Luminol 97% Sigma-Aldrich A8511 

Magnesium Chloride 

(MgCl2) 

VWR 25.108.295 

Methanol VWR 20.847.360 

Na-Deoxycholate Merck D6750 

Na-Lauroylsarcosine 

sodium salt 

Sigma-Aldrich L9150 

NP-40 Surfact-Amps™ Thermo Fisher Scientific 85124 

p-Coumaric acid Sigma-Aldrich C9008 

Phosphate Buffered Saline 

(PBS) 

Sigma-Aldrich D8662 

Potassium Chloride (KCl) Sigma-Aldrich  P9333 

Sodium Chloride (NaCl) 

ACS reagent, 99.0% 

Sigma-Aldrich S9888 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich L3771 

TEMED VWR 0761 

Triton X-100 Molecular 

Biology Grade 

VWR 437002A 

Trizma base Sigma-Aldrich  T1503 

Tween20 VWR 437082Q 
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Table 3.6: List of enzymes 

Enzymes Source Catalog number 

BbsI NEB R0539L 

cOmplete ULTRA Tablets, Mini, EDTA-free, 

EASYpack Protease Inhibitor Cocktail 

Sigma-Aldrich 5892791001 

NZYSpeedy qPCR Green Master Mix NZYtech MB224 

NZYTaq II 2x Green Master Mix NZYtech MB35803 

OneTaq NEB M0480L 

Proteinase K ThermoFisher Scientific EO0492 

Q5 NEB M0491S 

RNAse A ThermoFisher Scientific EN0531 

T4 ligase ThermoFisher Scientific EL0013 

 

Table 3.7: List of antibodies 

Antibody name Source Catalog number 

Anti-HA tag Abcam ab9110 

Anti-ZIC2 Abcam ab150404 

Goat anti-Rabbit IgG (H+L) 

Secondary Antibody, HRP 

ThermoFisher Scientific 65-6120 

Histone H3K27ac antibody Active motif 39133 

Histone H3K27me3 antibody Active motif 36155 

 

3.1.5. Molecular cloning 

Table 3.8: Bacterial reagents 

Name Description Source 

pX330-hCas9-long-chimeric-gRNA-GFP CRISPR/Cas9 vector Dr. Leo Kurian’s 

laboratory 

TOP10 competent E. coli cells Thermal competent cells Dr. Leo Kurian’s 

laboratory 
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3.2. Methods 

3.2.1. Culture of hiPSC 

hiPSC were grown on Geltrex-coated plates with mTeSR media supplemented with 

antibiotic/antimycotic solution. Confluent cells were passaged with StemPro Accutase. After 

thawing or splitting, the media was supplemented with ROCK inhibitor (Y-27632) for one day. 

hiPSC were frozen in freezing medium and stored at -140ºC. The cells were incubated at 37°C with 

5% CO₂. 

 

3.2.2. Differentiation of hiPSC into anterior neural progenitor cells 

hiPSC were differentiated into anterior neural progenitor cells following the protocol from Tchieu 

et al., 2017, with few changes. In summary, the day prior the differentiation, the cells were plated 

at a density of 200-300,000 cells/cm2 on Geltrex-coated plates in mTeSR supplemented with 

ROCKi. The following days, the differentiation media (Table 3.3) was changed as described in 

Table 3.9. SB and LDN act as inhibitors of the TGF-β and BMP signaling pathways, respectively.  

In the case of the SAG-treated differentiation, 0.5μM of SAG were added from day 4 until the end, 

while control samples were treated with an equivalent volume of DMSO. SAG is an agonist of the 

hedgehog pathway, via activation of the Smoothened receptor. Based on concentrations 

commonly used in the literature, two doses of SAG (0.1μM and 0.5μM) were tested. The final dose 

of 0.5μM was selected because it resulted in greater transcriptional changes, easier to quantify 

by RT-qPCR. 

Table 3.9: Composition of the differentiation media of hiPSC into neural progenitor cells 

Differentiation 
day % KSR media % N2 media 10µM SB 500nM LDN 

Day 0 – 4 100 0 + + 

Day 4 – 6 75 25 + - 

Day 6 – 8 50 50 + - 

Day 8 – 10 25 75 + - 

Day 10 – 12 0 100 + - 
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3.2.3. Generation of transgenic hiPSC lines with CRISPR-Cas9 

Using CRISPR-Cas9 technology, hiPSC were genetically engineered to either delete a locus of 

interest or to integrate a DNA sequence at a specific location (Figure 3.1). 

 
Figure 3.1: Schematic representation of the CRISPR-Cas9 strategy used for deletion and 
insertion. 
 

a. gRNA design 

To create a genetic deletion, two gRNAs targeting the 3’ and 5’ ends of the locus were designed 

(Figure 3.1A); for insertions, one gRNA targeting the site of insertion was designed, together with 

a DNA repair template containing two homology arms corresponding to the flanking regions of 

the insertion site (Figure 3.1B).  

gRNAs were designed using Benchling CRISPR guide RNA design tool (www.benchling.com), 

selecting gRNAs with the overall best on-target/off-target balance scores. To clone the gRNAs into 

the CRISPR–Cas9 expression vector (pX330-hCas9-long-chimeric-gRNA-GFP, Figure 3.2), the 

gRNA sequence and the corresponding reverse complement sequence were synthesized with 

BbsI restriction sites overhangs. 
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Figure 3.2: Scheme of pX330A_hCas9_long_chimeric_gRNA_G2P vector. 
 

Table 3.10: List of gRNAs 

gRNA name Sequence Description 

ZIC2_gRNA_del_right_F caccGTAGAATGCAGTCACAACCG 

Deletion of ZIC2 in hiPSC 
ZIC2_gRNA_del_right_R aaacCGGTTGTGACTGCATTCTAC 

ZIC2_gRNA_del_left_F caccGGGCAGCTGAGGATTGACCT 

ZIC2_gRNA_del_left_R aaacAGGTCAATCCTCAGCTGCCC 

ZIC2_gRNA_ins_FHA_F caccATGGTACGTGTGACGGGTCG Flag-HA tag insertion in C-ter 

of ZIC2 in hiPSC ZIC2_gRNA_ins_FHA_R aaacCGACCCGTCACACGTACCAT 

ZIC1_gRNA_del_right_F caccGGGAGGGTTGGCTTAAATGT 

Deletion of ZIC1 in hiPSC 
ZIC1_gRNA_del_right_R aaacACATTTAAGCCAACCCTCCC 

ZIC1_gRNA_del_left_F caccGCCATTCATCAAGGGGGGGA 

ZIC1_gRNA_del_left_R aaacTCCCCCCCTTGATGAATGGC 
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b. Generation of the gRNA-CRISPR-Cas9 vectors 

 

Figure 3.3: Schematic representation of the generation of the CRISPR-Cas9 expressing 
vector. 
 

1μg of the CRISPR-Cas9 expression vector were digested with BbsI restriction enzyme at 37ºC 

overnight. The reaction is described in Table 3.11. The digested plasmid was next column purified 

with the SPEEDTOOLS PCR Clean-Up kit.  
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Table 3.11: BbsI digestion of the CRISPR-Cas9 vector 

Component Amount 

Vector 1μg 

BbsI enzyme 1μL 

NEBuffer™ r2.1 5μL 

dH2O up to 50μL 

 

The annealing of the oligos was performed by resuspending 1µL of each oligos at 100µM with 8µL 

of water followed by an incubation at 95ºC for five minutes and subsequent cooling at 25ºC at 

the rate of 5ºC/min. A 1:200 dilution of the annealed oligos was ligated using T4 ligase overnight 

at 22ºC with 50ng of the CRISPR-Cas9 expression vector, which had been previously digested 

with the BbsI restriction enzyme (NEB). 50µL of competent E. coli bacteria were transformed: 

bacteria were thawed on ice and mixed with 2.5µL of the ligation reaction and incubated for 1 

minute on ice, followed by 1 minute at 37ºC and another minute on ice; 2mL of LB medium were 

added to the bacteria and incubated for 1 hour at 37ºC with shaking. The bacteria were 

centrifuged at 3500rpm for 5 minutes, and supernatant was removed letting approximately 100µL 

of media for the cells to be resuspended and plated on LB-ampicillin plates overnight at 37ºC. 

The next day, colonies were picked, and colony PCR were performed to check whether the 

bacteria carried the intended plasmids using the forward oligo of the gRNA and a reverse primer 

binding to the pX330A backbone (colony_PX330A_R). Positive colonies were grown overnight at 

37ºC with shaking, in 5mL of LB media supplemented with ampicillin before plasmid purification 

with the NZYMiniprep kit. The selected vectors were analyzed by Sanger sequencing (using 

colony_PX330A_R primer) to confirm that the newly generated vectors contain the correct gRNA 

sequences. The principal steps are illustrated in Figure 3.3. 

 

c. Transfection of hiPSC and clone isolation 

For deletions, hiPSCs were transfected with 250ng of each gRNA vector. For the insertion, cells 

were transfected with 250ng of the gRNA vector and 100ng of repair template. Cells were 

transfected with FuGENE® HD Transfection reagent. Briefly, the DNA (i.e. gRNA vectors and repair 

template) and 2μL of FuGENE were mixed in 100μL of opti-MEM and incubated for 15min at room 

temperature before addition to the cells. The following day, the presence of green fluorescence 

of the transfected cells was checked before selection with puromycin during 24h to 48h. 

Genomic DNA from the transfected hiPSC population was extracted following instructions from 
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the NZY Tissue gDNA Isolation kit and PCRs were performed to confirm the presence of the 

genetic modification desired. 

The transfected hiPSC population was seeded at single-cell density in 96 well-plates by serial 

dilution and grown for 10 to 15 days. Human cell media was supplemented with ROCK inhibitor 

(Y-27632) to promote cell survival. To evaluate the genotypes of the isolated hiPSC clones, gDNA 

was extracted resuspending the cells in 50µL of Quick&Dirty lysis buffer (Table 3.12) 

supplemented with proteinase K and incubated at 65ºC for 6min followed by 2min at 98ºC. The 

gDNA was then used for PCR using various primer combinations (Table 3.23) to distinguish 

between different genotypes (see Figures 4.3 and 4.4 in results section). The deletions or 

insertions of the selected clones were confirmed by Sanger sequencing. 

 

3.2.4. Molecular biology methods 

Table 3.12: List of buffers and composition 

Buffers Composition Protocol 

Lysis buffer 1 (LB1) 

50 mM Hepes (pH 7.5) 
140 mM NaCl 
1 mM EDTA 
10% glycerol 
0.5% NP-40 
0.2% TX-100 
dH20 

Chromatin 

immunoprecipitation 

Lysis buffer 2 (LB2) 

10 mM Tris pH 8 
200 mM NaCl 
1 mM EDTA 
0.5 mM EGTA 
dH20 

Lysis buffer 3 (LB3) 

10 mM Tris pH 8 
100 mM NaCl 
1 mM EDTA 
0.5 mM EGTA 
0.1% Na-Deoxycholate 
0.5% N-lauroylsarcosine 
dH20 

RIPA ChIP buffer 

50 mM Hepes pH 7.5 
500 mM LiCl 
1 mM EDTA 
1% NP-40 
0.7% Na-Deoxycholate 
dH2O 

Elution buffer 

50 mM Tris pH 8 
10 mM EDTA 
1% SDS 
dH2O 

Blocking solution PBS (1x) 
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Buffers Composition Protocol 

0.5% BSA (w/v) 

Quick&Dirty lysis buffer 

25 mM KCl 
5 mM Tris pH 8.3 
1.25 mM MgCl2 
0.23% NP-40 
0.23% Tween-20 

Genomic DNA extraction 

RIPA protein buffer 

0.2% SDS 
1% Triton X-100 
1mM EDTA 
150mM NaCl 
50 mM Tris-HCl pH 8 
o.5% Na-Deoxycholate 
dH2O 

Protein extraction 

SDS-PAGE stacking gel 

Acrylamide 30%  
1M Tris pH 6.8 
20% SDS 
APS 10% 
TEMED 
dH2O 

Western blot 

Running gel 

Acrylamide 30% 
1M Tris pH 8.8 
20% SDS 
APS 10% 
TEMED 
dH2O 

Blocking solution 4% BSA in TBST 

TBST 
20 mM Tris pH 7.4 
137 mM NaCl 
0.05% Tween 

Laemmli Protein Loading Buffer 
(5X) 

0.5M DTT 
10% SDS (w/v) 
0.4 M Tris-HCl pH 6.8 
50% Glycerol 
8.2 mM Bromophenol Blue 

Running buffer 
25 mM Trizma Base 
192 mM Glycine 
0.1 % SDS 

Transfer buffer 

25 mM Tris 
190 mM Glycine 
20% Methanol 
0.1% SDS 
dH20 

Enhanced Chemiluminiscence 
Solution 1 

0.1 mM Tris-HCl pH 8.5 
0.4 mM Coumaric Acid 
2.5 mM Luminol 
dH2O 

Enhanced Chemiluminiscence 
Solution 2 

0.1 mM Tris-HCl pH 8.5 
0.002% Hydrogen Peroxide 
dH2O 
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Buffers Composition Protocol 

Stain Buffer 1X PBS 
2% FBS 

Single-cell RNA 
sequencing 

 

a. Protein extraction and western blot 

Proteins were extracted using RIPA protein buffer supplemented with protease inhibitor. After a 

30 minutes incubation on ice, the protein extract was sonicated (5 cycles at 50% amplitude, using 

EpiShear™ sonicator from ActiveMotif) and centrifuged at 14000rpm at 4ºC for 15 minutes. 

Supernatant was transferred to a new tube and protein concentration measured following 

Pierce™ BCA Protein Assay kit’s recommendation. 

40µg of protein were mixed with Laemmli Buffer and denatured for 5 minutes at 95ºC before being 

loaded on a 12% SDS-PAGE gel. Proteins were then transferred to a nitrocellulose membrane for 

1 hour at 0.4A. Membrane was blocked for 1 hour at RT with blocking solution before incubation 

with the primary antibody at 4ºC ON. The next day, the membrane was washed 3 times with TBST 

and incubated 1 hour at RT with the HRP-conjugated secondary antibody. Chemiluminescence 

substrate was applied on the membrane and the signal was captured using the Amersham 

ImageQuant 800 imager. 

b.  RNA extraction, cDNA synthesis and RNA-seq samples 

Total RNA was extracted using innuPREP RNA Mini Kit according to manufacturer’s instructions. 

500ng of RNA were used to synthetize cDNA using ProtoScript II First Strand cDNA Synthesis Kit 

and oligo-dT primers. The following tables describe the reaction mix (Table 3.13) and 

thermocycling program (Table 3.14) used for cDNA synthesis: 

Table 3.13: cDNA reaction mix 

Components 20µL reaction 

Template RNA variable (500ng) 

Oligo-dT 2µL 

ProtoScript II Reaction Mix (2X) 10µL 

ProtoScript II Enzyme Mix (10X) 2µL 

Nuclease-free water up to 20µL 
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Table 3.14: cDNA synthesis 

Temperature Time 

25ºC 5min 

42ºC 1hour 

80ºC 5min 

 

For RNA-seq experiments, at least 1μg of the RNA samples were shipped to Macrogen Inc. 

(Korea), where the samples were treated with DNAse before library preparation. Libraries were 

prepared following the TruSeq stranded mRNA library (Illumina) protocol and sequenced as 

paired end 150bp (<40M reads/sample) in a NovaSeq6000 sequencer. 

c. Single-cell RNA-seq 

On day 8 of the differentiation of hiPSC into anterior neural progenitors, cells were detached from 

the plates with TrypLE™ Express for 15 to 20 minutes at 37ºC. One million cells of each condition 

were resuspended in 180μL of stain buffer and labelled with 20μL of Sample Tags during 20 

minutes at room temperature (WT untreated: sample tag1, WT treated with 0.5μM of SAG: sample 

tag 2, ZIC2-/- untreated: sample tag3, ZIC2-/- treated with 0.5μM of SAG: sample tag4) to allow 

multiplexing. After incubation, 2mL of stain buffer were added before centrifuging at 500g for 5 

minutes at room temperature. The samples were next resuspended in 200μL of cold sample 

buffer (from the BD Rhapsody™ Cartridge Reagent Kit) and 7500 cells of each sample were 

counted before merging them into 620μL of sample buffer. Cells were then subject to Single Cell 

RNA capture. Single Cell RNA capture, reverse transcription and libraries preparation were 

performed as described in the BD Rhapsody Single-Cell Analysis protocol. Libraries were then 

sequenced at a depth of 40000 reads using 150bp paired end reads. These experiments have 

been performed in collaboration with Nacho Varela’s laboratory (IBBTEC, Santander, Spain). 

d. Chromatin immunoprecipitation and ChIP-seq 

A confluent 10cm plate was cross-linked with 1% formaldehyde for 10 minutes at RT and 

quenched with 0.125M of glycine for another 10 minutes. Cells were washed two times with cold 

PBS supplemented with proteinase inhibitor and harvested from the plate and transferred to a 

15mL falcon tube. Cross-linked cells were centrifuged at 1200rcf, for 5 minutes at 4ºC and the 

supernatant was removed. 

Next, the cross-linked cells were sequentially resuspended in three lysis buffers: 5mL of Lysis 

Buffer 1 (LB1) for 10 minutes at 4ºC rotating, 5mL of Lysis Buffer 2 (LB2) for 10 minutes at RT 
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rotating and 1 mL of Lysis Buffer 3 (LB3). The isolated chromatin was maintained on ice for the 

rest of the protocol. Chromatin was sonicated for 19 cycles at 30% amplitude, using EpiShear™ 

sonicator from ActiveMotif. 

5% of the sonicated chromatin was saved as the input sample and ~75% of the remaining 

chromatin was used for transcription factors ChIP and ~25% for histone marks. Volume of the 

chromatin was adjusted to 900µL adding LB3 and completed to 1mL by adding 100µL of Triton. 

Antibody (3.5µg for histone modification and 8µg for transcription factor) was bound to the 

chromatin overnight at 4ºC rotating.  

50µL of Protein-A magnetic beads blocked with a 0.5% BSA solution were incubated for 4 hours 

at 4ºC rotating with the sonicated chromatin for the antibody to bind the beads. Beads were next 

washed 5 times with RIPA Buffer and chromatin was eluted in 210µL of Elution Buffer at 65ºC for 

15 minutes with shaking. Chromatin was de-crosslinked together with the input samples at 65ºC 

overnight and treated with RNAse A for 1 hour at 37ºC followed by a proteinase K treatment at 

55ºC for 2 hours. DNA was purified using the QIAquick PCR & Gel Cleanup Kit. 

The input and ChIP DNAs were then shipped to Macrogen Inc, in order to generate ChIP-seq 

libraries using the Illumina TruSeq ChIP-seq kit. The resulting libraries were sequenced at depth 

of 40M reads using 150bp paired end reads.  

e.  Polymerase Chain Reaction 

Table 3.15: Q5 reaction mix 

Components 25µL reaction 

5X Q5 reaction buffer 5µL 

10mM dNTPS 0.5µL 

10µM Forward Primer 1.25µL 

10µM Reverse Primer 1.25µL 

Q5 polymerase 0.25µL 

DNA template variable 

Nuclease-free water up to 25µL 
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Table 3.16: Q5 Thermocycling program 

Steps Temperature Time 

Initial denaturation 98ºC 30s 

35-40 cyles 

98ºC 10s 

56ºC – 65ºC 15s 

72ºC 20s/kb 

Final extension 72ºC 2min 

 

Table 3.17: OneTaq reaction mix 

Components 25µL reaction 
 

5X OneTaq GC Buffer 5µL 
 

10mM dNTPS 0.5µL 
 

10µM Forward Primer 0.5µL 
 

10µM Reverse Primer 0.5µL 
 

OneTaq polymerase 0.125µL 
 

DNA template variable 
 

Nuclease-free water up to 25µL 
 

  
 

Table 3.18: OneTaq Thermocycling program 

Steps Temperature Time 

Initial denaturation 94ºC 30s 

35-40 cycles 

94ºC 15s 

56ºC – 65ºC 30s 

68ºC 1min/kb 

Final extension 68ºC 5min 
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Table 3.19: NZYTaq II reaction mix 

 

 

 

 

 

Table 3.20: NZYTaq II Thermocycling program 

 

 

 

 

 

Table 3.21: Quantitative PCR reaction 

Components 10µL reaction 

NZYSpeedy qPCR Green Master Mix 5µL 

DNA 0.4µL 

10µM F and R primers 0.125µL 

Nuclease-free water up to 10µL 

 

Table 3.22: Quantitative PCR program 

Steps Temperature Time 

Initial denaturation 95ºC 2min 

40 cycles 
95ºC 5s 

60ºC 30s 

Melting Curve 

95ºC 15s 

60ºC 1min 

60ºC to 95ºC - 

 

 

Components 25µL reaction 
 

NZYTaq II 2× 12.5µL 
 

10µM Forward Primer 0.5µL 
 

10µM Reverse Primer 0.5µL 
 

DNA template variable 
 

Nuclease-free water up to 25µL 
 

Steps Temperature Time 

Initial denaturation 95ºC 3min 

35-40 cycles 

94ºC 30s 

56ºC – 65ºC 30s 

72ºC 30s/kb 

Final extension 72ºC 5min 
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Table 3.23: List of primers 

Primer name Sequence Description 

colony_PX330A_R GGAAAGTCCCTATTGGCGTT Binds to pX330A vector 
backbone 

ZIC2_F1 CATCTGGGGAAATTCGTGGC 

Identify clones with 
ZIC2 deletion 

ZIC2_R2 CACCTTCCCTTGACCATCCT 

ZIC2_F3 AAAATGAGCCGTGCCAAAGT 

ZIC2_R4 AGTTCACGGTCCTGCATCTC 

ZIC2_F6 GGCTTTACTGTGGTTTCGCA 

ZIC2_R7 TTGCTACGTGTTGTTTGGGG 

ZIC2_SNP_F 
AGCCAGAAAATTAAACGGGGAG Confirm the presence of 

only one allele in the 
heterozygous clone 

isolated 
ZIC2_SNP_R 

CAGCCCTCAAACTCACACTG 

ZIC2_FHA_F1 GGCCTCTCCTCCAACTTCAA Identify the insertion of 
the repair template ZIC2_FHA_R2 TCAGCTTCAAAGACTCCGGA 

ZIC1_F1 TACCTGGGATTGATGAGGCG 
Identify clones with 

ZIC1 deletion 
ZIC1_R2 GCTACACACAGGAAACAGCT 
ZIC1_R6 GCGGTTTATCTTCCTGGGGA 
ACTB_exp_F CACCCAGCACAATGAAGATCA 

Measure the expression 
of the given gene by RT-

qPCR 

ACTB_exp_R CCTGCTTGCTGATCCACATC 

CTSF_exp_R GCTGGCCATGGTGTTCAC 

CTSF_exp_F TTTGGGCCATCAAGAACAGC 

EEF2_exp_F CTATCTGCCCGTCAACGAGT 

EEF2_exp_R GATCTGCCAGTGGTCAAACA 

HES5_exp_F AAGCTGGAGAAGGCCGACAT 

HES5_exp_R CCTTCGCTGTAGTCCTGGTG 

LMX1A_exp_F CATCGAGCAGAGTGTCTACAGC 

LMX1A_exp_R TGTCGTCGCTATCCAGGTCATG 

PAX6_exp_F GCCAGACCTCCTCATACTCC 

PAX6_exp_R TGACACACCAGGGGAAATGA 

ZIC1_exp_F CGACAAGTCCTACACGCATC 

ZIC1_exp_R AATTGGAAGAGAGCGCACTG 

ZIC2_exp_F GATGTGCGACAAGTCCTACAC 
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Primer name Sequence Description 

ZIC2_exp_R TGGACGACTCATAGCCGGA 

chr4_neg_F GAACTCCCAGACCGACAGAA 

Negative control ChIP-
qPCR 

chr4_neg_R TTCCCACATGTCCCCATTCC 

chr8_neg_F GCGCCTCAACATGACTTTGA 

chr8_neg_R TGTGAAGAGGGTCCAGTCTG 

LMX1B_pos_ChIP_ZIC2_F GGCAGAGACCTTTCAGACCT Positive control ChIP-
qPCR LMX1B_pos_ChIP_ZIC2_R TAATCGCCCGCAGTCATTTG 

 

 Colony PCR 

To confirm whether the plasmid of interest was present in the bacterial colonies picked during 

cloning, colony PCRs were performed: the bacterial colonies were resuspended in 20µL of water 

and 3µL were incubated at 95ºC for 5min before use within the PCR reaction using NZYTaq II 2x 

Green Master Mix. PCR reaction and thermocycling program are described in Table 3.19 and 3.20, 

respectively. 

 Genotyping PCR 

To genotype the new cell lines generated with CRISPR-Cas9 technology, PCR were performed 

using OneTaq polymerase or NZYTaq II 2x Green Master Mix depending on the locus modified. 

PCR reactions were prepared as described in Polymerase Chain Reaction section. 

 Agarose gel electrophoresis 

In order to visualize PCR products, samples were mixed with orange G dye and loaded on 1-2% 

agarose gel (prepared in 1X TAE buffer and GreenSafe Premium), depending on the expected size 

and run at 100V for 30 minutes. Size of PCR products was determined using NZYDNA Ladder VII. 

Pictures of the gel were taken with the Chemidoc XRS transilluminator from Biorad.  When 

necessary, bands were cut out of the gel and DNA was purified using SpeedTools PCR Clean-up 

kit. 

 Quantitative PCR 

To measure gene expression, quantitative PCRs were performed using NZYSpeedy qPCR Green 

Master Mix as described in Tables 3.21 and 3.22, using the CFX Opus 384 Real-Time PCR System 

from BioRad. Prior to the reaction preparation, cDNA samples were diluted 1:4. Forward and 

reverse primers were designed in a different exon, to avoid amplifying genomic DNA. 
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3.2.5. Data analysis 

Table 3.24: List of software 

Software Reference 

BD Rhapsody™ Sequence 
Analysis Pipeline 

https://bd-rhapsody-bioinfo-docs.genomics.bd.com/ 

bedtools (Quinlan & Hall, 2010) 

Benchling www.benchling.com 

Bowtie2 (Langmead & Salzberg, 2012) 

clusterProfiler (Wu et al., 2021) version 4.4.4 

Cufflinks (Trapnell et al., 2010) 

Deeptools  
(bamCoverage, bigwigaverage, 
computematrix, plotheatmap) 

(Ramírez et al., 2016) 

DEseq2 (Love et al., 2014) version 1.36.0 

Diffbind (Stark & Brown, n.d.) version 3.6.5 

edgeR (Chen et al., 2025) version version 3.38.4 

effsize https://CRAN.R-project.org/package=effsize version 0.8.1 

FactoMineR  (Lê et al., 2008) version 2.11  

fastqc https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 

Figeno (Sollier et al., 2024) version 1.4.0 

GREAT (McLean et al., 2010) version 4.0.4 

Hisat2 (D. Kim et al., 2019) 

Htseq (Anders et al., 2015) 

Macs2 (Feng et al., 2012) 

MEME-CHIP (Machanick & Bailey, 2011) version 5.5.4 

pheatmap https://cran.r-project.org/package=pheatmap version 1.0.12 

samtools (H. Li et al., 2009) 

Seurat (Hao et al., 2024) version 5.1.0 

trimmomatic (Bolger et al., 2014) 
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a. qPCR analysis 

Relative gene expression levels were calculated with the 2ΔCt method using EEF2 and ACTB as 

housekeeping genes. Standard deviations were represented as error bars and calculated from 

technical triplicates for each sample. 

Enrichment of ChIP-qPCR experiments was calculated as percentage input. Technical triplicates 

were used for both, samples and input. First, the Ct of the 1% input was adjusted to 100% as 

indicated: 𝑎𝑎𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  𝐶𝐶𝐶𝐶_𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 –  𝑙𝑙𝑙𝑙𝑙𝑙2(100). Second, the enrichment was calculated as 

follows: 100𝑥𝑥2(𝑎𝑎𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 – 𝐶𝐶𝐶𝐶). Standard deviations of the technical triplicates were calculated and 

represented as error bars. 

b. RNA-seq analysis 

Computational analysis of the RNA-seq data was performed as follows. First, quality control was 

performed, trimming out sequencing adaptors and filtering out low quality reads using 

trimmomatic (Bolger et al., 2014) and fastqc (https://www.bioinformatics.babraham 

.ac.uk/projects/fastqc/). Next, filtered reads were mapped on the reference genome hg19 with 

hisat2 (D. Kim et al., 2019). Only the reads with a mapping quality greater than 10 and properly 

mapped were kept with SAMtools (H. Li et al., 2009). FPKMs, counts and bigwig files were next 

generated using cufflinks (Trapnell et al., 2010), htseq (Anders et al., 2015) and bamCoverage 

(Ramírez et al., 2016), respectively.  

Principal component analyses (PCA) were performed with the PCA function from the FactoMineR 

package (Lê et al., 2008). 

Prior to differential expression analysis, counts per million (cpm) were calculated using the cpm 

function from edgeR package (Y. Chen et al., 2025). Differentially expressed genes were identified 

using the DEseq function from DEseq2 package (Love et al., 2014). To be considered differentially 

expressed, a gene has to respect the following criteria: FPKM > 1 in at least one condition, 

|log2(FoldChange)| > 1 and p-adj < 0.01. Heatmaps of the differentially expressed genes were 

plotted using pheatmap function (https://cran.r-project.org/package=pheatmap). 

Gene Ontology (GO term analyses) of biological processes were conducted with the enrichGO 

function from clusterProfiler R package (Wu et al., 2021). The default cutoffs were used (p-value 

< 0.05, q-value < 0.2). To avoid redundancy of the GO terms, the simplify function from 

clusterProfiler with the default parameters was used. The 10 first GO term results are represented 

as barplots, ordering them by -log10(p-adj).   

https://cran.r-project.org/package=pheatmap
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c. ChIP-seq analysis 

ChIP-seq experiments were performed in duplicate for each condition. First, quality control was 

performed, trimming out sequencing adaptors and filtering out low quality reads using 

trimmomatic and fastqc, respectively. Second, reads were mapped on hg19 genome using 

bowtie2 (Langmead & Salzberg, 2012), generating bam files. Only the reads with a mapping 

quality greater than 10 and properly mapped were kept with SAMtools (H. Li et al., 2009), 

duplicated reads were also filtered out. Bigwig files were generated using bamCoverage (Ramírez 

et al., 2016). Using the bam files generated, peak calling was performed using macs2 (Feng et al., 

2012), with a q-value cutoff of 0.05. For histone marks (H3K27ac and H3K27me3 ChIP), the broad 

peak option is specified. The narrow peak option was used for ZIC2 ChIP. The resulting bed files 

were handled using the bedtools suite (Quinlan & Hall, 2010). The bed file of the coordinates of 

TSS were downloaded from biomart (https://www.ensembl.org/index.html) and coordinates of 

CpG islands (CGI) were obtained from Illingworth et al., 2010 and Long et al., 2013. 

To identify the differential binding sites, we used the DiffBind package in R (Stark & Brown, n.d.). 

A DBA object was created using the dba function, which takes as inputs the bam file of each 

sample and a bed file containing the union of the peaks from the samples being compared. The 

following DiffBind functions were used with the default parameters: dba.count to count reads in 

binding site intervals, dba.contrast to define the groups to be compared, dba.analyze to perform 

differential peak analysis using DESeq2 package, and dba.report to extract the differentially 

bound sites, applying a false discovery rate (FDR) cutoff of 0.05.  

Motif discovery analyses were performed with MEME-CHIP (Machanick & Bailey, 2011) in classic 

mode. As input, the analysis used motifs from the Hocomoco database (human and mouse 

orthologs). 

Regions of interest (i.e., regions bound by ZIC2 that are either gaining or losing H3K27ac) were 

associated with putative target genes using GREAT (McLean et al., 2010) with the basal plus 

extension mode. In this mode, each gene is assigned a basal regulatory domain (5kb upstream 

and 1kb downstream of the TSS) which is extended towards the nearest gene’s basal domain, 

with a maximum extension of 1000kb.  

For visualization purposes, the bigwigs of each duplicate were averaged with bigwigaverage 

function (Ramírez et al., 2016). Heatmaps were generated with the computematrix (that 

calculates scores from bigwig files for the specified regions within a bed file) and plotheatmap 

(that plot the heatmap of the previously calculated scores) functions from the deeptools suite 

(Ramírez et al., 2016). Bigwig tracks figures were generated using Figeno tool (Sollier et al., 2024). 

https://www.ensembl.org/index.html
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d. Single-cell RNA-seq analysis 

The initial analysis of the single-cell RNA-seq data was performed using BD Rhapsody™ Sequence 

Analysis Pipeline (https://bd-rhapsody-bioinfo-docs.genomics.bd.com/). In summary, the 

pipeline takes as input the fastq files, performs quality filtering, identifies the cell barcode and 

unique molecular identifier (UMI) and aligns the reads to the human reference genome (hg38). 

Next, raw reads counts are calculated, and error correction is applied, and it associates the reads 

with their corresponding cells. Sample Tag Analysis is next performed to associate a putative cell 

with its sample of origin. Next, the expression matrix table is generated and preloaded into Seurat 

package format. This analysis pipeline was performed by Natalia Sánchez Collantes, from Nacho 

Varela laboratory (IBBTEC, Santander, Spain). 

The resulting Seurat object was handled with Seurat toolkit (Hao et al., 2024) in R. First, quality 

filtering of the data was applied, keeping only the cells with unique feature counts between 2500 

and 8000, and cells expressing less than 20% of mitochondrial genes. Low quality cells will often 

have few genes or on the other hand, a too high gene count might be related to doublets or 

multiplets. Similarly, a high percentage of mitochondrial genes is associated with dying cells. 

Next, the data were normalized with the default parameter of the NormalizeData function. 

Differentially expressed genes between samples were identified using the FindMarkers function. 

In order to visualize the data, we run the UMAP dimensional reduction and plotted it thanks to the 

Featureplot, Featureplot3 and Dimplot functions. The dotplot were generated using the Dotplot 

function. 

e. Integration of ChIP-seq and RNA-seq data 

In order to test whether the gain or loss of acetylation at ZIC2-bound regions correlates with 

changes in expression, we calculated the distance of each gene to the closest ZIC2-bound 

regions gaining or losing H3K27ac with bedtools closest function (Quinlan & Hall, 2010). Next, 

the cumulative distribution of the distance was plotted, separating the genes into three groups: 

up-regulated genes, down-regulated genes and all genes (hg19). To test whether the distribution 

of two groups was significantly different, we performed Wilcoxon statistical tests. The magnitude 

of the effect size (quantification of the difference between two groups) was assessed by 

computing the Cliff’s Delta effect size, using cliff.delta function from effsize package in R 

(https://CRAN.R-project.org/package=effsize). A cliff delta value lower than 0.147 is considered 

negligible, lower than 0.33 is small, lower than 0.474 is medium and otherwise is considered a 

large effect size. 

https://bd-rhapsody-bioinfo-docs.genomics.bd.com/
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4. Results 
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4.1. Differentiation of WT hiPSC into anterior neural progenitor cells (AntNPC) 

Previous clinical and in vivo studies indicate that ZIC2 plays a relevant role in the establishment 

of the dorsal-ventral axis during early forebrain development and particularly in the 

establishment of dorsal identities during neurulation. However, the molecular mechanisms (e.g. 

ZIC2-dependent regulatory networks) whereby ZIC2 executes these important developmental 

functions remain unclear, particularly in humans. In this thesis, we took advantage of an in vitro 

differentiation protocol whereby hiPSC are differentiated into AntNPC to model early brain 

development and explore the role of ZIC2 during the induction of anterior neural identities (Figure 

4.1A). This differentiation protocol is based on dual SMAD-inhibition, using SB and LDN 

molecules, that inhibit TGFβ and BMP signaling pathways, respectively. To favor dorsal identities, 

the addition of LDN to the media was limited to the first four days of differentiation. By RT-qPCR, 

we confirmed the up-regulation of LMX1A, PAX6 and ZIC2 genes marking dorsal identities, 

compared to the original protocol (Figure 4.1B). Expression of the neural marker HES5 was 

induced in both conditions (Figure 4.1B). This modified AntNPC differentiation protocol (i.e. LDN 

treatment during the first four days only) was used in all subsequent experiments. 

WT hiPSC were differentiated and RNA was collected at different timepoints of the AntNPC 

differentiation (day 0, day 4, day 8 and day 12). The resulting RNAs were then analyzed by RNA-

seq in order to more globally investigate the gene expression dynamics and the cellular identities 

obtained with this differentiation system (Figure 4.1C). We confirmed the downregulation of 

pluripotency marker genes (NANOG, ZFP42) and the upregulation of neural progenitor (SOX1, 

PAX6) and forebrain identity genes (RAX, FOXG1, SIX3, BARHL1, BARHL2, EMX2) after 

differentiation. The induction of many of these neural and forebrain markers already started on 

day 4 and peaked by day 8. Markers of more posterior identities of the central nervous system, 

namely, the midbrain (EN1, EN2, PAX2) and hindbrain (GBX2, HOXA1, HOXA2, HOXB1, HOXB2) 

were not induced. On the other hand, ZIC2 was already expressed on day 0 and its expression 

was maintained up to day 12 with a higher expression on day 4. Regarding other ZIC family 

members, ZIC1 was stably expressed from day 4 to day 8 and showed the highest expression on 

day 12, while ZIC3 expression was highest on day 0 and day 4 and then decreased from day 8 

onwards. 
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Figure 4.1: Differentiation of WT hiPSC into AntNPCs. 
(A) Schematic representation of the 12-day differentiation protocol adapted from Tchieu et al., 
2017. (B) Expression of key marker genes was measured by RT-qPCR in WT cells. D12 CTRL 
sample corresponds to the differentiated WT cells on day 12, following the original protocol. D12 
LDN sample corresponds to the differentiated WT cells on day 12, limiting LDN addition to the 
first four days of the differentiation. Expression levels were calculated using the 2ΔCt method and 
the standard variation of technical triplicates is represented as error bars. (C) Heatmap showing 
the expression dynamics (as measured by RNA-seq) of genes considered as markers of 
pluripotency, neural progenitors and different brain regions along the rostro-caudal axis. The 
expression dynamics of several ZIC family genes is also shown. The color scale is shown as 
log2(counts per million).  
 
To further characterize the cellular identities obtained with our modified AntNPC differentiation 

protocol, we also collected WT cells on day 8 to perform single-cell RNA-seq (Figure 4.2). This 

experiment revealed that the differentiation protocol recapitulates important aspects of dorsal-

ventral and rostro-caudal forebrain patterning. Indeed, when plotting the expression of key neural 

markers in a UMAP space, we can easily distinguish different expression domains that seem to 

represent distinct positional identities (Figure 4.2A). Cells expressing dorsal telencephalon 

markers like WNT3A or LMX1A are on the right side of the UMAP plot while markers of the posterior 

telencephalon/diencephalon, such as EMX2 or BARHL1, are localized in the middle of the UMAP. 

Finally, markers of the rostro-ventral telencephalon, namely, FGF8, FOXG1 or SIX3 are expressed 

in the cells located on the left side of the UMAP (Figure 4.2A and 4.2B). This in vitro differentiation 

model of hiPSC into AntNPC should therefore provide a useful framework to investigate the role 

of ZIC2 during neural induction and patterning of anterior neural progenitors. 
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Figure 4.2: Differentiation of WT hiPSC into AntNPCs partially recapitulates forebrain 
patterning. 
(A) UMAP plot showing the expression of key markers of different forebrain regions in WT AntNPC 
on day 8 (scRNA-seq data). Expression of SIX3 is shown in red, EMX2 in yellow and WNT3A in blue. 
(B) UMAP plots showing the expression of selected genes within day 8 AntNPC. The percentage 
of cells expressing each marker is shown in the upper-left corner. Expression is shown as 
log1p((feature counts per cell / total counts per cell) x 10000). 
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4.2. Genetic engineering of hiPSC 

To interrogate ZIC2 regulatory function and the molecular defects associated with its loss during 

the AntNPC differentiation, a cell line in which ZIC2 is absent was required. To do so, we used 

CRISPR-Cas9 technology to delete the ZIC2 gene. Briefly, gRNAs targeting both ends of the gene 

were designed and cloned within the pX330A vector expressing the Cas9 nuclease (Figure 4.3A). 

Then, hiPSC were transfected with the resulting vector in order to introduce double-strand breaks 

that, upon repair by non-homologous end joining (NHEJ), could lead to the deletion or inversion 

of the ZIC2 gene. By designing primers binding along the ZIC2 locus, we were able to distinguish 

between the different alleles produced by the CRISPR editing approach (Figure 4.3B). We 

successfully isolated several hiPSC clones carrying the ZIC2 deletion, either in a homozygous 

(#14, #25 and #34) or in a heterozygous manner (#10, #11 and #28) (Figure 4.3B). To confirm that 

the identified heterozygous cell lines were truly heterozygous for the deletion, we took advantage 

of a SNP (rs9585308) located within the ZIC2 gene and that was heterozygous in the parental WT 

hiPSC line. Sanger sequencing confirmed that in the ZIC2+/- lines, only one SNP allele was present 

(Figure 4.3C). In addition, we confirmed by western blot, the presence (WT and ZIC2+/- lines) or 

absence (ZIC2-/-lines) of the ZIC2 protein (Figure 4.3D). 



Results 

61 

 

Figure 4.3: Generation of ZIC2-/- and ZIC2+/- hiPSC lines with CRISPR-Cas9. 
(A) Schematic representation of the CRISPR-Cas9 strategy used to delete the ZIC2 gene. Each 
pX330A vector expresses the Cas9 nuclease together with a gRNA targeting one end of the ZIC2 
gene (blue scissors). (B) Genotyping strategy used to confirm the heterozygous or homozygous 
deletion of ZIC2 in the isolated clones. The different combinations of the primers (orange arrows) 
allow for the discrimination between three possible alleles (WT, deletion (DEL) or inversion (INV)) 
generated by the CRISPR cuts. Several homozygous (#14, #25 and #34) and heterozygous (#10, 
#11 and #28) hiPSC lines for the ZIC2 deletion were isolated. Examples of genotyping PCRs are 
shown for the clones #11 (heterozygous) and #14 (homozygous). (C) Sanger sequencing result of 
the rs9585308 SNP in WT and ZIC2+/- hiPSC. (D) Western blot analysis of WT, ZIC2+/- and ZIC2-/- 
hiPSC, using the ZIC2 antibody confirmed the presence (WT and ZIC2+/- lines) or absence (ZIC2-/- 
line) of the ZIC2 protein. 
 
Although a commercial ChIP-grade antibody targeting ZIC2 is available (ab150404, abcam), our 

data suggests that it is not exclusively recognizing ZIC2, most likely due to cross-reactivity with 

other ZIC family members because of their high homology (Houtmeyers et al., 2013). Indeed, we 

performed a ChIP-seq experiment in WT and ZIC2-/- hiPSC, using the commercial ZIC2 antibody. 

In ZIC2-/- cells, some peaks could still be detected by the antibody, indicating that it is not fully 

specific for ZIC2 (Figure 4.4A). To overcome this limitation, we decided to tag ZIC2 with a Flag-HA 

epitope using CRISPR-Cas9 technology (Figure 4.4B). Briefly, by generating a double-strands 
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break at the C-terminal end of the ZIC2 gene, we were able to insert a repair template containing 

a sequence coding for the Flag-HA tag. We confirmed the proper integration of the repair template 

by PCR followed by Sanger sequencing (Figure 4.4C). Two clones (#5 and #17) carrying the Flag-

HA insertion in a homozygous manner were isolated. By western blot, we confirmed that ZIC2 

could be specifically recognized with an anti-HA antibody (Figure 4.4D). In addition, ChIP-qPCR 

experiments using an anti-HA antibody were performed in WT and ZIC2FHA/FHA lines. Specific 

enrichment of ZIC2 binding in ZIC2FHA/FHA at a ZIC2 binding site located within a LMX1B intron (this 

binding site was predicted based on ChIP-seq data of mouse Zic2, generated in mESC by another 

member of our lab (Dr. María Mariner Faulí)) was confirmed (Figure 4.4E). Next, we verified that 

the generated ZIC2FHA/FHA hiPSC could differentiate properly into anterior neural progenitor cells 

by measuring the expression of key differentiation markers (i.e. ZIC2, PAX6 and LMX1A) (Figure 

4.4F). We also compared the ChIP-seq binding profiles of ZIC2 in hiPSC generated with either the 

anti-HA or the anti-ZIC2 antibody. Although the binding profiles were similar, peaks that were 

absent in both the ZIC2FHA/FHA (using the anti-HA antibody) and the ZIC2-/- (using the anti-ZIC2 

antibody) cells could still be detected in WT cells using the commercial anti-ZIC2 antibody (Figure 

4.4G). Therefore, the generated ZIC2FHA/FHA hiPSC lines enabled us to accurately map the binding 

profiles of ZIC2 in hiPSC and neural progenitors, eliminating potential cross-reactivity observed 

when using the anti-ZIC2 antibody. 
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Figure 4.4: Generation of ZIC2FHA/FHA hiPSC lines as a tool to generate specific ZIC2 binding 
profiles. 
(A) Examples of ChIP-seq tracks at the WNT8B and WNT10B/WNT1 loci. ChIP experiments were 
performed using an anti-ZIC2 antibody in WT and ZIC2-/- hiPSC. The red squares indicate ChIP-
seq peaks detected in ZIC2-/- cells. (B) Schematic representation of the CRISPR-Cas9 strategy 
used to add a Flag-HA tag at the C-terminus of ZIC2. The repair template is composed of a left 
and a right homology arm recognizing the C-terminal end of ZIC2 (excluding the endogenous 
STOP codon) and the first 50bp of the 3’UTR, respectively. In between there are sequences coding 
for a linker (Glycine-Serine-Glycine) followed by the Flag-HA epitopes and a STOP codon. The 
gRNA (purple scissors) is targeting ZIC2 in the C-terminus. Primers 1 and 2 used to genotype the 
isolated clones generated are also shown as orange arrows. (C-G) Validation of the ZIC2FHA/FHA 
hiPSC lines obtained (namely, FHA5 and FHA17). (C) The proper integration of the repair template 
was confirmed by PCR followed by Sanger sequencing. The red squares indicate the bands that 
were cut from the gel and purified before Sanger sequencing. (D) The specific tagging of the ZIC2 
protein was verified by western blot using both anti-HA and anti-ZIC2 antibodies in WT and 
ZIC2FHA/FHA hiPSC lines. (E) ChIP-qPCR experiments were performed in WT and ZIC2FHA/FHA lines 
using an anti-HA antibody to confirm the specific immunoprecipitation of ZIC2. ChIP enrichments 
were measured at negative control regions (chr4 and chr8) and within the LMX1B intron, where 
ZIC2 binding was predicted based on Zic2 ChIP-seq data previously generated in mESC by our 
group. Enrichments were calculated as percentage of input. (F) The FHA17 line was differentiated 
into AntNPC, and the expression of key differentiation markers was measured by RT-qPCR on day 
8. Expression levels were calculated using the 2ΔCt method and the standard variation of technical 
triplicate is represented as error bars. (G) ChIP-seq tracks of ZIC2 at WNT8B and WNT10B/WNT1 
loci using anti-HA and anti-ZIC2 antibodies in WT and ZIC2-/- hiPSC. The red square indicates a 
ZIC2 peak detected using the commercial anti-ZIC2 antibody but not with the anti-HA antibody. 
Tracks figures were generated using Figeno (Sollier et al., 2024).  
 

Thanks to cell lines generated and the differentiation protocol of hiPSC into AntNPC, we were able 

to generate several genomic datasets (RNA-seq, ChIP-seq and scRNA-seq) during the 

establishment of anterior neural identities, in WT, ZIC2-/- and ZIC2+/- cells (Figure 4.5). For the bulk 

RNA-seq experiments, samples were collected in triplicate, using three different hiPSC clonal 

lines for both ZIC2-/- and ZIC2+/- conditions. ChIP-seq experiments for chromatin marks (H3K27ac 

and H3K27me3) were performed in duplicate using ZIC2-/- #14 and WT hiPSC lines. The ChIP-seq 

experiments for ZIC2 were also performed in duplicate using the ZIC2FHA/FHA #17 hiPSC clonal line. 

For the single-cell RNA-seq experiments, the samples were derived from ZIC2-/- #14 and WT cells. 



Results 

65 

 

Figure 4.5: Overview of the genomic datasets generated in WT, ZIC2FHA/FHA, ZIC2-/- and ZIC2+/- 
cell lines. 
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4.3. Characterization of molecular defects in ZIC2-/- cells 

To start characterizing the molecular defects associated with ZIC2 loss of function, we made use 

of the RNA-seq dataset generated in WT and ZIC2-/- cells throughout the AntNPC differentiation. 

A principal component analysis (PCA) showed that PC1 captured 58.9% of the variability and 

separated the samples according to their differentiation status, with day 0 samples located on 

the left of the plot and differentiated samples (day 4 to day 12) being on the right. Interestingly, on 

day 0, WT and ZIC2-/- samples clustered together while from day 4, WT and ZIC2-/- separated 

further from each other (Figure 4.6A). This is also reflected in the number of differentially 

expressed genes (DEGs) in ZIC2-/- vs WT, that is the lowest on day 0 and highest on day 8 (Figure 

4.6B). GO term analysis of the DEGs on day 0 was performed and relatively poor enrichments 

were observed for terms that, for the most part, were unrelated to either pluripotency or neural 

differentiation (Figure 4.6C). Gene expression of pluripotency markers (DNMT3B, NANOG, SOX2, 

ZFP42) were checked in both WT and ZIC2-/- hiPSC, and no difference was observed between the 

two genotypes (Figure 4.6D). Moreover, no morphological or proliferation differences were 

noticed between the two hiPSC lines. Next, we decided to check whether the loss of ZIC2 would 

impair the capacity of hiPSC to differentiate into neural progenitors. We therefore looked at the 

expression of neural progenitor markers (SOX2, HES5 and PAX6) (Tchieu et al., 2017). Although 

the expression level of PAX6 in ZIC2-/- cells were moderately reduced (2-fold), all of them were 

strongly induced in both WT and ZIC2-/- hiPSC upon differentiation into AntNPC (Figure 4.6E). The 

reduced expression level of PAX6 could indicate a possible patterning defect (Stoykova et al., 

2000), as discussed in following sections. We therefore concluded that the loss of ZIC2 in hiPSC 

does not have major impacts on pluripotency and their capacity to differentiate into neural 

progenitors. 
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Figure 4.6: The capacity of ZIC2-/- cells to differentiate into neural progenitor cells does not 
seem to be impaired.  
(A) Principal component analysis of the RNA-seq samples generated in WT and ZIC2-/- at the 
different time points of the AntNPC differentiation (day 0, day 4, day 8 and day 12). (B) Number of 
differentially expressed genes (DEGs) in ZIC2-/- vs WT cells across timepoints. To be considered 
as differentially expressed, a gene has to meet the following criteria: FPKM > 1 in at least one 
condition, |log2(FoldChange)| > 1 and p-adj < 0.01. (C) GO term analysis of the genes up and 
down-regulated in ZIC2-/- hiPSC were performed using enrichGO from clusterProfiler R package 
(Wu et al., 2021). Enrichments are shown as –log10(p-value adjusted). (D) Heatmap of gene 
expression dynamics (RNA-seq data) of different pluripotency genes, neural markers and ZIC 
family genes, in WT and ZIC2-/- hiPSC. The color scale is shown as log2(counts per million). (E) 
Expression in FPKMs of key neural markers (HES5, PAX6 and SOX2) in WT (orange) and ZIC2-/- (light 
blue) cells during differentiation. 
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To further analyze the defects observed in ZIC2-/- neural progenitors, a differential expression 

analysis of ZIC2-/- vs WT cells was performed using DEseq from DESeq2 R package (Love et al., 

2014). The overlap between the differential expressed genes (DEGs) at the investigated 

differentiation time points (day 4, day 8 and day 12) was calculated (Figure 4.7A). There is a large 

overlap of the DEGs across the different time points, with a higher number of DEGs found on day 

8, for both up and down-regulated genes. Of all the genes considered as differentially expressed 

across the whole AntNPC differentiation, 80% can be identified on day 8, while the additional 

DEGs found only on day 12 might be the result of more indirect/secondary effects associated with 

the loss of ZIC2. In addition, the heatmaps of the expression of the DEGs (Figure 4.7B and C), 

revealed that changes initiated on day 4 are fully manifested already by day 8. For this reason, we 

decided to focus our next analysis on day 4 and day 8. 
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Figure 4.7: Heatmaps of the differentially expressed genes. 
(A) Venn diagrams representing the overlap of the DEGs across timepoints (day 4 to day 12). (B-
C) Heatmaps representing the expression of the down-regulated (B) and up-regulated (C) genes 
(day 4, day 8 and day 12 combined) in WT and ZIC2-/- cells on day 0, day 4, day 8 and day 12. 
Expression is shown as log(cpm) and scaled across genes (mean of 0 and variance of 1). Genes 
were clustered using the ward.D2 method. 
 
Next, we conducted a GO term analysis of the DEGs on either day 4 or day 8 (Figure 4.8B and 

4.8C, respectively). No particular terms were enriched for the up-regulated genes on day 4 while 

on day 8 the terms retrieved were somewhat general, referring to development and 

morphogenesis. Nevertheless, the genes upregulated on day 8 included major regulators of the 

rostral telencephalon, such as SIX3, FOXG1 and FGF8. On the other hand, the GO term analysis 

of the down-regulated genes (both on day 4 and day 8) revealed more informative terms related 

to forebrain development, patterning and WNT signaling. When checking the genes associated 

with those terms, two key findings stood out. First, markers of the diencephalon and posterior 

telencephalon (EMX2, OTX2, FOXB1 or BARHL2) (Bulfone et al., 2000; Parish et al., 2016; Suda et 

al., 2001) were down-regulated while, as mentioned above, markers of the rostral telencephalon 

(FOXG1, SIX3 or FGF8) (Hébert & Fishell, 2008b; Sato et al., 2017) were up-regulated. Second, 

WNT signaling (WNT1, WNT2B or WNT8B) (Chizhikov & Iskusnykh, 2025; Iskusnykh et al., 2023) 

was downregulated. We therefore evaluated the expression dynamics of additional genes known 

to be involved in the previous developmental processes and signaling pathways and confirmed 

that markers of the posterior telencephalon/diencephalon were down-regulated (EMX2, BARHL2) 

in favor of more anterior identities (SIX3, FOXG1) (Figure 4.9). Moreover, the markers of dorsal 

identities resembling the cortical hem were either lost (WNT2B, WNT8B, WNT1) or down-

regulated (LMX1A) in ZIC2-/- cells (Figure 4.9). Thus, these bulk gene expression changes suggest 

that upon loss of ZIC2, the positional identities of the AntNPC might be shifted towards the most 

anterior forebrain (i.e. rostral telencephalon), while more posterior (i.e. caudal telencephalon and 

diencephalon) and dorsal (i.e. cortical hem) identities might be lost. 
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Figure 4.8: ZIC2-/- neural progenitors showed increased expression of rostral telencephalon 
markers and reduced levels of WNT signaling genes. 
 (A–B) GO term analysis of the genes up and down-regulated in ZIC2-/- neural progenitors on day 4 
(A) and day 8 (B) were performed using enrichGO from clusterProfiler R package. Representative 
genes associated with selected GO terms are highlighted. Enrichments are shown as -log10(p-
value adjusted).  
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Figure 4.9: Expression dynamics of key target genes in WT and ZIC2-/- cells. 
Gene expression dynamics of representative markers of the rostral telencephalon (SIX3, FOXG1), 
posterior telencephalon (EMX2), diencephalon (EMX2, BARHL2), cortical hem (WNT8B, WNT2B, 
WNT1, LMX1A), and ventral identity markers (NKX6-1, SHH) in WT (orange) and ZIC2-/- (light blue) 
cells. 
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4.4. ZIC genes are strongly up-regulated in ZIC2-/- neural progenitors compared to WT 

Surprisingly, ventral identity markers such as NKX6.1 and SHH (Briscoe et al., 2000; Moreno-

Bravo et al., 2010), were slightly induced in WT AntNPC but not in ZIC2-/- cells (Figure 4.9). This 

observation goes in opposition with the expected role of ZIC2 as a dorsalization factor and the 

strong downregulation of cortical hem markers in ZIC2-/- cells. When examining the expression of 

all ZIC family genes together, we noticed that the overall ZIC expression levels were more than 

doubled in ZIC2-/- (121 FPKMs) neural progenitors on day 8, compared to WT (52 FPKMs). Notably, 

the upregulation of ZIC1 (9 FPKMs in WT and 71 FPKMs in ZIC2-/- on day 8) largely contributed to 

the overall increase of ZIC expression in ZIC2-/- cells (Figure 4.10A). We therefore hypothesize that 

ZIC up-regulation in ZIC2-/- cells could be responsible, at least partially, for the defects observed 

upon ZIC2 loss and, particularly, of the downregulation of neural ventral markers (e.g. NKX6.1 and 

SHH). This hypothesis was further supported by the fact that ZIC proteins display high homology 

and partial functional redundancy (Houtmeyers et al., 2013; Inoue et al., 2007). Moreover, key 

developmental genes, such as ZIC2, exhibit high dosage sensitivity: not only can too little protein 

be deleterious for the cells, but also too high concentration can have detrimental effects. To test 

whether the defects observed in ZIC2 knock-out cells could be due to an “over-compensation” 

mechanism by the other members of the ZIC family, we decided to knock-out ZIC1 in a ZIC2-/- 

background using CRISPR-Cas9 (Figure 4.10B). A ZIC1/ZIC2 double knock-out hiPSC line was 

isolated (Figure 4.10C) and differentiated into AntNPC in order to evaluate whether the loss of 

ZIC1 could rescue, at least partially, the gene expression defects associated with ZIC2 loss. 

Expression of key genes was measured by RT-qPCR and no major differences were observed 

between the single and the double knock-out cell lines (Figure 4.10D). We therefore concluded 

that the “over-compensation” hypothesis was not valid, and that the loss of the ventral identity 

markers in ZIC2-/- cells might be explained by the shift towards the most anterior identities (i.e. 

rostral telencephalon), which do not express high levels of neural ventral genes (Lagutin et al., 

2003), rather than a loss of ventral identities. 
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Figure 4.10: ZIC genes are up-regulated in ZIC2-/- neural progenitors. 
(A) Bar plots of ZIC family gene expression in FPKMs in WT and ZIC2-/- cells, at the different 
timepoints of the differentiation. (B) Schematic representation of the CRISPR-Cas9 strategy used 
to delete ZIC1 gene in ZIC2-/- background generating a ZIC1-/-; ZIC2-/- double knock-out cell line. 
Primers (orange arrows) used to genotype the isolated clones generated are shown. (C) 
Genotyping PCR results of the isolated clone (2KO13). (D) Expression of key marker genes have 
been measured by RT-qPCR in WT, ZIC2-/- (KO14), ZIC1-/-; ZIC2-/- (2KO13) on day 8. Expression 
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levels were calculated using the 2ΔCt method and the standard variation of technical triplicate is 
represented as error bars. 

4.5. Characterization of ZIC2 binding profiles during AntNPC differentiation 

To gain insights into the regulatory networks controlled by ZIC2 during neural induction and 

forebrain patterning, we generated the binding profiles of ZIC2, together with H3K27ac and 

H3K27me3 profiles, at several differentiation timepoints (day 0, day 4 and day 8). Already on day 

0, ZIC2 binds extensively to the genome (38517 peaks). Of the 33190 peaks detected on day 4, 

72% were already present on day 0 and 28% corresponded to new binding sites. On day 8, the 

number of ZIC2 peaks is strongly reduced (4526 peaks), of which less than 1% corresponds to 

new binding events (Figure 4.11A). Although ZIC2 is still notably expressed on day 8 (34 FPKMs), 

its expression levels are higher on both day 0 (40 FPKMs) and day 4 (99 FPKMs). Therefore, one 

possibility is that, as ZIC2 levels decrease on day 8, the total number of binding sites decreases, 

suggesting that its main regulatory functions might be executed on day 0 and/or day 4. 

Alternatively, we cannot exclude technical problems during the generation of the day 8 ZIC2 ChIP-

seq data. To address this second possibility, we are planning to perform more replicates of the 

ZIC2 ChIP-seq experiments on day 8. 

Motif discovery analysis of ZIC2 binding sites at the different timepoints was performed with 

MEME-CHIP (Machanick & Bailey, 2011). At all timepoints, the two top motifs retrieved were the 

ZIC motif, confirming the quality of the ChIP-seq data, and the SOX motif, suggesting that ZIC2 

might cooperate with TFs belonging to the SOX family during neural differentiation (Figure 4.11B). 

Next, we looked at the genomic distribution of the ZIC2 binding regions, considering their 

proximity (a threshold of 1kb has been used) to promoters (proximal or distal) and to CpG islands 

(CGI) (i.e., CGI+ or CGI-). At all timepoints, the distribution was similar: about one third of ZIC2 

binding is located in proximity to promoters while two thirds of ZIC2 binding is distal. ZIC2 binding 

at promoters mostly occurs in CG-rich context, which is an expected feature of most promoters, 

while at distal binding sites, ZIC2 is able to bind both CG-rich and CG-poor regions (Figure 4.11C). 

Evaluation of H3K27ac and H3K27me3 ChIP-seq signals in WT and ZIC2-/- cells around the ZIC2 

bound regions showed that ZIC2 is able to bind putative cis-regulatory elements (CREs) 

displaying either an active (H3K27ac high; H3K27me3 low) or poised/inactive (H3K27ac high; 

H3K27me3 high) state (Figure 4.11D). 
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Figure 4.11: ZIC2 binds both proximal and distal regions of the genome. 
(A) Venn diagram of ZIC2 binding dynamics during differentiation. The numbers indicated 
correspond to the number of ZIC2 peaks detected (macs2 peak calling). (B) Motif discovery 
analysis of ZIC2-bound regions. At any time point, ZIC and SOX binding motifs were retrieved. This 
analysis was performed using MEME-CHIP tool (Machanick & Bailey, 2011) and the top motifs 
identified when considering the day 0 ZIC2 peaks are shown. (C) Donut charts representing the 
distribution of ZIC2 binding regions depending on their distance to CGI and to promoter regions. 
A peak is considered proximal if its distance to the closest TSS is lower than 1kb. Similarly, a peak 
is considered CGI+, if its distance to the closest CGI region is lower than 1kb.  (D) Heatmap of the 
ChIP-seq signals for ZIC2, H3K27ac and H3K27me3 at ZIC2-bound regions on day 0, day 4 and 
day 8. 
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Since H3K27ac is a typical mark of both active promoters and active enhancers, we then 

performed a differential binding analysis of H3K27ac in ZIC2-/- vs WT at the three different 

timepoints (Figure 4.12A) in order to identify CREs whose activity could be controlled by ZIC2. On 

day 0, relatively few regions showing significant differences in H3K27ac were found (822 and 54 

sites lost or gained acetylation, respectively), in agreement with the minor transcriptional defects 

observed in ZIC2-/- hiPSC. In contrast, on day 4 and 8, H3K27ac differences between ZIC2-/- and 

WT cells were significantly more pronounced (Figure 4.12A), with more regions losing rather than 

gaining H3K27ac in ZIC2-/- cells. 

Next, we compared the regions gaining or losing H3K27ac in ZIC2-/- cells on either day 4 or day 8.  

These analyses revealed that 14% of the regions gaining H3K27ac were shared between day 4 and 

day 8, while the remaining ones gained H3K27ac on day 4 only or on day 8 only (Figure 4.12B). 

Similarly, among the regions losing H3K27ac in ZIC2-/- cells, 15% were shared between day 4 and 

day 8 (Figure 4.12C). To better understand the functional relevance of these putative CREs and 

evaluate whether ZIC2 directly controls their activity, we separated our analysis into two main 

parts: first, looking at the regions gaining H3K27ac (Figure 4.13 and 4.14) and, second, focusing 

on the regions losing H3K27ac (Figure 4.15 and 4.16). 

 

Figure 4.12: Differential binding analysis of H3K27ac in ZIC2-/- vs WT cells throughout 
AntNPC differentiation.  
(A) Volcano plot representing differential binding (FDR ≤ 0.05) of H3K27ac in ZIC2-/- vs WT cells on 
day 0, day 4 and day 8. (B – C) Venn diagram representing the overlap of the regions gaining (B) or 
losing (C) H3K27ac mark on day 4 and day 8. These regions were divided into 3 subgroups: regions 
gaining/losing H3K27ac only on day 4 (Day 4 only), on day 8 (Day 8 only) or on both days (Day 4 & 
Day 8).  
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4.6. Characterization of ZIC2 bound regions gaining H3K27ac in ZIC2-/- cells 

Regarding the regions gaining H3K27ac, approximately half of them were bound by ZIC2 at least 

at one of the two timepoints (Figure 4.13A). Surprisingly, motif discovery analysis of the ZIC2-

bound regions gaining H3K27ac failed to identify the ZIC motif (Figure 4.13B). Instead, a CG-rich 

motif was uncovered, which could be attributed to the promiscuous binding of ZIC2 to CGI, which 

typically displays high chromatin accessibility. In agreement with this, more than 60% of the ZIC2-

bound regions gaining H3K27ac were proximal to CGI (Figure 4.13C). Moreover, GREAT analysis 

(McLean et al., 2010; Tanigawa et al., 2022) of these regions revealed enrichments in terms that 

were not particularly related to the observed transcriptional defects, with the exception of “neural 

tube patterning”. This term included regions potentially linked to genes like EN1, FOXA1, PAX7 or 

GBX2 (Figure 4.13D). Both EN1 and PAX7 are not expressed in our differentiation system in none 

of the conditions. GBX2 and FOXA1 are not expressed in WT cells at any timepoint but are up-

regulated in ZIC2-/- cells from day 8, suggesting that ZIC2 might act as a repressor for these genes. 

Subsequently, the heatmap of the ZIC2-bound regions gaining H3K27ac in ZIC2-/- revealed that 

most of these regions are already active in WT and ZIC2-/- hiPSC (i.e. day 0) and then failed to be 

silenced in ZIC2-/- cells on day 4 and/or day 8 in comparison with WT cells. Accordingly, ZIC2 

binding at regions gaining H3K27ac mark is generally stronger on day 0 than at later differentiation 

time points (Figure 4.13E). These observations suggest that, upon neural differentiation, ZIC2 

might help repressing CREs that are active in hiPSC. However, since these regions were not 

enriched in the ZIC2 motif and were often found in a highly accessible CGI-rich context, they 

might not be directly regulated by ZIC2. 
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Figure 4.13: Regions gaining H3K27ac in ZIC2-/- cells. 
(A) Donut charts representing the regions gaining H3K27ac that overlap (red) or not (blue) with a 
ZIC2 peak at least at one time point. (B) Motif discovery analysis of the ZIC2-bound regions gaining 
H3K27ac. This analysis was performed using MEME-CHIP tool. (C) Donut charts representing the 
distribution of the ZIC2-bound regions gaining H3K27ac based on their distance to promoters and 
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CGI. A peak was considered proximal if its distance to the closest TSS was lower than 1kb. 
Similarly, a peak was considered CGI+, if its distance to the closest CGI region as lower than 1kb. 
(D) GO enrichment analysis of the ZIC2-bound regions gaining H3K27ac. Analysis was performed 
with GREAT (McLean et al., 2010) and enrichments are shown as -log10(binomial p-value). (E) 
Heatmap of H3K27ac ChIP signals at the ZIC2-bound regions gaining H3K27ac in ZIC2-/- cells. The 
heatmap was subdivided as defined in Figure 4.12B. 
 
 
To more directly interrogate whether the ZIC2-bound regions gaining H3K27ac in ZIC2-/- cells 

could represent CREs repressed by ZIC2, we evaluated their potential effects on gene expression 

on day 4 and day 8. For each gene, we calculated the distance to the closest ZIC2-bound region 

gaining H3K27ac in ZIC2-/- cells and represented those distances as cumulative distribution 

considering three groups of genes: genes that are up-regulated in ZIC2-/- cells, genes that are 

down-regulated in ZIC2-/- cells and all genes. Up-regulated genes were significantly closer to 

ZIC2-bound regions gaining H3K27ac compared to the other two groups, indicating that ZIC2 

could repress those regions and, in turn, silence nearby genes (Figure 4.14A). We therefore 

defined a subset of top target up-regulated genes and their associated ZIC2-bound regions using 

the following strategy: ZIC2-bound regions gaining H3K27ac in  ZIC2-/- cells  were associated with 

their putative target genes using GREAT (basal extension plus mode) and then overlapped  with 

those genes that were up-regulated in  ZIC2-/- cells  (day 4 and day 8 combined) (Figure 4.14B). As 

expected, the distribution of the top target regions gaining H3K27ac was similar to the overall 

distribution of the ZIC2-bound regions gaining H3K27ac (i.e. approximately 60% were close to CGI 

and >30% were close to promoter regions) (Figure 4.14C). We checked the expression levels of 

the top-up regulated genes and confirmed that they mainly correspond to genes that are 

expressed on day 0 and then progressively become silenced during the differentiation. However, 

in ZIC2-/- cells, the silencing of these genes is delayed (Figure 4.14D). GO analysis of the top target 

up-regulated genes revealed rather weak enrichments for terms related to non-neural 

developmental processes (Figure 4.14E). Nevertheless, these top target genes included major 

rostral telencephalon regulators, such as, FOXG1, RAX or SIX3, which were already described in 

previous sections. 
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Figure 4.14: ZIC2-bound regions gaining H3K27ac in ZIC2-/- cells are associated with genes 
whose silencing upon pluripotency exit is delayed ZIC2-/- cells. 
(A) The distance of each gene to the closest ZIC2-bound peak gaining H3K27ac in ZIC2-/- cells was 
calculated and those distances are represented as a cumulative distribution, considering three 
gene groups: genes that are up-regulated ZIC2-/- cells, genes that are down-regulated in ZIC2-/- 
cells and all genes. (B) Venn diagram representing the overlap between the up-regulated genes in 
ZIC2-/- (day 4 and day 8 combined) and the genes associated with ZIC2-bound regions gaining 
H3K27ac in ZIC2-/-cells. ZIC2-bound regions were linked to putative target genes using GREAT 
(McLean et al., 2010) with the basal plus extension mode. The overlap defines the top target up-
regulated genes and their associated regions. (C) Donut chart representing the distribution of the 
top target regions based on their distance to promoters and CGI. (D) Boxplots of the expression 
dynamics in FPKMS of the top up-regulated genes (as defined in B) in WT and ZIC2-/- cells during 
AntNPC differentiation. (E) GO term analysis of biological processes enriched among the top 
target genes up-regulated in ZIC2-/- cells was performed using enrichGO from clusterProfiler R 
package. Enrichments are shown as –log10(p-value adjusted). 
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Taken altogether, these findings suggest that ZIC2 might have a role as repressor of putative CREs 

that control the expression of pluripotency-associated genes.  However, since many of those 

putative CREs were not enriched in the ZIC2 motif and were often found in a highly accessible 

CGI-rich context, they might not be directly regulated by ZIC2. 

4.7. Characterization of ZIC2 bound regions losing H3K27ac in ZIC2-/- cells 

Next, we similarly analyzed the regions losing H3K27ac in ZIC2-/- cells. About 50% of all these 

regions overlapped with a ZIC2 peak, although this percentage increased to 64% if we consider 

regions losing H3K27ac in day 4 only or in both day 4 and day 8 groups (Figure 4.15A). Importantly, 

MEME-ChIP analysis of these regions retrieved both the ZIC and SOX motifs (Figure 4.15B). In 

addition, the majority of these regions were distal from promoter regions (80% distal) and from 

CGI (>60% CGI-) (Figure 4.15C). Therefore, in contrast with the regions gaining H3K27ac, these 

findings support a direct role for ZIC2 as an activator of distal CRE (i.e. enhancers). GREAT 

analysis of the ZIC2-bound regions losing H3K27ac revealed strong enrichments for several terms 

associated with brain development and patterning. Notably, these terms included genes like 

BARHL1, LMX1A, WNT1 or WNT3A, all of them being down-regulated in ZIC2-/- neural progenitors, 

thus further supporting ZIC2 as an activator of enhancers controlling the induction of important 

brain patterning regulators during neural differentiation (Figure 4.15D). In agreement with this 

possibility, examination of H3K27ac levels around the ZIC2-bound regions losing H3K27ac in 

ZIC2-/- cells revealed that, in WT cells, the majority of these regions were initially inactive on day 

0 and then gained H3K27ac on day 4 and/or 8 (Figure 4.15E). Furthermore, although ZIC2 was 

already bound to many of these regions on day 0, its binding levels increased considerably on day 

4, before decreasing again on day 8.  Notably, the majority of these regions (83%) failed to gain 

H3K27ac already in day 4 ZIC2-/- cells, while only a small fraction (17%) displayed H3K27ac 

defects on day 8 only (Figure 4.15E). Since the number of downregulated genes in ZIC2-/- cells is 

considerably higher on day 8 than on day 4, these observations suggest that defects in enhancer 

activation might precede transcriptional ones.  
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Figure 4.15: Regions losing H3K27ac mark in ZIC2-/- cells. 
(A) Donut charts representing the regions losing H3K27ac in ZIC2-/- cells that overlap (red) or not 
(blue) with a ZIC2 peak. (B) Motif discovery analysis of the ZIC2-bound regions losing H3K27ac in 
ZIC2-/- cells. This analysis was performed using the MEME-CHIP tool. (C) Donut charts 
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representing the distribution of the ZIC2-bound regions losing H3K27ac in ZIC2-/- cells, based on 
their distance to promoters and CGI. (D) GREAT analysis of the ZIC2-bound regions losing 
H3K27ac in ZIC2-/- cells. Enrichments are shown are -log10(binomial p-value). (E) Heatmap of the 
H3K27ac ChIP signals at the ZIC2-bound regions losing H3K27ac in ZIC2-/- cells. The heatmap 
was subdivided as defined in Figure 4.12C. 
 
Next, to further evaluate the potential role of ZIC2 as an activator of enhancers controlling the 

expression of genes involved in brain development and patterning, we evaluated the correlation 

between regions losing H3K27ac in ZIC2-/- cells and the expression levels of nearby genes. 

Indeed, as shown in the cumulative distribution plot, genes down-regulated in ZIC2-/- cells tend 

to be significantly closer to ZIC2-bound regions losing H3K27ac compared to all genes (Figure 

4.16A). Using GREAT, we associated ZIC2-bound regions losing H3K27ac in ZIC2-/- cells with their 

putative target genes (basal plus extension mode) and calculated their overlap with the down-

regulated genes in ZIC2-/- cells (day 4 and day 8 combined). The overlap defined the top down-

regulated genes and their corresponding regions (top target regions losing H3K27ac) (Figure 

4.16B). The majority of the top target regions (82%) were distal from gene promoters, thus in 

agreement with their role as enhancers (Figure 4.16C). Moreover, these regions were globally 

associated with genes whose expression was induced in WT cells but delayed or impaired 

in  ZIC2-/- cells during neural differentiation (Figure 4.16D). The GO term analysis of the top down-

regulated genes revealed strong enrichments for terms related to forebrain development, 

patterning and WNT signaling (Figure 4.16E). These results therefore depict ZIC2 as an important 

enhancer activator during forebrain development and patterning. 
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Figure 4.16: ZIC2-bound regions losing H3K27ac in ZIC2-/- cells are associated with genes 
whose expression failed to be induced in ZIC2-/- AntNPC. 
(A) The distance of each gene to the closest ZIC2-bound peak losing H3K27ac in ZIC2-/- cells was 
calculated and is represented as a cumulative distribution, considering three gene groups: genes 
that are up-regulated ZIC2-/- cells, genes that are down-regulated in ZIC2-/- cells and all genes.. 
(B) Venn diagram representing the overlap between the down-regulated genes (day 4 and day 8 
combined) and the genes associated with ZIC2-bound regions losing H3K27ac in ZIC2-/- cells. 
ZIC2-bound regions were linked to putative target genes using GREAT (McLean et al., 2010) with 
the basal plus extension mode. The overlap defines the top target down-regulated genes and their 
associated regions. (C) Donut chart representing the distribution of the top target regions losing 
H3K27ac in ZIC2-/- cells based on their distance to promoters and CGI. (D) Boxplot showing the 
expression levels (in FPKMS) of the top down-regulated genes in WT and ZIC2-/- cells during 
AntNPC differentiation. (E) GO term (Biological Processes) analysis of the top target down-
regulated genes in ZIC2-/- cells was performed using enrichGO (clusterProfiler R package). 
Enrichments are shown as -log10(p-value adjusted). 
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4.8. The positional identities of neural progenitors are shifted upon loss of ZIC2 

To complete the picture and better understand the molecular defects associated with ZIC2 loss, 

we conducted single-cell RNA-seq experiment including WT and ZIC2-/- AntNPC on day 8. This 

technique helped us to distinguish between the different cellular identities that are established 

during the AntNPC differentiation and to interpret better the transcriptional changes observed at 

the single-cell level. On the UMAP space, the WT and ZIC2-/- cells were segregated in two main 

clusters, confirming the pronounced transcriptional differences that emerge on day 8 AntNPC in 

the absence of ZIC2 (Figure 4.17A). The expression of three markers of different forebrain regions 

(SIX3 (rostral telencephalon), EMX2 (posterior telencephalon/rostral diencephalon) and WNT3A 

(cortical hem)) that were mis-regulated target in  ZIC2-/- cells according to the previous bulk RNA-

seq analyses confirmed that, upon loss of ZIC2, the positional identities of neural progenitors are 

shifted towards the anterior-most forebrain identities,  while dorsal ones (i.e. cortical hem) are 

lost (Figure 4.17B). To strengthen this conclusion, we plotted in the UMAP space several markers 

of the rostral telencephalon/anterior neural ridge (ANR) (SIX3, FOXG1 and FGF8) (Hébert & 

Fishell, 2008b; Sato et al., 2017), caudal telencephalon/rostral diencephalon (EMX2, BARHL1 

and ARX) (Bulfone et al., 2000; Parish et al., 2016; Suda et al., 2001) and the cortical hem (WNT2B, 

WNT1 and LMX1A) (Chizhikov & Iskusnykh, 2025; Iskusnykh et al., 2023). Importantly, all these 

genes displayed the same expression patterns previously described for SIX3, EMX2 and WNT3A: 

i.e. gain of the most anterior identities and loss of the dorsal ones upon ZIC2 loss (Figure 4.17C). 

These observations were further confirmed by evaluating the expression of forebrain patterning 

markers, as illustrated in the dot plot shown in Figure 4.17D. 



Results 

86 

 

Figure 4.17: ZIC2-/- neural progenitor cells show a shift towards the most anterior neural 
progenitor identities.  
(A) UMAP plot of WT (light blue) and ZIC2-/- (orange) neural progenitors on day 8. (B) UMAP plot of 
WT and ZIC2-/- neural progenitors on day 8. Expression of SIX3 (red), EMX2 (yellow) and WNT3A 
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(blue) is highlighted. The percentage of cells expressing each marker in WT and ZIC2-/- is shown in 
the barplots. (C) UMAP plots of the expression of key target genes in WT and ZIC2-/- neural 
progenitors. Expression is calculated as log1p((feature counts per cell / total counts per cell) x 
10000). (D) Dot plot representing the level of expression (color of the dot, z-score) and the 
percentage of cells expressing (size of the dot) the indicated forebrain patterning markers in WT 
and ZIC2-/- neural progenitors. 

4.9. Investigating how the loss of ZIC2 affects the responsiveness to hedgehog signaling 

in neural progenitors 

Although the expression of dorsal/cortical hem identity genes, like LMX1A, WNT3A or WNT2B, 

were consistently lost in ZIC2-/- neural progenitors, this was not accompanied by a significant 

increase in the number of cells expressing high levels of neural ventral markers (e.g., NKX6-1, 

NKX2-1 and FOXA2) (Figure 4.17C). WNT and SHH signaling pathways antagonize each other and 

induce either dorsal or ventral identities during neural tube development, respectively (Rash & 

Grove, 2007; Ulloa & Martí, 2010).  However, and in agreement with mouse in vivo expression 

profiles (Lagutin et al., 2003; Martinez-Ferre & Martinez, 2012; Stevens et al., 2010),  our scRNA-

seq data revealed that the ZIC2-/- neural progenitors acquire a rostral telencephalic identity (i.e. 

high expression of SIX3, LHX2, FOXG1, FGF8) (Figure 4.17D) with very few cells expressing SHH 

(Figure 4.17C). Therefore, in the absence of high SHH levels, it is not surprising that ventral genes 

remained lowly expressed in ZIC2-/- neural progenitors. Nevertheless, we wondered whether the 

loss of WNT in ZIC2-/- neural progenitors, which already occurs on day 4 (see WNT1 in Figure 4.9), 

could affect their responsiveness to SHH signaling in comparison to WT cells. To test this, WT and 

ZIC2-/- hiPSC were differentiated into AntNPC with the addition of either DMSO or 0.5μM of the 

SHH signaling agonist SAG (Smoothened Agonist) from day 4 to day 8. Cells were collected on 

day 8 and a single-cell RNA-seq experiment was performed. 

Focusing first on WT cells (control and SAG-treated cells), UMAP visualization showed that cells 

segregated according to their treatment status, thus indicating that the treatment with SAG led to 

significant transcriptional changes (Figure 4.18A). Indeed, the expression of major dorsal/cortical 

hem genes, including ZIC2, WNT3A or LMX1A, was reduced. Moreover, the expression of ventral 

identity genes considered as SHH target, such as FOXA2, NKX6-1 and, to a lesser extent, NKX2-1 

and NKX2-2, were up-regulated in the SAG-treated cells (Figure 4.18B and C). Thus, SAG 

treatment during the differentiation into AntNPC successfully induced the expression of the 

ventral identity genes in WT cells, while reducing the levels of dorsal ones. However, it is worth 

noting that the most ventral genes, such as NKX2-1 and NKX2-2, which are considered to be 

directly activated by SHH/GLI (i.e. Class II genes) and require high levels of SHH signaling 
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(Briscoe, 2009; Briscoe et al., 2000), were only induced in a few WT cells with the used SAG 

concentration (Figure 4.18C). 
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Figure 4.18: SAG treatment in WT AntNPC leads to a loss of dorsal identities in favor of more 
ventral ones. 
(A) UMAP plot of WT neural progenitors on day 8, either untreated (light blue) or treated with 0.5μM 
of SAG (dark blue). (B) Dot plot representing the level of expression (color of the dot, z-score) and 
the percentage of cells (size of the dot) expressing the indicated genes in WT AntNPC, either 
untreated or treated with 0.5μM of SAG. (C) UMAP plots as in A showing the expression of neural 
patterning genes. Expression is calculated as log1p((feature counts per cell / total counts per cell) 
x 10000). Bar plots represent the percentage of cells expressing the gene in each sample. 
 
Next, we visualized all four samples (WT untreated, WT SAG-treated, ZIC2-/- untreated and ZIC2-/- 

SAG-treated) in the UMAP plot to evaluate their response to the SAG treatment (Figure 4.19A). In 

the UMAP space, we plotted three major markers of the neural tube dorsal-ventral axis: LMX1A 

marks dorsal/cortical hem identities, NKX6-1 marks intermediate progenitors (i.e. basal plate) 

and NKX2-1 is expressed in the most ventral domain (Figure 4.19B). Notably, the scRNA-seq data 

revealed that LMX1A was mainly expressed in untreated WT cells, NKX6-1 in WT cells treated with 

SAG and NKX2-1 in ZIC2-/- cells treated with SAG. Thus, WT and ZIC2-/- cells responded differently 

to the SAG treatment: under the same dose of SAG, many WT cells induced NKX6-1 (23.1%) but 

not NKX2-1 (7%), while the opposite was observed for ZIC2-/- cells (2.6% of NKX6-1 expressing 

cells; 47.7% of NKX2-1 expressing cells. These results suggest that, in the absence of WNT, ZIC2-

/- cells are hyper-responsive to SHH signaling and, under relatively low SHH/SAG levels, they 

induce the most ventral genes (i.e. Class II genes) (Briscoe, 2009; Briscoe et al., 2000). Similar 

results were obtained when considering other genes preferentially expressed in either dorsal or 

ventral domains: (i) genes similar to NKX2-1 that are preferentially expressed in the most ventral 

domains (i.e. Class II genes; FOXA2, NKX2-2, NKX2-8, GLI1) were only induced upon SAG 

treatment, but the percentage of expressing cells was much higher in  ZIC2-/- than in WT cells 

(Figure 4.19C, 19C); (ii) the expression of genes, which similarly to LMX1A are preferentially 

expressed in the most dorsal domains (cortical hem) (i.e. WNT1, WNT2B and WNT3A), was 

strongly reduced in WT cells upon SAG treatment and in both untreated and SAG treated ZIC2-/- 

cells (Figure 4.19C and 4.20A). Overall, these results suggest that, in the absence of WNT, ZIC2-/- 

cells are hyper-responsive to SHH signaling and, under relatively low SHH/SAG levels, they 

induce the most ventral genes (i.e. Class II genes) (Briscoe, 2009; Briscoe et al., 2000). 

Since the signals controlling the dorsoventral patterning of the brain can also have an effect on 

the rostro-caudal axis, we also evaluated the expression of genes expressed in rostral 

telencephalon and whose expression was increased in ZIC2-/- cells (e.g. SIX3, FOXG1, RAX, LHX2) 

(Figure 4.19C, 19B).  Interestingly, the number of ZIC2-/- cells expressing these rostral genes was 

in general reduced by the SAG treatment, in some cases (e.g. FOXG1) quite strongly (Figure 
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4.19C). These results indicate that, in ZIC2-/- cells, the SAG treatment not only induced the most 

ventral forebrain identity genes but also had a posteriorizing effect. 

 

Figure 4.19: ZIC2-/- neural progenitors are sensitized to SAG treatment. 
(A) UMAP plot of WT untreated (light blue), WT SAG-treated (dark blue), ZIC2-/- untreated (orange) 
and ZIC2-/- SAG-treated (brown) neural progenitors on day 8. (B) UMAP plot as in A. Expression of 
LMX1A (red), NKX6-1 (yellow) and NKX2-1 (blue) is highlighted. (C) UMAP plots of the expression 
of key target genes in WT and ZIC2-/- neural progenitors. Expression is calculated as log1p (feature 
counts per cell / total counts per cell) x 10000).  
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Figure 4.20: Dot plot of expression of key neural patterning genes upon SAG treatment. 
Dot plots representing the level of expression (color of the dot, z-score) and the percentage of 
cells expressing (size of the dot) the indicated genes in WT and ZIC2-/- neural progenitors, 
untreated or treated with 0.5μM of SAG. (A) Markers of the dorsal forebrain and the caudal 
telencephalon. (B) Markers of the rostral telencephalon. (C) Markers of ventral identity genes that 
are SHH taget genes: Class I (NKX6-1) and Class II (NKX2-1, NKX2-2, NXX2-8) genes. 
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4.10.  Reduced ZIC2 dosage also leads to significant transcriptional defects in 

AntNPCs 

HPE cases caused by loss of ZIC2 function typically present heterozygous mutations or deletions 

affecting this gene. Therefore, we finally decided to interrogate whether we could also detect ZIC2 

dosage sensitivity in our AntNPC differentiation system. In other words, we wanted to test 

whether the defects observed in a full knock-out of ZIC2 would also persist, at least to some 

extent,  in cells in which only one ZIC2 allele is lost (i.e. 50% ZIC2 dosage)  For that purpose, we 

isolated three ZIC2+/- hiPSC clonal lines (Figure 4.3) that we differentiated into AntNPC in parallel 

with WT and ZIC2-/- hiPSC. RNA was collected throughout the differentiation (on day 0, day 4, day 

8 and day 12) and analyzed by bulk RNA-seq as previously described for WT and ZIC2-/- cells. PCA 

showed that, on day 0, all samples clustered close to each other, indicating again that the loss of 

ZIC2, in either homozygosis or heterozygosis, does not have major impact on pluripotency. As 

described in previous sections (Figure 4.6), upon differentiation WT and ZIC2-/- cells separated 

from each other, indicating important transcriptional differences between the two genotypes. 

Furthermore, upon differentiation, the ZIC2+/- cells were located between the WT and ZIC2-/- 

samples, which was also reflected in a considerable number of DEGs with respect to WT cells, 

albeit lower than in ZIC2-/- cells (Figure 4.21B). Interestingly, 86% of the DEGs genes found in 

ZIC2+/- cells on day 4 and day 8 were also misregulated in ZIC2-/- neural progenitors. This 

significant overlap indicates that a 50% reduction in ZIC2 dosage can lead to transcriptional 

defects similar to the ones found in ZIC2-/- cells (Figure 4.21C). This observation was further 

supported when evaluating the expression dynamics of all the up and down-regulated genes 

found in ZIC2-/- cells. As shown earlier (Figure 4.16D), down-regulated genes in ZIC2-/- cells mostly 

correspond to genes that become induced upon differentiation of hiPSC into AntNPC and that 

failed to do so in the absence of ZIC2. A similar, albeit more moderate, defect in gene inductions 

was observed in the ZIC2 heterozygous cells. On the other hand, genes that were up-regulated in 

ZIC2-/- cells largely corresponded to genes expressed on day 0 that become silenced upon 

differentiation and that failed to be repressed in the absence of ZIC2. Once again, in the ZIC2+/- 

cell line, similar transcriptional defects were observed (Figure 4.21D). Notably, the expression 

dynamics of key ZIC2 target genes that were described in previous sections and that play major 

roles in forebrain patterning (Figure 4.21E) (e.g. WNT2B, WNT8B, EMX2, BARHL2, EMX2 and 

BARHL2) were similarly and severely compromised in both ZIC2-/- and ZIC2+/- cells. Thus, during 

AntNPC differentiation, neural progenitors are highly sensitive to ZIC2 dosage, displaying strong 
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transcriptional defects in genes with major regulatory functions during both rostro-caudal and 

dorsal-ventral patterning of the forebrain. 
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Figure 4.21: ZIC2+/- neural progenitors are sensitive to reduced dosage of ZIC2. 
(A) Principal component analysis of the RNA-seq samples generated in WT, ZIC2-/- and ZIC2+/- at 
the different time points of the differentiation (day 0, day 4, day 8 and day 12). (B) Barplot 
representing the total number of differentially expressed genes in ZIC2-/- (orange) and ZIC2+/- 
(green) compared to WT at the different timepoints of the differentiation. (C) Venn diagram 
representing the overlap between the genes down or up-regulated in ZIC2-/- and in ZIC2+/- cells 
(day 4 and 8 combined). (D) Boxplot of the expression in FPKMS of the down and up-regulated 
genes (ZIC2-/- vs WT, day 4 and 8 combined) across genotypes (WT, ZIC2-/- and ZIC2+/-). (E) Gene 
expression dynamics in FPKMS of top target genes in WT (light blue), ZIC2-/- (orange) and ZIC2+/- 
(green) cells. 

4.11. Future experiments 

In our differentiation system, one key target of ZIC2 seems to be the WNT signaling pathway (i.e. 

strong down-regulation of WNT genes in ZIC2-/- AntNPC, binding of ZIC2 in distal enhancers 

associated with WNT genes and losing acetylation in ZIC2-/- cells). To further study the interplay 

between ZIC2 and WNT signaling, we are planning to differentiate WT and ZIC2-/- hiPSC into 

AntNPC with the addition of XAV (a WNT inhibitor) or CHIR (a WNT agonist) (Figure 4.22A) from 

day 4 to day 8. This experiment should help us distinguish between two possible scenarios (Figure 

4.22B). 

In the first one, ZIC2 regulates the expression of WNT genes, which in turn regulate (via the 

canonical β-catenin pathway) the expression of important forebrain patterning genes promoting 

dorsal/cortical hem fates (e.g., LMX1A, BMP4, GDF7, MSX1, PAX3, PAX7) and preventing the 

upregulation of rostral telencephalon genes (Lagutin et al., 2003). Considering this scenario, 

CHIR treatment in ZIC2-/- neural progenitors should rescue the transcriptional defects observed 

upon the loss of ZIC2 (i.e., up-regulation of dorsal/cortical hem and caudal 

telencephalon/diencephalon markers and down-regulation of the rostral telencephalon 

markers), whereas in WT cells, an increase in causal telencephalon/diencephalon and a loss of 

rostral telencephalon markers should be observed. On the other hand, XAV treatment in WT cells 

should recapitulate to some extent the transcriptional defects originally observed in ZIC2-/- cells 

(i.e., downregulation of dorsal/cortical hem and caudal telencephalon/diencephalon markers in 

favor of the rostral-most identities). As WNT genes are already down-regulated in ZIC2-/- AntNPC, 

little to no changes should be observed upon XAV treatment. 

In the second scenario, ZIC2 and WNT genes would regulate each other in a positive feedback 

loop and ZIC2, perhaps together with β-catenin/TCF, would directly control the expression of the 

ZIC2 main targets. Indeed, ZIC2 seems to directly control enhancers that are not only associated 

with WNT genes but also with other important forebrain patterning regulators such as LMX1A, 
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BARHL1, BARHL2 or EMX2. According to this model, CHIR treatment should rescue the 

transcriptional defects of the ZIC2-/- cells only partially, while XAV treatment in WT cells might 

have more profound consequences as it might decrease the expression of ZIC2. To further 

evaluate the coordinated action of ZIC2 and WNT in the establishment of forebrain identities, 

ChIP-seq experiment of β-catenin, the nuclear effector of canonical WNT signaling, will be 

performed. 

 
Figure 4.22: Future experiments exploring the interplay between ZIC2 and WNT signaling. 
(A) Schematic representation of the planned experiment. WT and ZIC2-/- hiPSC will be 
differentiated into AntNPC with the addition of CHIR or XAV. RNA will be collected on day 8 and 
expression of key target genes will be measured by RT-qPCR and scRNA-seq. (B) Diagram 
illustrating two different models whereby ZIC2 and WNT signaling can control the expression of 
forebrain pattering genes. 
 
Our results strongly depict ZIC2 as an enhancer activator, regulating the expression of major 

anterior neural genes involved in forebrain patterning. To further confirm some of the predicted 

ZIC2 targets, we decided to delete three putative enhancers located in proximity of WNT1, WNT2B 

and BARLH2 genes (Figure 4.23). These enhancers were selected because they exhibited the 

following pattern: first, their predicted associated genes are expressed in WT neural progenitors 

but down-regulated upon ZIC2 loss; second, these regions are bound by ZIC2 at least on day 4 

and/or day 8; third, these regions are marked with H3K27ac in WT cells, but this histone mark is 

Day 0 Day 4 Day 8
KSR media

N2 media

SB 10μM 
(TGFβ inhibitor)LDN 500nM 

(BMP inhibitor)
+ CHIR/XAV

A

B

WT and ZIC2-/-

hiPSC

RT-qPCR

ZIC2

WNTs
(WNT1, WNT2B...)

LMX1A, EMX2, BARHL2...

sc-RNA-seq

Scenario 1 Scenario 2

ZIC2 WNTs

LMX1A, EMX2, BARHL2...



Results 

96 

strongly reduced in ZIC2-/- cells. In the near future, using CRISPR-Cas9 technology, I will delete 

those predicted enhancers and derive clonal hiPSC with homozygous deletions for each of them. 

Next, the isolated hiPSC lines will be differentiated into AntNPC, in parallel with WT and ZIC2-/-

controls. If the expression of the associated genes is downregulated in the corresponding cell 

line, it will further support the role of ZIC2 as an activator of distal enhancers during the 

establishment of anterior neural identities. 

 
Figure 4.23: Deletion of predicted ZIC2-bound enhancers associated with expression of 
major anterior neural patterning genes. 
ChIP-seq tracks of ZIC2 (ZIC2FHA/FHA line) and H3K27ac (WT and ZIC2-/-) on day 0, day and day 8 are 
represented. Highlighted in red, the position of the three ZIC2-bound enhancers that will be 
deleted by CRISPR-Cas9. The sizes of the deletions are shown in red. Tracks figures were 
generated using Figeno (Sollier et al., 2024). 
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5. Discussion 
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In this project, we investigated the role of ZIC2 during human forebrain development and 

patterning using a hiPSC-based in vitro differentiation system. By combining an in vitro 

differentiation model of hiPSC into AntNPC with CRISPR-Cas9 genome editing and various 

genomic approaches, we were able to characterize the genes and cis-regulatory elements 

directly regulated by ZIC2 and that are sensitive to ZIC2 dosage during the establishment of 

forebrain-like neural identities. More specifically, our data shows that ZIC2 is an important 

enhancer activator during forebrain development and patterning, essential for the establishment 

of the gene expression programs associated with the dorsal forebrain/cortical hem (e.g., WNT2B, 

WNT8B, LMX1A) and the caudal telencephalon/rostral diencephalon (e.g., EMX2, BARHL1, 

BARHL2). Lastly, we also show that by promoting dorsal identities and WNT signaling, ZIC2 also 

modulates the responsiveness to hedgehog signaling in anterior neural progenitors, which might 

have important implications in the context of ZIC2-associated holoprosencephaly. 

5.1. Modeling human forebrain development in vitro 

To study the role of ZIC2 during neural induction, we used hiPSC and their differentiation towards 

AntNPC (Tchieu et al., 2017). This protocol describes the generation of neuroectoderm cells 

expressing the telencephalic markers FOXG1 and PAX6. However, thanks to the generation of the 

single-cell transcriptomic profile of day 8 neural progenitor cells, we showed that the resulting 

neural progenitors have distinctive features of forebrain progenitors, recapitulating important 

aspects of dorsal-ventral and rostro-caudal patterning of the forebrain. Thus, this differentiation 

system allowed us to uncover key target genes of ZIC2. To further strengthen our findings, it would 

be interesting to use brain organoids derived from our hiPSC lines to model neural induction in 

three-dimensional space. Organoids have the advantages of modeling further aspects of brain 

complexity, including cellular interactions and three-dimensional morphology that better reflect 

in vivo cortex development (S. H. Kim & Chang, 2023). Moreover, several studies comparing 

single-cell RNA-seq data from human organoids with fetal brains showed that human organoids 

can faithfully recapitulate important aspects of in vivo cortex development and that human-

specific gene expression patterns are conserved (Amiri et al., 2018; Camp et al., 2015; Kanton et 

al., 2019). Nevertheless, the use of brain organoids presents several limitations such as a higher 

batch-to-batch variability in comparison with 2D differentiation systems or longer experimental 

times. Furthermore, due to the high number of cellular identities generated within the organoids, 

they might not be suitable for bulk measurements, such as ChIP-seq, where cellular 

heterogeneity might confound the results. Another challenge when using brain organoids is the 

difficulty of directing the differentiation toward the appropriate cellular identities (i.e. cortical 
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hem), in order to properly study the function of ZIC2 whose expression during brain development 

gets progressively restricted to the dorsal midline. 

5.2. ZIC2 in hiPSC 

On day 0, few transcriptional changes are detected in ZIC2-/- hiPSC, along with few differences in 

H3K27ac levels genome-wide. Moreover, the induction of pan-neural markers (e.g. SOX2) is not 

impaired in ZIC2-/- cells. Therefore, the loss of the ZIC2 gene in human pluripotent cells does not 

have major consequences.  However, in hiPSC, expression of ZIC2 is high and a large number of 

ZIC2 binding events are detected. Why do these ZIC2 binding events not have any obvious 

functional consequences? We foresee at least three scenarios that could explain the lack of any 

major defects in ZIC2-/- hiPSC: 

(i) Most of ZIC2 binding sites on day 0 could be non-functional (Biggin, 2011; Spivakov, 

2014), where promiscuous ZIC2 binding occurs because the sites are accessible due 

to the particularly open chromatin and low DNA methylation levels that characterize 

pluripotent cells (Meshorer et al., 2006).  

(ii) Another possibility is that in pluripotent cells, the loss of ZIC2 is compensated by 

other members of the ZIC family, in particular ZIC3, which is also expressed at high 

levels in hiPSC. This possibility is strongly supported by the partial functional 

redundancy of ZIC2 and ZIC3 during mouse development (Inoue et al., 2007) and in 

human pluripotency (Hossain et al., 2024) and their strongly overlapping binding 

profiles in mESC (Mariner-Fauli et al., manuscript in preparation). 

(iii) Lastly, ZIC2 could act as a pioneer factor on day 0, preparing the chromatin for future 

activation. This hypothesis is supported by studies performed in mouse and human 

embryonic stem cells (Hossain et al., 2024; Luo et al., 2015; Mariner-Fauli et al., 

manuscript in preparation), where ZIC2 has been reported to interact with chromatin 

remodelling complexes, such as SWI/SNF. 

5.3. Dorsal-ventral patterning of forebrain-like is impaired in ZIC2-/- neural progenitors 

Analyses of the bulk and single-cell RNA-seq data during AntNPC differentiation revealed that 

both dorsal-ventral and rostro-caudal patterning are affected in ZIC2-/- neural progenitors 

compared to their WT counterparts. More precisely, major cortical hem regulators were strongly 

downregulated (e.g., WNT2B, WNT8B, LMX1A) (Caronia-Brown et al., 2014; Iskusnykh et al., 

2023) and a shift from caudal telencephalon/diencephalon identities towards more rostral ones 
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was observed (i.e., down-regulation of EMX2 and BARHL2 (diencephalon/caudal telencephalon) 

(Parish et al., 2016; Suda et al., 2001) and up-regulation of SIX3, FOXG1, FGF8 (rostral 

telencephalon) (Carlin et al., 2012; Lagutin et al., 2003; Sato et al., 2017)). These results are 

consistent with the HPE phenotype associated with ZIC2 loss of function both in mouse and 

human. Indeed, HPE results from an incomplete midline cleavage of the forebrain and impaired 

dorsal-ventral patterning. More specifically, the severe reduction in cortical hem identities and 

WNT signaling observed in ZIC2-/- and ZIC2+/-  AntNPC is in perfect agreement with the unique 

involvement of ZIC2 loss of function mutations in the middle interhemispheric variant (MIHV) of 

HPE in humans (Gounongbé et al., 2020) as well as with the neural tube closure defects and 

delayed differentiation of dorsal neural structures observed in Zic2 mouse hypomorphs (Nagai et 

al., 2000). In contrast with the classical forms of HPE, which arise due to defects in the forebrain 

floor plate, the MIHV is considered to result from a defect in the induction of the cortical hem/roof 

plate (Gounongbé et al., 2020). Therefore, our results provide important insights into the 

molecular basis of how ZIC2 haploinsufficiency can lead to the MIHV of HPE. 

Among the defects observed in ZIC2-/- and ZIC2-/- AntNPC, the severe reduction in the expression 

of several WNT genes (e.g. WNT2B, WNT3A, WNT1) that are considered major cortical hem/roof 

plate markers was particularly interesting. We showed that ZIC2 binds to several putative 

enhancers associated with these downregulated WNT genes and that showed reduced H3K27ac 

levels in ZIC2-/- neural progenitors. Importantly, previous studies suggest that WNT signaling 

represents a major and evolutionary conserved target of ZIC2 both during neural development as 

well as in other cellular contexts. Firstly, ZIC orthologs in Drosophila and Xenopus can induce the 

expression of WNT ligands (Benedyk et al., 1993; Merzdorf & Sive, 2006), which is consistent with 

our findings. In the mouse developing retina, Morenilla-Palao et al. showed that ZIC2 interacts 

with the components of the WNT signaling pathway. More precisely, they showed that the 

differential response of contralateral and ipsilateral axon projections to the WNT5A ligand can be 

explained by the expression of ZIC2 in iRGCs but not in cRGCs, with ZIC2 expression inducing 

different WNT receptors and, thus, triggering a different response to WNT5A (Morenilla-Palao et 

al., 2020). During neural crest specification, ZICs were reported to act as co-repressors of the 

WNT pathway in low WNT activity regions (i.e., lateral neuroectoderm), while having a more 

classical activator role in a high WNT context (i.e., neural plate border). The switch from co-

repressor activity to activator could be favored by the SUMOylation of the ZIC proteins (Ali et al., 

2021; Bellchambers et al., 2021). Although the interplay between ZIC2 and WNT signaling has not 

been extensively addressed in the context of early forebrain development and patterning, 

previous work by the Aruga lab showed that WNT3A expression was reduced in the roof plate of 
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the developing telencephalon and spinal cord of ZIC2 mouse hypomorphs (Nagai et al., 2000).  

Altogether, these studies strongly support the interaction between ZIC2 and WNT signaling. The 

future experiments described in the result section (Figure 4.22), together with β-catenin ChIP-seq 

experiments during AntNPC differentiation, should help us further characterize the potential 

crosstalk between ZIC2 and WNT signaling in the context of human forebrain development.  

Several components of the SHH signaling pathway (e.g. SHH, PTCH1, GLI2) are often mutated in 

classical HPE (Dubourg et al., 2007; Tekendo-Ngongang et al., 1993), which results from defects 

in forebrain floor plate development. Furthermore, the WNT and SHH signaling pathways 

antagonize each other, promoting dorsal and ventral forebrain identities, respectively (Ulloa & 

Martí, 2010). Since we did not observe an up-regulation of ventral identity genes in ZIC2-/- neural 

progenitors despite the loss of WNT signaling and cortical hem/roof plate identities (Figure 4.9),  

we decided to investigate how the loss of ZIC2 in neural progenitors could affect the 

responsiveness to hedgehog signaling, as this could provide additional insights into the 

mechanisms of ZIC2-associated HPE, which uniquely includes both the classical and the MIH 

variants. To do so, upon neural induction (i.e. day 4), we treated the AntNPC with SAG, an agonist 

of the hedgehog signaling pathway, and collected the cells on day 8 to perform scRNA-seq 

experiments. We demonstrated that in the absence of ZIC2, neural progenitors are sensitized to 

SAG treatment. Indeed, the same dose of SAG led to a much higher proportion of cells expressing 

class II genes representing direct SHH targets (i.e., FOXA2, NKX2-2, NKX2-1, NKX2-8, GLI1) in 

ZIC2-/- neural progenitors compared to WT, thus indicating that, in the absence of ZIC2, AntNPC 

acquired a more ventral identity. In addition, we also showed that the ventralization of ZIC2-/- 

neural progenitors upon SAG treatment is also accompanied by a milder posteriorizing effect, 

illustrated by the downregulation of rostral telencephalon markers such as FOXG1 and FGF8. 

Taking together, we speculate that, during forebrain patterning, ZIC2 and WNT signaling could 

potentially play a similar role as GLIs and SHH signaling, but in a opposite concentration gradient. 

Namely, we hypothesize that in a low WNT signaling context (i.e. ventral neural progenitors), ZIC2 

might act as a (co)repressor (Ali et al., 2021; Bellchambers et al., 2021), analogous to GLI3R in 

low SHH contexts (i.e. dorsal neural progenitors) (Oosterveen et al., 2012). In contrast, high WNT 

activity would favor a role as a transcriptional activator for ZIC2, much like GLI1 and GLI2 inducing 

the expression of the class II genes in response to strong hedgehog signaling (Briscoe et al., 2000; 

Corbin et al., 2003; Fuccillo et al., 2004).  

Last but not least, the role of ZIC2 as an activator of major cortical hem markers and WNT ligand 

genes (e.g. LMX1A, WNT3A, WNT2B) helps understanding the molecular basis of the MIHV of 
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HPE, which, among the HPE-associated genes, is uniquely caused by mutations affecting ZIC2. 

However, ZIC2 haploinsufficiency can also lead to the classical form of HPE, which is considered 

to be caused by floor plate defects and is often associated with mutations affecting SHH pathway 

genes (e.g. SHH, PTCH1, GLI1). How can ZIC2 haploinsufficiency lead to either classical or MIHV 

HPE in different patients? Notably, previous studies have demonstrated that both gain or loss of 

activity of the SHH pathway can lead to human congenital limb defects (Lopez-Rios, 2016). Our 

data shows that in the absence of ZIC2, AntNPCs show a loss of cortical hem/roof plate identities 

and WNT signaling, which in turn sensitize them to SHH signaling. We speculate that, similarly to 

putative SHH gain-of-function mutations identified in classical HPE patients, a reduction in ZIC2 

dosage might exacerbate SHH signaling in forebrain neural progenitors, which in turn can disrupt 

proper ventral patterning and lead to classical HPE (Casillas & Roelink, 2018). Under this model, 

whether ZIC2 haploinsufficiency leads to either the classical or MIH variants of HPE would 

depend on additional interactions with genetic and/or environmental risk factors that could also 

influence forebrain dorsal-ventral patterning (e.g. alcohol consumption, pregestational diabetes) 

(Addissie et al., 2021; Lo et al., 2021). 

5.4. ZIC2 as an enhancer binding factor 

Regarding the mechanism of action of ZIC2, our data shows that, upon neural induction (i.e. from 

day 4 onwards), this TF is acting as a transcriptional activator of distal enhancers that are 

essential for the proper expression of major forebrain patterning regulators (Figure 4.15 and 4.16). 

To further link ZIC2 target genes with those distal enhancers bound by ZIC2, we will delete these 

putative enhancers using CRISPR-Cas9 technology in hiPSC. The resulting hiPSC clonal lines 

(homozygous for the deletions) will be differentiated into AntNPC, in parallel with WT and ZIC2-/- 

controls, to assess whether the expression of the putative target genes is affected. However, 

smaller deletions or point mutations restricted to the ZIC2 binding sites would be necessary to 

further confirm ZIC2 as an activator of those enhancers. Moreover, our data also suggests, albeit 

not as strongly, that upon pluripotency exit (i.e. from day 0 to day 4), ZIC2 might act as a repressor 

of enhancers that are active in hiPSC and that become silenced as cells start to differentiate 

(Figure 4.13 and 4.14). Interestingly, those ZIC2-bound pluripotency enhancers were not enriched 

in the ZIC2 motif (Figure 4.13B), suggesting that ZIC2 might act as a co-repressor that gets 

recruited to these enhancers by other TFs. Such co-repressor role for ZIC2 has been previously 

proposed in cellular contexts with low WNT activity (Ali et al., 2021; Bellchambers et al., 2021) 

and, accordingly, our RNA-seq expression data shows that the expression of WNT ligand genes is 

low in hiPSC (day 0) and starts increasing from day 4 onwards. 
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5.5. Human and mouse show different sensitivity to ZIC2 dosage during forebrain 

development 

While generating ZIC2-/- hiPSC lines, we also isolated clones with heterozygous deletions of the 

ZIC2 gene (i.e., ZIC2+/- hiPSC lines) in order to test whether the ZIC2 dosage sensitivity typically 

observed in ZIC2-related HPE patients would also be detected in our differentiation system. In 

parallel with the WT and ZIC2-/-hiPSC, the ZIC2+/- hiPSC lines were also differentiated into AntNPC 

and analyzed by bulk RNA-seq. These analyses revealed that the transcription defects previously 

described in ZIC2-/- neural progenitors were, to a large extent, also observed in ZIC2+/- cells (Figure 

4.21). Interestingly, RNA-seq data that I previously generated in mouse WT, Zic2-/- and Zic2+/- ES 

cells and neural progenitor cells (Mariner-Fauli et al., manuscript in preparation) revealed that, 

contrary to my observations in human cells, the Zic2+/- neural progenitors barely showed any 

transcriptional defects in comparison to WT cells, while such defects were very pronounced in 

Zic2-/- neural progenitors in which, again, the expression of several brain patterning regulators was 

affected.  These findings are consistent with the fact that heterozygous mice for Zic2 do not show 

major forebrain abnormalities. Although the direct comparison of the two species should be done 

cautiously, these observations strongly suggest that mice and humans differ in their sensitivity to 

ZIC2 dosage during brain development and raise questions regarding the molecular basis (e.g.  

differences in the regulatory network/mechanism of ZIC2 between the two species) of such 

differences that might be worth investigating in the future. 
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6. Conclusions 
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In this thesis we investigated the role of the transcription factor ZIC2 upon anterior neural 

induction in human cells and made the following conclusions:  

1. The differentiation of hiPSC into AntNPC successfully recapitulates important 

aspects of the dorsal-ventral and rostro-caudal patterning that occur during early 

forebrain development. 

2. Using CRISPR-Cas9 technology, several hiPSC lines were generated, namely ZIC2+/-, 

ZIC2-/- and ZIC2FHA/FHA, which allowed us to interrogate ZIC2 function during the 

differentiation towards AntNPC. 

3. In pluripotency, no major transcriptional defects are observed upon loss of the ZIC2 

gene and the capacity of ZIC2-/- hiPSC lines to differentiate towards anterior neural 

identities is not impaired. 

4. Additionally, differential binding analysis of H3K27ac in ZIC2-/- vs WT hiPSC revealed 

that only a few regions show significant differences in H3K27ac, which is in agreement 

with the minor transcriptional changes observed in ZIC2-/- hiPSC. 

5. Differential expression analysis of ZIC2-/- vs WT neural progenitors on day 4, day 8 and 

day 12 revealed that the highest number of DEGs occurs on day 8 and that 80% of the 

DEGs are already discovered by day 8. 

6. Upon loss of the ZIC2 gene in neural progenitor cells, a shift in positional identity along 

the rostro-caudal axis is observed. Specifically, expression of anterior telencephalon 

markers (e.g., SIX3, FOXG1) is increased at the expense of the identities marking the 

posterior telencephalon and diencephalon (e.g., EMX2, BARHL1, BARHL2).  

7. Dorsal-ventral patterning is also affected by the loss of ZIC2, as ZIC2-/- neural 

progenitors show reduced levels of WNT signaling genes (e.g., WNT1, WNT2B, 

WNT8B) and other markers of the cortical hem (e.g., LMX1A, MSX1, GDF7). 

8. Single-cell RNA-seq experiments confirmed that, upon loss of the ZIC2 gene, the 

proportion of cells expressing anterior telencephalon markers is increased and that 

the most dorsal identities are lost. 

9. ChIP-seq of ZIC2 revealed that on day 0 and day 4, ZIC2 binds extensively throughout 

the genome, with 28% of de novo binding events occurring on day 4. The number of 

binding events is strongly reduced on day 8. 
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10. ZIC2 is able to bind both proximal (33%) and distal (66%) regions of the genome, that 

are either in an active (H3K27ac) or poised/inactive state (H3K27me3). 

11. Analysis of the ZIC2-bound regions gaining H3K27ac in ZIC2-/- cells revealed that ZIC2 

binds to CREs that are active in hiPSC and failed to be repressed upon ZIC2 deletion. 

These regions were correlated with genes whose expression failed to be silenced 

upon neural induction in the absence of ZIC2. However, these regions are not 

enriched in the ZIC2 motif, suggesting that the repressing role of ZIC2 might be 

indirect, with ZIC potentially acting as a co-repressor recruited by other TFs. 

12. Analysis of the ZIC2-bound regions losing H3K27ac in ZIC2-/- cells revealed that ZIC2 

binds to distal CREs (i.e., enhancers) that become activated upon neural induction 

(day 4 and/or day 8) and that are associated with genes involved in forebrain 

development and patterning whose induction is compromised in the absence of ZIC2. 

These distal CREs are enriched in ZIC2 binding motif, arguing for a more direct role of 

ZIC2 as an activator of these enhancers. 

13. Responsiveness to hedgehog signaling in ZIC2-/- neural progenitors is increased, with 

a higher number of cells expressing the direct targets of the SHH pathway (i.e., class 

II genes) in ZIC2-/- compared to WT cells upon exposure to similar levels of a SHH 

agonist (SAG). 

14. Transcriptional analysis of ZIC2+/- neural progenitors showed that ZIC2+/- AntNPC are 

sensitive to ZIC2 dosage, displaying strong transcriptional defects similar to the ones 

observed in ZIC2-/- AntNPC. 

15. The role of ZIC2 as an activator of major cortical hem markers and WNT ligand genes 

expressed in the dorsal midline of the forebrain helps in understanding the molecular 

basis of the MIHV form of HPE, which is characterized by dorsal midline defects. 

16. Classical forms of HPE are characterized by ventral defects. We have shown that 

upon the loss of ZIC2, AntNPCs are sensitized to SHH signaling, which promotes 

ventral identities. This finding could explain why patients with ZIC2 haploinsufficiency 

can present both, MIVH (dorsal midline defects) and classical (ventral midline 

defects) forms of HPE. 
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