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Abstract 
 

The function of Satb2 in neurodevelopment and disease 
 

Thomas Sean Finn 

 

SATB2-Associated Syndrome (SAS) is a recently described disease characterized by 

developmental delay, severe intellectual deficiency, and behavioral problems. It is caused by 

heterozygous de novo mutations in the SATB2 gene, which encodes a DNA-binding protein 

involved in chromatin remodeling, and often leads to loss-of-function. In the brain, SATB2 

expression is mostly restricted to the projection neurons in the cerebral cortex and 

hippocampus, suggesting the etiology of SAS is likely defects in these neurons. In mice, Satb2 

is required for specifying the subtype identities of callosal and subcerebral neurons. In the 

absence of Satb2, callosal neurons are mis-specified, and the subcerebral neurons are 

missing. However, prior studies on Satb2 function in brain development were performed using 

homozygous mutant mice. It remained to be determined how heterozygous loss-of-function of 

SATB2, as commonly seen in SAS patients, affects brain development. 

Satb2+/- mice show consistent defects in cortical projection neurons and their axons. 

Single cell RNA-seq of postnatal day 28 Satb2+/+, Satb2+/-, and Satb2 cko cortices, shows many 

genes are mis-regulated in the Satb2+/- projection neurons. However, the downstream targets 

of Satb2 that mediate its functions in cortical neuron development and axon targeting have not 

been identified. This thesis reviews the function of Satb2 in cortical development and 

determines mechanisms of Satb2 in organizing higher-order chromatin structure, regulating the 

development of cortical projection neuron subtypes, and identifies the downstream target 

genes that mediate the function of Satb2. These findings elucidate fundamental mechanisms 

of cortical development and illuminate the etiology of SAS, facilitating the development of 

potential treatment strategies. 
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Chapter 1: The cerebral cortex  
 

Introduction 

The human brain is the result of millions of years of evolution and is the source of our 

advanced processing power. Specifically, the neocortex is the biological substrate of our 

unique mental capabilities. These capabilities depend on a vast number of different cell types 

arranged in highly complex networks. Generally, these cell types are classified as neurons, 

cells specialized for electrical signaling and the primary informational units, and glia, the 

supporting cells.  The human cortex contains approximately 16 billion neurons, a similar 

number of non-neuronal cells, and accounts for 82% of brain mass (Azevedo et al., 2009). The 

study of brain cells dates back over a century to Santiago Ramon y Cajal, and Camillo Golgi. 

Together, they pioneered the field of neuroanatomy and were awarded the Nobel Prize in 1906 

in recognition of their work on the structure of the nervous system (“The Nobel Prize in 

Physiology or Medicine 1906,” n.d.). Despite over one hundred years of progress, mechanisms 

behind the generation and differentiation of these neuronal and non-neuronal cells remains an 

important area of study. 

Brain development in mammals begins in late gastrulation with the formation of the 

neural plate in a process called neurulation. The neural plate then folds inwards on itself to 

form the neural tube which will eventually give rise to the entire brain, spinal cord, and most of 

the peripheral nervous system. The neural tube consists of neuronal stem cells which divide 

and proliferate to produce regionalized primitive brain regions that undergo further partitioning 

to form five major subdivisions: telencephalon, diencephalon, mesencephalon, 

metencephalon, and myelencephalon. This thesis will focus on the telencephalic region known 

as the cerebral cortex. For more detailed information on early brain development and 

segmentation, see reviews: (Neuroscience, 5th ed., 2012; Stiles and Jernigan, 2010). 

The telencephalon is the largest part of the human brain and consists of the cerebral 

cortex, axonal projection fiber tracts, and basal nuclei. Primitive cortical structures first appear 



2 

 

in small mammals shortly after the Triassic period and have increased in size and complexity 

ever since (Rakic, 2009). Today, the fundamental architecture of the cortex of most mammals 

follows similar principles of organization. The “radial unit hypothesis” was first postulated by 

Rakic in 1988 and is still the accepted model for cerebral cortical formation. According to this 

hypothesis, the ependymal layer of the newly formed ventricle contains proliferative units that 

expand into columns creating a map of cytoarchitectural areas (Rakic, 1988, p. 19). This 

supports the notion that cortical expansion in evolution is mainly driven by an increase in 

cortical surface area rather than cortical thickness. For example, between mouse, macaque, 

and human cortices, there is a large increase in surface area 1:100:1000 x, respectively, and 

a relatively small change in thickness. 

The cerebral cortex contains two main classes of cells, neurons and non-neurons, that 

are organized into a six layered laminar structure. Cortical projection neurons are the principle 

excitatory cells that underly cortical computation and primarily use glutamate as their 

neurotransmitter. Gamma-aminobutyric acid inhibitory neurons (GABAergic neurons) function 

to modulate excitation and signal transduction of the excitatory neurons and constitute about 

20% of the neurons in the cortex (Sahara et al., 2012). Non-neuronal cells consist of several 

glial subtypes including, astrocytes, oligodendrocytes, and microglia, and serve many 

supportive roles to the projection neurons such as synapse support, axonal conduction support, 

and immune support, respectively (Allen and Lyons, 2018). 

Cortical projection neurons can be classified several ways: spatially, transcriptionally, 

morphologically, electrophysiologically, hodologically, epigenetically, and molecularly, to name 

a few. Classically, cortical projection neurons have been classified in the following three 

categories according to location and hodology: corticothalamic projection neurons (CTPNs), 

subcerebral projection neurons (SCPNs), and intratelencephalic (IT) neurons. CTPNs mainly 

reside in layer 6 and project to the thalamus, SCPNs reside in layer 5 and project to the 

brainstem and spinal cord, and IT neurons are found throughout all layers, and project within 
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the cortex either locally (ipsilaterally), or to the opposite hemisphere (contralaterally) 

(Molyneaux et al., 2007). 

A large effort in recent years has been made to systematically identify and classify the 

different cell types in the cortex with varying results. For example, characterization of cortical 

areas by single-cell RNA sequencing revealed as many as 133 distinct subtypes while 

characterization by MERFISH resulted in only 95 (Tasic et al., 2018; X. Zhang et al., 2020). 

Another group was able to categorize projection neurons into 11 distinct types based on 

morphology alone (Peng et al., 2021). Yet another study identified 15 epigenetically distinct 

clusters solely in layer 5 (Zhang et al., 2021). It has become apparent that one single method 

of categorization will not be sufficient and the most effective indexing will involve several 

methods. Nevertheless, understanding discrete differences in the vast diversity of cells in a 

mature cortex remains an important area of study. 

Despite evolutionarily branching off from humans 100 million years ago, the mouse 

remains the favorite model system for human brain development. Short gestation times, inbred 

strains with consistent background genetics, multiple tools for genetic manipulation, and large 

litter sizes make the mouse a practical system. Biologically, the mouse cortex and human 

cortex have several similarities. Both contain a 6 layered laminar architecture with similar cell 

types, projections, functions, and organization of distinct regions. Cortical development of both 

organisms also follows a very similar chronology with radial glial cells (RGCs) serving as the 

principle proliferative units which undergo a series of divisions and migrations to form the 

cortical plate in an inside-out manner. Additionally, many of the intrinsic and extrinsic signals 

and transcription factors involved in this timing are highly conserved. For these reasons, I utilize 

the mouse as a model organism for studying mechanisms involved in cortical development and 

disease and will be referring to mouse cortex development for the remainder of this thesis 

unless otherwise noted. 

 



4 

 

Neural induction and initial patterning 

Following the formation of the neural tube, the neural stem cells must receive 

instructions for their initial patterning. These instructions can come from cell-intrinsic or cell-

extrinsic sources. The extrinsic signals are secreted ligands from neighboring tissue. The type 

of ligand received, as well as concentration gradient (dependent on the distance of target cells 

from the source), help direct the nascent stem cell towards its neural cell fate. Cell-intrinsic 

signals include expression of specific neural induction genes and changes in cell cycle length 

(Takahashi et al., 1995). The specific combination of these neural induction signals results in 

distinct signatures of gene expression that direct cell proliferation and establish different brain 

regions.   

For example, initial neocortex patterning into the motor cortex (M1), somatosensory 

cortex (S1), and visual cortex (V1), depends on opposing expression gradients of signaling 

molecules Pax6, Emx2, SP8, and Coup-TF1. Pax6 expression is highest in the anterior-lateral 

regions while Emx2 expression is highest in the posterior-medial regions (Cadwell et al., 2019). 

Similarly, Coup-TF1 expression is highest in the caudal-lateral regions while Sp8 expression is 

highest in the rostral-medial regions. This set of opposing gradients create unique 

environments of signaling molecules across the landscape of the neocortical proliferative zone. 

When the expression of each of these genes is systematically blocked, cortical patterning is 

altered in a predicted manner (Hamasaki et al., 2004). This demonstrates the importance and 

intricacies of signaling molecules in the developing cortex. 

 

Cortical plate formation 

The developing cortical plate contains several distinct regions such as the ventricular 

zone (VZ), subventricular zone (SVZ), subplate (SP), cortical plate (CP), and preplate (PP). 

RGCs occupy the VZ, establish the apical/basal directionality, and provide the initial scaffolding 

for neuronal migration. RGCs are the result of neural inductive signals on the progenitor 

population from the neural tube. Named for their glial morphology, these are the multipotent 
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stem cells of the cortex. Every projection neuron and glial cell arises from this population of 

progenitors. They must undergo a vast number of divisions to account for the 16 billion neurons 

in the cortex. Initially, RGCs expand their population in the VZ through symmetric divisions 

before they begin to divide asymmetrically. These asymmetric divisions primarily result in 

another RGC and a Tbr2+ intermediate progenitor cell (IPC) but can also generate an immature 

neuron. These IPCs then divide symmetrically into two post-mitotic neurons. In this manner, 

they function as transit-amplifying cells and generate up to 80% of the excitatory projection 

neurons throughout all cortical layers (Kowalczyk et al., 2009; Taverna et al., 2014).  

As more neurons are generated, they migrate into the cortical plate using the basal 

process of the parent RGC as a scaffold. Once they reach the correct position, they detach 

and integrate themselves laterally into a specific layer in the cortical plate. The earliest born 

neurons generate in the deepest (apical) layers while later born neurons migrate past the older 

born neurons and deposit themselves in the more superficial (basal) layers (Kwan et al., 2012; 

Leone et al., 2008). Therefore, the cortex is said to develop inside-out (Figure 1).  
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Figure 1: Developmental timeline diagram of the mouse cerebral cortex 

 

As this process continues, the lineage potential of the RGCs is restricted. A seminal 

study by Susan McConnell in 1988 demonstrated that the early cortical progenitors are 

multipotent and can generate neurons in all cortical layers, but as developmental time 

progresses, these progenitors progressively lose their ability to generate the earlier temporal 

fates (McConnell, 1988). Since then, several studies have confirmed this hypothesis and the 

progressive fate restriction of RGCs in the developing cortex is now widely accepted. 

Furthermore, several studies have shown there are no unique fate-restricted RGCs that only 

generate a single cell type (all are multipotent), and neuronal specification occurs post-

mitotically (Di Bella et al., 2021; Eckler et al., 2015; Gao et al., 2014; Guo et al., 2013).  
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Fate specification of excitatory projection neurons  

The temporal process of RGC differentiation and laminar specification is tightly 

regulated and dependent on many factors. It has become clear that transcriptional regulation 

plays a central role in specifying the vast number of cell fates in the developing cortex. Indeed, 

several genes have been identified that are responsible for the specification of distinct classes 

of projection neurons. Many of these genes transcribe transcription factors with very specific 

spatial and temporal expression patterns. Several of these transcription factors function 

through successive repression to further restrict cell fate (Galazo et al., 2022; Han et al., 2011; 

Kwan et al., 2008; McKenna et al., 2015; Srinivasan et al., 2012; Tsyporin et al., 2021).  For 

example, Satb2 is required for the specification of IT projection neurons. Satb2 recruits the 

NURD complex to the Ctip2 promotor, directly repressing the expression of Ctip2. Congruent 

with this, in the absence of Satb2 expression, the IT neurons lose their upper layer identity and 

ectopically express subcerebral marker, Ctip2, and assume subcerebral phenotypes (Britanova 

et al., 2008a). Additionally, we recently showed that Fezf2 functions as a transcriptional 

repressor, through recruitment of Tle4, in subcerebral neurons. Only a chimeric protein of Fezf2 

and a strong repressor was able to rescue the Fezf2 KO phenotype. The chimeric protein of 

Fezf2 and an activator domain had no effect (Tsyporin et al., 2021). A graphical summary of 

examples of laminar specification is presented in Figure 2. 
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Figure 2: Example of the repression and activation network of transcription factors 
during fate specification 

 

Generation of glial cells 

At the end of cortical neurogenesis, around embryonic day 16 (E16) in the mouse, 

RGCs switch to generating cortical glial cells. Upon Sonic hedgehog (SHH) signaling, the 

RGCs begin to generate Gxs2+ IPCs, instead of Tbr2+ IPCs. These Gsx2+ IPCs are tripotent 

and give rise to olfactory bulb interneurons, cortical oligodendrocytes, and cortical astrocytes 

(Y. Zhang et al., 2020). Similar to the projection neurons, astrocytes utilize RGC processes to 

guide their migration into the cortical plate (Burns et al., 2009). Oligodendrocyte precursors, 

however, use the scaffold of blood vessels to guide their migration, detaching once they reach 
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astrocyte end-foots (Su et al., 2023). At the end of gliogenesis, RGCs undergo final symmetric 

divisions to generate the last IPCs, concluding the lifecycle of the radial glial cell. 

 

Conclusions 

This chapter is a brief overview on mammalian cortical development. Its purpose is to 

highlight the complexity of the cortex and lay the foundation for the remainder of this thesis. 

The focus of my thesis work is to elucidate discrete mechanisms involved in this process and 

provide insight into what goes wrong in human diseases associated with mutations in these 

transcription factors. Chapter 2 will introduce Satb2, the main character of my work, and its role 

in development and disease. 
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Chapter 2: Satb2 in development and disease  
 

Overview 

Special AT-rich Sequence DNA binding protein 2 (SATB2) was first identified in 2003 

as a cleft palate gene and a nuclear matrix attachment region (MAR) binding protein (Dobreva 

et al., 2003, p. 20; FitzPatrick, 2003; Kikuno, 2002). Since then, it has been implicated in 

numerous important biological pathways in a variety of organs, systems, and species. Briefly, 

Satb2 plays a role in osteoblastogenesis and skeletal development by directly regulating 

expression of transcription factors (TFs) that regulate osteoblast differentiation (Dobreva et al., 

2006a; Zhang et al., 2011). Accordingly, it is also responsible for facial patterning, jaw 

development, and even promotes differentiation of hIPSCs toward an osteoblast lineage 

(Britanova et al., 2006; Dobreva et al., 2006a; Fish et al., 2011; Ye et al., 2011). Due to the 

activity of Satb2 as a chromatin organizer, and the fact that abnormal regulation of chromatin 

structure occurs in most cancer cells, it has also been implicated in glioblastomas, breast 

cancer, and tumor progression (He et al., 2008; Luo et al., 2016; Naik and Galande, 2019; 

Patani et al., 2009; Tao et al., 2020). Satb2 even plays a role in electrosensory ampullary organ 

development in electroreceptive jawed vertebrates (Minařík et al., 2023). 

All of these functions aside, this thesis focuses on the critical role Satb2 plays in cortical 

development and, when mutated, developmental diseases. The cortex specific functions of 

Satb2 are reviewed below. 

 

Satb2 structure, conservation, and tissue expression 

The SATB2 gene in humans is located on the long arm of chromosome 2, is around 

200 kb in size, and contains 10 introns and 11 exons. The transcription start site is located in 

exon 2 and the open reading frame spans through exon 11. Satb2 transcription is temporal and 

lineage specific and is regulated by a variety of growth factors, receptor pathways, and micro-
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RNAs (Bonilla-Claudio et al., 2012; Dobreva et al., 2003; Jiang et al., 2015; Luo et al., 2016; 

Tang et al., 2011). 

Satb2 encodes a protein consisting of 733 amino acids, containing five functional 

domains: one ubiquitin like domain (ULD), one cut repeat like domain (CUTL), two cut domains 

(CUT1 and CUT2), and a homeobox domain (HOX). Satb2 is a member of the Satb family of 

proteins and is closely related to Satb1 (Britanova et al., 2005; Lozano et al., 2023; Naik and 

Galande, 2019; Szemes et al., 2006). Satb1 was identified over a decade before Satb2, and 

as such, the majority of structural analysis has been performed on Satb1 (Dickinson, 1992). 

Due to the high sequence homology in the functional domains, we can assume the Satb2 

domains function in similar manners. 

The ULD, previously identified as a PDZ domain, is located on the N-terminal region 

of Satb2 and is responsible for self-oligomerization and interactions with other proteins 

(Galande et al., 2001; Gyorgy et al., 2008; Kumar et al., 2005, p. 202; Wang et al., 2012). It is 

unclear whether Satb1 and Satb2 can form heteromers or if they are only able to function as 

homomers. Oligomerization is required for Satb1/2 to bind the DNA in a sequence specific 

manner (Galande et al., 2001; Purbey et al., 2008; Wang et al., 2012). The Satb1 tetramer was 

shown to be able to bind two DNA targets simultaneously by isothermal titration calorimetry 

(Wang et al., 2012).  In addition to self-oligomerization, the ULD has also been implicated in 

interactions with other proteins. Immunohistochemistry and chromatin immunoprecipitation 

experiments have shown Satb2 co-expressing and interacting with NURD proteins Hdac1 and 

Mta2 (Britanova et al., 2008a; Gyorgy et al., 2008).  

The two CUT domains are DNA binding motifs that confer sequence specific DNA 

binding to Satb2. Specifically, these domains recognize core unwinding elements in MAR 

domains and enhance interactions in the major groove of the DNA (Dickinson et al., 1997; 

Nakagomi et al., 1994; Purbey et al., 2008; Yamasaki et al., 2007). 

Similarly, the CUTL domain also has DNA binding activity. A study that utilized a ULD-

CUTL tandem domain determined that the ability of Satb21 to bind DNA depends on the CUTL 
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domain. Additionally, the CUTL domain was shown to be essential for DNA binding of full length 

Satb1 (Wang et al., 2014). 

Lastly the HOX domain was shown to not strongly bind DNA by itself, but functions to 

enhance the binding specificity of the core unwinding element of a MAR (Dickinson et al., 

1997). 

The function of Satb2 cannot be traced back to a single domain. It is clear that all 

domains work together to enhance binding activity and specificity to MARs in the genome. 

Further work needs to be done to determine if the subunit composition of the Satb oligomer 

plays a role in the overall activity or specificity. 

Satb2 has striking conservation across many species (Sheehan-Rooney et al., 2010). 

Compared to the human SATB2 amino acid sequence, both the Chimpanzee and Bonobo have 

100% sequence homology. Man’s best friend, the Canine, Alpacas, and mice all share 99% 

homology with humans. Unfortunately, most research labs are too small to efficiently house 

Alpacas, so most research is performed with mice. In fact, the human SATB2 and Mouse Satb2 

proteins only differ by 3 AA out of 733. I481V is in the CUT2 domain while both A590T and 

I730T are located in disordered regions. This homology, in addition to reasons discussed in 

Chapter 1, makes the mouse an ideal organism to study the function of Satb2 in cortex 

development. 

In humans, SATB2 is expressed in several tissues. The highest expression occurs in 

the gastrointestinal tract, bone marrow and lymphoids, and brain tissue (“Tissue expression of 

SATB2 - Summary - The Human Protein Atlas,” n.d.). Within the brain, SATB2 expression is 

mainly restricted to the cortex, hippocampus, and basal ganglia. This tissue expression profile 

is also seen in the mouse. 

 

Role of Satb2 in cortex development 

Satb2 is expressed in all layers of the cortex and is primarily expressed in excitatory 

projection neurons. Immunostaining showed all Satb2+ cells co-stain with neuronal marker, 
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NeuN, with no overlap of glial markers S100 or GFAP (Huang et al., 2013). Like other 

transcription factors, Satb2 is not expressed in proliferating cells in the dorsal telencephalon 

(Britanova et al., 2005; Szemes et al., 2006). Its expression can be detected as early as E13.5 

but shows a “post-mitotic waiting period” for the first nine hours after mitotic cycle exit before 

expression can be detected. 24 hours after mitotic cell exit, strong labeling can be seen in 

neurons (Britanova et al., 2008a). This supports the notion that cortical fate specification occurs 

post-mitotically as discussed in Chapter 1.  

Although most transcription factors in the cortex function through repression of target 

genes, Satb2 can both repress and activate its targets in a cell type dependent manner. For 

example, in upper layers 2/3, Satb2 directly represses Ctip2 transcription through Ski mediated 

recruitment of Hdac1. In the absence of Satb2, these neurons ectopically express Ctip2 and 

fail to extend their axons through the corpus callosum. By repressing Ctip2, Satb2 blocks these 

neurons from acquiring SCPN properties and instead directs them toward a callosal neuron 

identity (Alcamo et al., 2008; Baranek et al., 2012; Britanova et al., 2008a). However, in layer 

5, Satb2 directly promotes transcription of Fezf2 and Sox5 to promote subcerebral identity. 

This high level of Fezf2 then represses Satb2 expression, preventing Satb2 from activating any 

callosal genes and allowing other subcerebral genes to be expressed, such as Ctip2 (McKenna 

et al., 2015; Srinivasan et al., 2012). In layer 6, Satb2 instead promotes Sox5 and Tbr1 

expression imparting subcerebral or corticothalamic identity (Srinivasan et al., 2012). In layer 

4, Satb2 promotes Rorb expression which is required for barrel integrity, expression of layer 4 

genes, repression of layer 5 genes, and thalamocortical afferent organization (Alcamo et al., 

2008; Clark et al., 2020, p. 20).  

In addition to specifying laminar organization of cell types, Satb2 is also responsible 

for specification of axonal projections. Due to unrestricted expression of Satb2 in the upper 

layers, it is normally referred to as a callosal neuron identifier. Indeed, Satb2 is highly 

expressed in these IT neurons that project both ipsi- and contralaterally. In the absence of 

Satb2, normal axon guidance through the corpus callosum is missing. Instead, there is an 
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increase in subcerebral projections and axons crossing the anterior commissure (Alcamo et 

al., 2008; Britanova et al., 2008b; Leone et al., 2015a, p. 201). Interestingly, the increase in 

subcerebral projections does not arise from misguided upper layer axons but from misguided 

layer 5 Rbp4+ neuronal projections (Leone et al., 2015a). Further, these axons were still 

present when Satb2 was knocked out in layer 5, after the establishment of layer 5 neurons, 

with Rbp4-cre. This suggests that Satb2 plays an early role in the specification of neuronal 

projections, prior to E17.5 when Rbp4-cre is expressed (Leone et al., 2015a). 

Several genes involved in establishing projections of callosal neurons are directly 

controlled by Satb2. Netrin1 receptors DCC and Unc5c are directly repressed and promoted 

by Satb2, respectively (Srivatsa et al., 2014). Both DCC and Unc5c have been shown to be 

key regulators in the guidance of commissural axons in vertebrate development and have 

opposing functions (Keino-Masu et al., 1996; Kennedy et al., 1994; Kim and Ackerman, 2011). 

DCC imparts an attractive response to Netrin 1 signaling while Unc5c imparts a repulsive 

response. In Satb2 homozygous mutants, there is a large increase in DCC expression and a 

decrease in Unc5c and callosal projection neurons are misguided. Accordingly, these 

misguided callosal axons in Satb2 homozygous mutants can be partially rescued with 

downregulating DCC or overexpressing Unc5c (Srivatsa et al., 2014).  

Other misregulated Satb2 dependent genes have been shown effective at rescuing 

callosal axons as well. The axonal guidance molecule, EphA4, is downregulated in the upper 

layers of Satb2 homozygous mutant mice. In utero electroporation of EphA4 was shown to 

rescue the extension of axons across the corpus callosum of mutant mice, confirming it 

functions downstream of Satb2 in callosal fate specification. Interestingly, overexpression of 

Tbr1 in the upper layers of Satb2 homozygous mutant cortices is also effective at rescuing 

callosal identity. As well as promoting Tbr1 expression in deep layers, Satb2 promotes Tbr1 

expression in the upper layers where it aids in establishing callosal identity (Srinivasan et al., 

2012).  
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Satb2 plays critical roles in all cortical layers for fate specification and projection 

guidance. Few, if any, transcription factors have this breadth of effect. For this reason, Satb2 

is often referred to as a “master regulator” in cortical development. Due to its wide-ranging 

functions, mutations associated with Satb2 have severe consequences, as reviewed below. 

 

SATB2-Associated Syndrome 

SATB2-Associated Syndrome (SAS, OMIM #612313) is caused by heterozygous de 

novo mutations in SATB2. Deletions on the distal region of chromosome 2 have been described 

for over 40 years with consistent phenotypes (Sills et al., 1976). It wasn’t until 2003 that SATB2 

was associated with cleft palate, 2007 when the first specific heterozygous nonsense mutation 

was found in SATB2, and 2014 when SATB2-Associated Syndrome was proposed as a 

clinically recognized syndrome (Döcker et al., 2014; FitzPatrick, 2003; Leoyklang et al., 2007). 

At the time of this thesis, 750 patients with SATB2-Associated Syndrome have been diagnosed 

across 50 countries with over 100 unique gene variants (“satb2gene.org,” n.d.; Zarate et al., 

2019).  

Genetic alterations in SAS patients include large chromosomal deletions 

encompassing SATB2, nonsense and missense single nucleotide variants, intragenic deletions 

and duplications, and splice-site alterations (Bengani et al., 2017). Approximately 70% of these 

alterations are likely loss-of-function mutations, while the other 30% have unknown effects on 

SATB2 function. Clinical symptoms associated with SAS are often co-occurring and 

debilitating. Two main symptoms seen in the majority of patients are severe intellectual 

disability and delayed or absent speech. In addition to these, patients can present with a variety 

of other symptoms and combinations of symptoms including: seizures, palatal and dental 

anomalies, dysmorphic facial features, microcephaly, lissencephaly, behavioral problems, and 

feeding difficulties (Bissell et al., 2022; Döcker et al., 2014; Kikuiri et al., 2018; Leoyklang et 

al., 2007; Lewis et al., 2020; Lo et al., 2022; Zarate et al., 2019; Zhao et al., 2014).  
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Conclusions 

Despite decades of research, there are no cures or therapeutic options and research 

into Satb2 haploinsufficiency has been scarce. Moreover, several studies use Satb2 

heterozygotes interchangeably with wildtype mice in the search for Satb2 function. Although 

these studies have identified major roles for Satb2 in cortical development, focused research 

on the effects of Satb2 haploinsufficiency, development and characterization of a mouse 

model, and potential therapeutic options need to be explored. The focus of the research in this 

dissertation is creating and characterizing a mouse model for heterozygous loss-of-function, 

as seen in SAS, identifying the dose dependent effects of Satb2 in cortical development, and 

elucidating mechanisms involved in the disease. 

  



17 

 

Chapter 3: Satb2 haploinsufficiency results in altered chromatin landscape, aberrant IT 
neuronal projections, and human disease 
 

Summary 

Heterozygous de novo mutations in Special AT-rich Sequence Binding Protein 2 

(SATB2) result in SATB2-Associated Syndrome (SAS), a recently described human disease 

characterized by developmental defects and intellectual deficiency. SATB2 expression in the 

brain is mostly restricted to the excitatory neurons in the cerebral cortex and the hippocampus, 

suggesting that the intellectual deficiency associated with SAS is likely due to defective cortical 

and hippocampal neurons. Extensive studies show that Satb2 regulates gene expression and 

plays a crucial role in specifying the identities of multiple cortical projection neuron subtypes. 

However, these studies were performed using Satb2 homozygous mutant mice. It remained 

unknown how SATB2 heterozygous loss-of-function mutations, as commonly seen in SAS 

patients, affects brain development. Utilizing Satb2 heterozygous deficient mice, we show that 

Satb2 haploinsufficiency leads to gene mis-regulation, physiological changes, aberrant axonal 

projections, and cortical lamination defects. Chromatin immunoprecipitation and CUT&RUN 

experiments reveal that Satb2 binds to gene promoters and enhancers. We show that Satb2 

both activates and represses gene expression, by recruiting distinct chromatin remodeling 

complexes. Our findings uncover fundamental mechanisms underlying cortical projection 

neuron development and the etiology of SAS. 

 

Introduction 

The 6-layered neocortex is the seat of the most complex cognitive and perceptual 

functions in humans. Glutamatergic projection neurons occupy a central position in cortical 

neural circuits, serving as the principal input units and the sole output system. Although single-

cell RNA-seq analysis has revealed many refined subtypes (Tasic et al., 2018; Zeng, 2022), 

cortical excitatory neurons can be broadly classified into three major subtypes based on 



18 

 

hodology: corticothalamic (CT) neurons in layer 6 that project to the thalamus, subcerebral 

projection neurons (SCPNs) in layer 5b that projection to the midbrain, hindbrain, and spinal 

cord, and intratelencephalic (IT) neurons that reside throughout layers 2-6 and project to the 

ipsi- or contra-lateral cortical hemisphere (Greig et al., 2013a; Leone et al., 2008).  

During development, cortical excitatory neurons arise directly from radial glial cells 

(RGCs) or indirectly from intermediate progenitors (Kriegstein and Alvarez-Buylla, 2009; 

Malatesta et al., 2000; Miyata et al., 2001; Noctor et al., 2001). The earliest-born neurons form 

the preplate which is split into the marginal zone and subplate by incoming cortical plate 

neurons. The excitatory neurons within the cortical plate arise in a temporal sequence where 

layer 6 neurons are produced first, followed by increasingly superficial layers up to layer 2 

(Leone et al., 2008). Proper generation and differentiation of the cortical excitatory neurons is 

essential for normal cortical functions. 

Extensive progress has been made toward delineating the molecular mechanisms 

underlying the production of distinct excitatory neuron subtypes. Development of distinct 

projection neuron subtypes depends on a network of transcription factors that mostly cross-

inhibit the expression of one another (Greig et al., 2013b). The zinc-finger transcription factor 

Fezf2 is expressed in deep-layer neurons where it promotes subcerebral neuronal identity 

while suppressing the expression of cell fate determining genes for corticothalamic (Tbr1) and 

callosal (Satb2) neurons (B. Chen et al., 2005; Chen et al., 2008a; J.-G. Chen et al., 2005; 

Molyneaux et al., 2005; Tsyporin et al., 2021). Tbr1 and Sox5 promote corticothalamic neuronal 

fate and directly repress high levels of Fezf2, and thus subcerebral identity, in layer 6 neurons 

(Han et al., 2011; Kwan et al., 2008; Lai et al., 2008; McKenna et al., 2011). Satb2 was reported 

to be specifically expressed in callosal neurons and promote callosal neuron identity by 

repressing essential genes for subcerebral axon development (Alcamo et al., 2008; Britanova 

et al., 2008a). Further studies revealed that Satb2 is also required for specifying layer 5 

subcerebral neuron identity (McKenna et al., 2015). 
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SATB2-Associated Syndrome (SAS) is a newly identified neurodevelopmental disease 

that is characterized by developmental delay, severe intellectual deficiency with absent or 

limited speech, behavioral problems, and dysmorphic craniofacial features (Zarate et al., 2017). 

It is caused by heterozygous de novo mutations of SATB2, a DNA-binding protein involved in 

chromatin remodeling, often leading to loss-of-function. In the brain, SATB2 expression is 

mainly restricted to the projection neurons in the cerebral cortex and hippocampus, suggesting 

that the etiology of the intellectual deficiency of SAS is likely defective cortical and hippocampal 

projection neurons.  

Studies in mice have shown that Satb2 is required for specifying the subtype identities 

of both cortical callosal and SC neurons. In Satb2 homozygous mutant mice, callosal neurons 

lose their molecular and axon projection identities, and express genes associated with layer 5 

SC neurons, while the layer 5 SC neurons are missing and fail to extend axons to the brainstem 

and spinal cord (Alcamo et al., 2008; Britanova et al., 2008a; Leone et al., 2015b; McKenna et 

al., 2015). By recruiting the nucleosome remodeling deacetylase (NuRD) complex, Satb2 

represses the expression of Bcl11b, a gene essential for axonal projections of layer 5 SC 

neurons (Alcamo et al., 2008; Britanova et al., 2008a). Despite these discoveries, the 

underlying molecular logic for how Satb2 broadly regulates gene expression programs is 

unknown. Furthermore, prior studies on Satb2 function in brain development were performed 

using homozygous mutant mice (Alcamo et al., 2008; Britanova et al., 2008a; Leone et al., 

2015b; McKenna et al., 2015). It remains to be determined how heterozygous loss-of-function 

of SATB2, as identified in SAS patients, affects brain development. 

Here, using Satb2 heterozygous deficient mice, we demonstrate that Satb2 is 

responsible for proper cortical laminar organization, intra-telencephalic axon development and 

gene expression in a gene-dosage-dependent manner. Our CUT&RUN analysis revealed that 

Satb2 directly regulates numerous genes implicated in cell fate specification as well as genes 

critical for cell adhesion, axon guidance, and neuronal physiology. We find that Satb2-mediated 

gene activation and repression is likely facilitated by the interaction of Satb2 with ATP-
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dependent chromatin remodeling complexes. Furthermore, we show that proper Satb2 dosage 

is required for cortical layer formation and that Satb2 haploinsufficiency affects IT neuron axon 

projections, gene expression programs, and neuronal physiology while sparing the SCPN and 

CT neuron projections, providing insights into the molecular underpinning of SAS etiology. 

 

Results 

Satb2 haploinsufficiency leads to defective cortical laminar organization 

To examine how SATB2 haploinsufficiency affects brain development, we utilized 

Satb2lacZ/+ mice, which carry a beta-galactosidase gene inserted at the start of the Satb2 open 

reading frame (Satb2lacZ) (Dobreva et al., 2006b), effectively knocking out the Satb2 gene 

(Figure 4B). Western blot analysis revealed a 50% decrease of Satb2 protein in P0 Satb2lacZ/+ 

cortices and absence of Satb2 protein in P0 Satb2lacZ/lacZ cortices (Figure 3A). 

We analyzed Satb2+/+ and Satb2lacZ/+ brains collected at postnatal day 1 (P1), P4, P7, 

and P28 (Figure 3B-3E). Immunostaining for markers of different cortical projection neuron 

subtypes and nuclear staining did not show any significant change in the Satb2lacZ/+ cortices at 

P1 (Figure 3B and 3D). Comparing cortices from Satb2+/+ and Satb2lacZ/+ mice at P4, P7, and 

P28 revealed changes in the thickness of cortical layers (Figure 3B-3E). 

At P28 Satb2lacZ/+ mice showed a 23.2% reduction for layer 6 (Satb2+/+: 333.0 ± 22.5 

µm (SEM) vs. Satb2lacZ/+: 255.7 ± 15.6 µm),  38.6% reduction for layer 4 (Satb2+/+: 133.1 ±  6.0 

µm  vs. Satb2lacZ/+: 81.8 ± 2.9 µm), and 13.7% increase for layer 1 (Satb2+/+: 107.8 ± 12.8 µm  

vs. Satb2lacZ/+: 123.6 ± 19.5 µm) in the S1 barrel field (BF) area, while the thickness for layer 5 

and layers 2/3 was not significantly affected (Figure 3B-3E). 

Layer 6 projection neurons include corticothalamic neurons (CT), intra-telencephalic 

neurons (IT), and a small population of deep-layer near-projecting neurons (DLNP) neurons, 

which can be distinguished by Tbr1 and Tle4 expression. L6 CTs and DLNPs express both 

Tbr1 and Tle4 (Tbr1+Tle4+), while L6 IT neurons express Tbr1 but not Tle4 (Tbr+Tle4-). The 
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Satb2lacZ/+ cortices showed a significant reduction of Tbr1+ neurons in layer 6 of at P4, P7, and 

P28. Among the Tbr1+ neurons, the numbers of Tbr1+Tle4- L6ITs were significantly reduced, 

while the numbers of Tbr1+Tle4+ CTs and DLNPs were not significantly affected (Figure 3B and 

3E), suggesting that Satb2 haploinsufficiency results in a significant loss of L6IT neurons.  

We examined layers 2-4 using antibodies for Rorb, Cux1 and Lhx2.  We found that in 

the Satb2lacZ/+ brains, the number of Rorb+ cells in layer 4 was significantly decreased in S1BF 

but increased in the more medial S1 Trunk (Tr) region (Figure 5A). A similar change for Cux1 

expression was also observed, indicating a patterning defect of the S1Tr and S1BF regions. 

Immunostaining did not reveal neuronal subtype marker changes in layer 5 of the Satb2lacZ/+ 

cortices (Figure 5D).  

To investigate the cause of the thinner layer 6 and reduced Tbr1+ L6 ITs in the 

Satb2lacZ/+ cortices (Figure 3B and 3E), we examined the expression between Tbr1 and Satb2, 

and observed that Satb2 and Tbr1 were co-expressed as early as E13.5 and throughout 

embryogenesis. Thus, Satb2 is expressed in these neurons at or around the time of their birth 

(Figure 4C). 
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Figure 3: Layer size defects in Satb2lacZ/+ cortices 

(A) Western blot showing a reduction and absence in Satb2LacZ/+ and Satb2LacZ/LacZ 

cortices. Satb2 signal was normalized to Gapdh signal in each lane. n = 3 brains per 
genotype. Statistical significance was determined using student’s t-test (* p < 0.05) 
(B) Immunostaining for Tbr1 and Tle4 on brain sections from P1, P4, P7, and P28 
Satb2+/+ and Satb2LacZ/+ mice, and DAPI at P28.  
(C) Quantifications of marker+ cells per 500µm wide section in layer 6. n = 3-4 brains per 
genotype, 3-4 sections per brain. 
(D) Quantification of layer thickness in mm 
(E) Quantification of layer thickness split up by individual layers.  
In all graphs, n = 3-4 brains per genotype, 3-4 sections per brain. Error bars represent ± 
SEM. Statistical significance was determined using nested t-test (*p < 0.05, **p < 0.01, 
***p < 0.001) 
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Figure 4: Satb2 is conserved between mouse and human and expressed across 
cortical layers 

(A) Bulk tissue gene expression for SATB2 and images from Allen Brain Atlas from 
PCW21 human embryo or E18.5 mouse embryo in-situ for SATB2 or Satb2 respectively. 
(B) Diagram of Satb2 showing ammino acid changes between human and mouse. Blow 
is a diagram of the Satb2 gene, Satb2LacZ allele, and Satb2Flox allele. ULD: ubiquitin-Like 
Domain, responsible for oligomerization. CUTL: CUT-like domain, similar to CUT domain, 
DNA binding motif. HOX: homeobox domain, DNA binding.  
(C) Immunostaining for Satb2, Tbr2, and Tbr1 at E13.5, E15.5, E17.5, and P0. Satb2 
expression is seen as early as E13.5 and co-expressed with Tbr1 but not Tbr2. Low mag 
scale bar 100µm, high mag scale bar 50µm.  
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Figure 5: Satb2LacZ/+ cortex exhibits thinner layer 4 in S1BF, and expansion of S1BF 
into S1Tr while layer 5 is unaffected 

(A) Immunostaining for Lhx2, Rorb, and Bcl11b in P7 Satb2+/+ and Satb2LacZ/+ cortices. 
L2/3 and 5a marker Lhx2 and 5b marker Bcl1b are unaffected in Satb2LacZ/+ cortices, 
while Rorb expression is decreased in L4 S1BF, expanded in S1Tr (white arrow), and 
unchanged in S2. Low magnification scale bar: 1000 µm, high magnification scale bar: 
100 µm. 
(B) Cux1 expression shows expansion into S1Tr (white arrow) in Satb2LacZ/+ cortices. Low 
magnification scale bar: 1000 µm, high magnification scale bar: 100 µm. 
(C and D) Quantifications of marker+ cells per 500 µm wide section. n = 3-4 brains per 
genotype, 3-4 sections per brain. Error bars represent ± SEM. Statistical significance was 
determined using nested t-test (*p < 0.05, **p < 0.01) 
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Satb2 haploinsufficiency results in defective callosal and thalamocortical projections 

 We examined whether Satb2 haploinsufficiency impacts axon development. 

Immunostaining with L1 antibody revealed that in Satb2LacZ/+ mice, the corpus callosum length 

was significantly reduced along the anterior-posterior axis at P7 (Figure 6A). (Satb2+/+: 2601 ± 

126 µm; Satb2LacZ/+: 2043 ± 67 µm; n = 10 mice per genotype, p = 0.0010, unpaired t-test). L1 

and PKCγ staining did not reveal significant changes in corticothalamic and corticospinal 

axons. Ntng1 is highly expressed in the thalamic neurons and labels the thalamocortical axons 

(TCAs). In the Satb2LacZ/+ cortices, Ntng1 staining in layer 4 in S1 was reduced, indicating less 

cortical TCA innervation (Figure 6B). We examined barrel fields, an easily discernable target 

of TCAs, using cytochrome oxidase (CO) staining. Barrel organization was easily discernable 

in Satb2+/+ cortices, however, in Satb2LacZ/+ cortices, the barrel field was smaller overall, and 

the α row of barrels was consistently missing (Figure 6B). 

To systematically examine the callosal, subcerebral, and corticothalamic projections, 

we injected Cholera toxin subunit B (CtB) into the corpus callosum (CC) close to the midline, 

cerebral peduncle (CP), and ventral posterior medial nucleus of the thalamus (VpM) at P28 

and examined the brains at P33 (Figure 7). When CtB was injected into the CC, we observed 

both retrogradely labeled cells (and their axons) and anterogradely labeled axons in the 

Satb2+/+ and Satb2LacZ/+ mice (Figure 7A). We observed CtB-labeled cells and axons across 

layers 2/3, 5, and 6 in the ipsi- and contralateral cortex in controls. However, in Satb2LacZ/+ 

cortices, there was a near absence of cells and axons labeled in layers 2/3 and reduced 

labeling of cells and axons in layers 5 and 6 in the somatosensory regions (Figure 7A). In the 

more medial region, the labeling in the medial parietal association (MPtA) region of the cortex 

was similar to the Satb2+/+ mice (Figure 7A). Injection into the CP revealed no discernable 

difference in labeling the layer 5 SCPNs between Satb2+/+ and Satb2LacZ/+ cortices (Figure 7B): 

CtB labeled cells were abundant in layer 5b, and all labeled cells expressed the layer 5b SCPN 

marker Bcl11b but not Tbr1 (Figure 7B). Brains injected with CtB into the VpM showed all CtB-

labeled cells co-expressed CT markers Tbr1 and Tle4 (Figure 7C). No difference in the number 
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of layer 6 CTs labeled between Satb2+/+ and Satb2LacZ/+ cortices. However, in the Satb2LacZ/+ 

mice, the CtB+ cells were more densely packed, consistent with the distribution of Tbr1+Tle4+ 

neurons in these cortices (Figure 7C). These findings reveal that Satb2 haploinsufficiency leads 

to a severe reduction in callosal projection neurons located in somatosensory regions, while 

the number of callosal projection neurons more medially (MPtA region) were spared (Figure 

7A). 

Thus, Satb2 haploinsufficiency differentially affects the major cortical axon pathways. 

The subcerebral and corticothalamic axon projections (Figure 7B and 7C) were mostly 

unaffected. However, there was almost complete absence of CtB+ callosal neurons and axons 

in layer 2/3, and severely reduced labeling of CtB+ callosal neurons and axons in layers 5/6 in 

S1 and S2 in the Satb2LacZ/+ mice (Figure 7A). These results, combined with the results from 

the previous section, show that Satb2 haploinsufficiency leads to broad defects in cortical ITs. 

The reduction of Ntng1 signal in layer 4 of the Satb2LacZ/+ brain suggested that Satb2 

expression in the cortex may play a role in TCA innervation and targeting. To determine the 

requirement of Satb2 for TCA innervation of the cortex, we utilized a conditional Satb2 

expression allele, Satb2Flox, and Emx1Cre (Gorski et al., 2002) to generate Satb2LacZ/flox; Emx1Cre 

(Satb2 cko) mice. We previously validated that Satb2 expression is entirely absent in the Satb2 

cko cortex (McKenna et al., 2015). In the Satb2 cko, we observed a complete lack of barrel 

fields visualized by Ntng1 and CO staining in the cortex, but there was still diffuse Ntng1 

staining within the cortex and subplate, indicating that TCAs can cross the pallial-subpallial 

boundary and enter the cortex in Satb2 cko brains, and that Satb2 is required for whisker barrel 

formation and may play a role in proper TCA targeting (Figure 6B). 
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Figure 6: Corpus callosum and thalamocortical projection defects in Satb2LacZ/+ and 
Satb2 cko cortices 

(A) Immunostaining for Ntng1, Pkc γ and L1 in Satb2+/+, Satb2LacZ/+, and Satb2LacZ/Flox; 
Emx1Cre P7 cortices. Scale bars: 1000 µm 
(B) Top two rows, Ntng1 staining. High magnification scale bar 1000 µm, low 
magnification scale bar 500 µm. Bottom row, CO stain on tangential sections at P7. Scale 
bar 100 µm.  
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Figure 7: Satb2LacZ/+ cortices exhibit callosal projection defects and normal 
subcerebral and corticothalamic axon projections 

(A) CtB tracing from the corpus callosum (CC) and staining with Tbr1 to visualize layers. 
Low magnification scale bar: 1000 µm, high magnification scale bar 100 µm. 
(B) Schematic showing injection of CtB into the CP in green. Brains were stained for Tbr1 
and Bcl11b. Images taken of S1 regions in Satb2+/+ and Satb2LacZ/+ brains. Low 
magnification scale bar: 100 µm, high magnification scale bar 50 µm  
(C) Schematic showing injection of CtB into the VpM. Brains were stained for Tbr1 and 
Tle4. Images taken of S1 regions in Satb2+/+ and Satb2LacZ/+ brains. Low magnification 
scale bar: 100 µm, high magnification scale bar 50 µm  
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CUT&RUN analysis reveals Satb2 targets 

To identify targets of Satb2, we performed Cleavage Under Targets & Release Using 

Nuclease (CUT&RUN) (Skene and Henikoff, 2017) experiments using P0 wild-type cortices 

and antibodies for Satb2 and histone marks associated with active (H3K27Ac And H3K4Me3), 

and repressive (H3K27Me3) chromatin states (Bannister and Kouzarides, 2011). After mapping 

sequencing reads to the genome, binding peaks were called using SEACR (Meers et al., 2019) 

and we identified 8878 Satb2 binding peaks at both promoters (defined as less than 2kb 

upstream from the transcription start site, TSS), and potential enhancer regions (Figure 8A and 

8C). Satb2 binding peaks were enriched with all three histone marks analyzed, indicating that 

Satb2 interacts with active and repressive chromatin states. 

Motif analysis revealed that Satb2 bound promoters are enriched in motifs for 

transcription activators, including Nfy, Sp2/5/1, and Klf1/5/14/3. Potential enhancer regions are 

enriched for binding motifs for CTCF and transcription factors (TF) including Neurog2, 

Neurod1, and Lhx2 (Figure 8A and Figure 8C). The enrichment of motifs for these TFs at Satb2-

bound enhancers highlights its role in the development and differentiation of cortical projection 

neurons. 

We identified 5589 Satb2 target genes after associating the Satb2 binding peaks to 

genes using ChIPseeker (Yu et al., 2015). We combined this information with bulk RNA-seq of 

P0 Satb2LacZ/LacZ cortices (McKenna et al., 2015), and found 360 genes directly repressed and 

628 genes directly activated by Satb2. Gene ontology analysis revealed that Satb2 activates 

genes coding for proteins involved in chromatin remodeling, transcription, and various 

neurodevelopmental processes, while the Satb2 represses genes encoding proteins related to 

glial cell development, myelination, and various other biological processes and functions 

unrelated to cortical development. 

Satb2 specifies cell fate, in part, by regulating the expression of post-mitotic 

transcription factors that are essential for generating various projection neuron subtypes 

(Alcamo et al., 2008; Britanova et al., 2008b; McKenna et al., 2015). Indeed, we identified 
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numerous direct Satb2 targets included genes encoding cell fate and layer-specific 

transcription factors. Layer 5b specific genes that are directly repressed are Bcl11b, Ldb2, 

Grm5, Sema5a, and Camd1 (Figure 8D). On the other hand, layer-specific genes that are 

directly activated include deep layer genes Fezf2, Sox5, Tbr1, Tle4, Wnt7b, and upper-layer 

genes Cux1, Mdga1, Zbtb20, and Lhx2 (Figure 8D). These findings highlight the role of Satb2-

mediated gene activation and repression for regulating the expression of layer-specific genes 

and genes involved in a multitude of developmental processes. 
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Figure 8: CUT&RUN reveals Satb2 binding sites 

(A) Distribution of Satb2 binding sites and MEME motif analysis. Promoter regions are 
defined as ≤2kb from transcription start site. Potential enhancer regions are defined as 
>2kb from transcription start site.  
(B) Example UCSC genome browser snapshots showing ATAC track as well as coverage 
tracks for H3K27me3, H3K27Ac, H3K4me3, Satb2, and Rabbit IgG. Satb2 binding sites 
are between red dashed lines. 
(C) Satb2 binding sites are enriched for histone marks H3K27me3, H3K27Ac, and 
H3K4me3, and transcription factors Bcl11a, Lhx2, Nr2f1. Explain the scales?  
(D) Example UCSC genome browser tracks showing IgG and Satb2 coverage tracks for 
layer-specific genes. P4 Allen brain atlas in-situ hybridization images are shown to the 
right of each genome browser graphic. Satb2 activates Cux1, Mdga1, Zbtb20, Lhx2, 
Fezf2, Sox5, Tbr1, Tle4, and Wnt7b. Satb2 represses Bcl11b, Ldb2, Grm5, Sema5a, and 
Camd1.  
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Misregulated gene expression due to Satb2 haploinsufficiency at P28 

To understand the impact of Satb2 haploinsufficiency on gene expression in the cortex, 

we performed single nuclei RNA sequencing (snRNA-seq) on dissected S1 regions from P28 

Satb2+/+ and Satb2LacZ/+ cortices. After filtering for quality control, 7865 Satb2+/+ and 8389 

Satb2LacZ/+ cells were kept for analysis. We co-clustered the Satb2+/+ and Satb2LacZ/+ cells 

(Figure 9A) and performed differential expression analysis to assess the gene expression 

changes due to Satb2 haploinsufficiency.  

 Clusters expressing Satb2 included L2/3 IT, L6 CT, L6 IT, L4 IT, L4/5 IT, and L5 IT 

(clusters 0, 1, 2, 5, 7, and 11, respectively). Differential expression analysis within clusters 

between Satb2+/+ and Satb2LacZ/+ cells revealed that the Satb2 expressing clusters exhibited 

many significant differentially expressed genes (DEGs, >150). Clusters corresponding to 

projection neuron subtypes that did not express Satb2 included, L5NP, L5 PT, and L6b 

subplate cells (clusters 18, 13, and 20, respectively) had relatively few significant DEGs (<10). 

Additionally, non-neuronal subtypes such as endothelial cells (cluster 21) exhibited few if any 

significant DEGs (Figure 9B). This analysis revealed that Satb2 haploinsufficiency leads to 

widespread gene misregulation in Satb2 expressing cell types. 

 Among the top misregulated genes in Satb2 expressing cells, were those related to 

axon guidance, cell adhesion, and ion channels. For example, the following genes were 

misregulated in two or more Satb2 expressing clusters and based on CUT&RUN analysis were 

identified as direct binding targets of Satb2: axon guidance genes Epha3, Epha7, Gap43, 

Ppfia2, Slit2, Unc5c, cell adhesion related genes Alcam, Cdh10, Cntn3, Cntnap2, Ctnna3, 

Dock4, Lrfn5, Lsamp, Nectin3, Pcdh9, Sgcz, and ion channel genes Cacna1a, Cacna2dl, 

Kcnd3, Kcnh7, Kcnip3, Kcnip4, Kctd16. This reveals the critical role of Satb2 in directly 

regulating genes essential for proper neuronal maturation and function. 
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Figure 9: snRNA-seq with S1 P28 tissue reveals widespread 
misregulated gene expression in Satb2LacZ/+ cortex 

(A) UMAP generated from snRNA-seq from dissected S1 regions in P28 
Satb2+/+ and Satb2LacZ/+ mice enabled identification of different projection 
neuron subtypes. Clusters labeled in green showed little to no gene 
expression changes between Satb2+/+ and Satb2LacZ/+ cell types while cells in 
red exhibited  large gene expression changes. 
(B) Plots of -log10(p-adjusted value) vs log2(fold change). Clusters 0, 11, and 
6 are Satb2 expressing clusters exhibiting many significant DEGs while 
clusters 21, 18, and 20 do not express Satb2 and exhibited few significant 
DEGs. Verticle lines represent log2(fold change) of ± 0.1 and horizontal lines 
represent -log10(p-adjusted value = 0.05) 
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Satb2 haploinsufficiency results in altered electrophysiology of layer 5 neurons and 

local circuit defects 

We performed whole-cell patch-clamp recordings on layer 5 neurons to investigate the 

impact of Satb2 haploinsufficiency on the functional development of layer 5 neurons in S1 at 

P28 (FigureA-10D). We found that Satb2LacZ/+ neurons exhibited increased rheobase current, 

wider action potential (AP) half width, and decreased AP firing in response to depolarizing 

current steps compared to control neurons (Figure 10A and 10C). There was no change in AP 

threshold or membrane resistance (Figure 10A and 10B). Our recording showed significantly 

decreased amplitude and frequency of mEPSCs for these neurons (Figure 10D). These data 

indicate that the S1 L5 projection neurons in Satb2LacZ/+ mice are intrinsically less excitable. 

 To determine the impact of Satb2 haploinsufficiency on local cortical circuitry at P28, 

we applied laser scanning photostimulation (LSPS), which allows for high throughput functional 

readout of local circuit connectivity with cellular resolution, and glutamate uncaging to map 

circuit connectivity (Figure 10F and 10E) (Dantzker and Callaway, 2000; Qiu et al., 2011; 

Shepherd, 2005; Suter, 2010). We found that S1BF regions of Satb2LacZ/+ brain slices exhibited 

disrupted topology of intracortical excitatory connectivity; inputs from layer 4 are reduced while 

inputs from layer 2/3 are increased, and inhibitory inputs are unchanged (Figure 10F). These 

data indicate that Satb2 haploinsufficiency leads to disrupted local excitatory circuit function in 

S1, potentially due to mis regulated ion channel genes.  
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Figure 10: Altered physiology and local circuit connectivity in Satb2LacZ/+ brain 
slices 

(A) Increased Rheobase current indicating significantly higher current is needed to elicit 
Satb2LacZ/+ layer 5 axon potential. No change in action potential threshold. Increased AP 
width and altered waveforms. 
(B) Input resistance and membrane capacitance not significantly changed. 
(C) Sample responses of membrane voltages to increasing depolarizing current injections 
in Satb2+/+ and Satb2LacZ/+ neurons. AP density plots are presented below. 
Satb2LacZ/+ neurons show significantly lower AP firing in response to current injection 
indicating reduced excitability. 
(D) Sample mEPSC responses from control and Satb2LacZ/+ neurons. Vertical ticks 
indicate detected mEPSCs. Below is the amplitude distribution and cumulative 
distribution of mEPSCs. Satb2 LacZ/+ neurons exhibit smaller mEPSC amplitude and 
reduced frequency.  
(E) Illustration of recording L2/3 pyramidal neuron location, and LSPS mapping glutamate 
uncaging locations. Representative L2/3 neuron morphology shown. Graph showing laser 
onset and different responses based on uncaging locations.  
(F) Pooled responses of EPSC/IPSC maps. Averaged responses from 5-6 neurons. 
Average synaptic responses (mean ± SD) binned by laminar location to the right of the 
color maps showing different distribution patterns for excitatory maps but not inhibitory. (n 
= 4 Satb2+/+, n = 3 Satb2LacZ/+ mice) 
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Satb2 regulates gene expression in part by recruiting the BAF complex 

Although the mechanism of Satb2 mediated gene repression is known (Britanova et 

al., 2008a), it is unclear how Satb2 activates gene expression. We performed protein co-

immunoprecipitation (co-IP) using a Satb2 antibody and protein extracts from P0 Satb2+/+  

cortices and confirmed that Satb2 interacts with NuRD components HDAC1 and MTA1/2 (data 

not shown). We investigated the possibility that Satb2 interacts with the BAF complex, an ATP-

dependent chromatin remodeling complex generally associated with gene activation. We found 

Brg1, the core ATPase in the BAF complex, was co-IPed with a Satb2 antibody from Satb2+/+, 

but not Satb2LacZ/LacZ cortices (Figure 11A). We also performed the reverse co-IPs, and found 

a Brg1 antibody, but not a control IgG, was able to co-IP Satb2 from control cortices. Supporting 

this finding, a co-IP experiment followed by mass spectrometry using a Brg1 antibody with 

extracts from a primary cortical neuron culture, identified Satb2 as one of the top enriched 

proteins (data not shown). Immunostaining confirmed their co-expression in the cortical plate 

(Figure 11B). This interaction highlights the dynamic mechanisms by which Satb2 mediates 

gene regulation. 
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Figure 11: Satb2 and Brg1 can bind to each other and are co-expressed in the 
cortical plate 

(A) Co-immunoprecipitation experiment showed that Satb2 and Brg1 can bind to each 
other. Satb2 and Brg1 are co-IPed from P0 Satb2+/+ cortices using either a Brg1 or Satb2 
antibody, but not from Satb2LacZ/LacZ cortices. Note that there was a non-specific band that 
co-IPed with control IgG that ran the size of Satb2, and the non-specific band was also 
co-IPed in Satb2LacZ/LacZ cortices.  
(B) Satb2 and Brg1 staining revealed that they are co-expressed in cortical neurons in 
the cortical plate at P7.  
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Discussion 

Understanding the genetic and molecular origin of neurodevelopmental disorders 

entails deciphering the detailed molecular mechanisms underlying brain development. The 

molecular and genetic interplay underpinning the generation of cortical projection neurons is 

beginning to be unraveled, but a comprehensive understanding of these processes is needed. 

These data shed light on the necessity of proper Satb2 expression for the generation and 

development of cortical projection neurons. We show that in the Satb2LacZ/+ animals, there is a 

50% reduction of Satb2 protein which leads to widespread gene misregulation, particularly of 

cell adhesion, axon guidance, and ion channel genes, providing potential a mechanism 

underlying the axon projection and electrophysiology defects observed. The reduction of Satb2 

still permitted the specification of cortical projection neuron classes, yet the insufficient protein 

levels resulted in severe callosal projection neuron defects. This finding is analogous to the 

corpus callosum agenesis seen in human SAS patients and provides a molecular mechanism 

for this pathology. 

Previous studies using complete or conditional Satb2 knockouts, precluded the ability 

to examine the role of Satb2 in neuronal subtypes that are completely missing in these models. 

The Satb2LacZ allele allowed us to study the role of Satb2 in neuronal maturation, a process 

distinct from the initial cell fate specification. We confirmed that Satb2 is expressed in CT 

neurons (McKenna et al., 2015) and found that there are no apparent CT targeting defects in 

the Satb2LacZ/+ cortices. However, the layer 6 CT neurons exhibited significant gene expression 

changes by P28 indicating defective development of these cell types. Interestingly the layer 5 

pyramidal tract (PT) neurons showed no apparent gene expression or projection defects in the 

Satb2LacZ/+ brain, despite Satb2 being necessary for their birth and specification (Leone et al., 

2015b; McKenna et al., 2015). Satb2 expression in the layer 5 PT neurons is transient, and 

high levels of Fezf2 extinguish Satb2 expression in this neuronal subtype (Chen et al., 2008b; 

McKenna et al., 2015). Therefore, reduced Satb2 is sufficient to specify the proper number of 

these neurons which were ultimately unaffected by Satb2 haploinsufficiency. Satb2 is also 
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required for the specification of callosal neurons, and its expression is maintained in this cell 

population after the neurons are born. Although markers of upper-layer projection neurons 

appeared mostly normal in our immunohistochemistry analysis, gene expression defects were 

prevalent in our snRNA-seq experiment and callosal projection defects were severe. These 

findings implicate that Satb2 dosage to be a critical factor in facilitating neuronal maturation. 

The subtypes of neurons most affected by Satb2 haploinsufficiency are those that express 

Satb2 long term, suggesting that IT and CT neuronal subtypes are particularly vulnerable to 

deficient levels of Satb2. This highlights the vulnerable cell types in SAS.  

Satb2 regulates the generation of multiple neuronal subtypes. The question then arises 

of how Satb2 functions in distinct but essential ways in different projection neuron subtypes. 

Our findings suggest that the combinatorial action of Satb2 with ATP-dependent chromatin 

remodeling complexes is one mechanism by which Satb2 regulates gene expression in a cell-

context dependent manner. We confirmed previous findings that Satb2 interacts with the NuRD 

nucleosome remodeling complex which inhibits gene expression through its deacetylase 

activity (Hoffmann and Spengler, 2019). We found that Satb2 also interacts with the BAF 

complex which utilizes ATP to mobilize nucleosomes resulting in increased chromatin 

accessibility (Sokpor et al., 2017), providing a mechanism by which Satb2 activates gene 

expression. Our CUT&RUN analysis revealed that Satb2 binding sites are enriched for 

transcription factor binding sites including Bcl11a, Lhx2, and Nr2f1. These findings suggest that 

the combinatorial action of Satb2 with other chromatin remodeling complexes and transcription 

factors facilitates its cell-context dependent functions.  

Mutations in a single copy of SATB2 resulting in a nonfunctional SATB2 protein cause 

Satb2-Associated Syndrome (Zarate and Fish, 2017). SATB2 function is also implicated in 

autism, schizophrenia, and intellectual deficiency (Blumenthal et al., 2014; Ripke et al., 2014; 

Whitton et al., 2018). Our findings highlight how projection neuron development is sensitive to 

Satb2 dosage, particularly in neurons that express Satb2 after their birth and specification. In 

the Satb2LacZ/+ brain it appears that the major detrimental effects are due to improper 
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maturation. This opens the possibility for therapies aimed at SAS that do not have to be 

implemented during early neonatal development. Finally, this work illuminates the function of 

Satb2 in heathy brains and sheds light on the etiology of SAS in particular cell types.  

 

Mice used in this study 

Experiments were performed according to protocols approved by the Institutional 

Animal Care and Use Committee at University of California at Santa Cruz and at University of 

Arizona College of Medicine Phoenix, and were performed in accordance with institutional and 

federal guidelines. 

The Satb2LacZ/+, and Emx1Cre, reporter mice were described previously (Dobreva et al., 

2003; Gorski et al., 2002). The Satb2tm1a(KOMP)Wtsi/+ mice were obtained from the Knockout 

Mouse Project (KOMP) repository and bred with Rosa26Sortm2(FLP*)Sor mice from the 

Jackson Laboratory (JAX number 007844) to generate the Satb2flox(KOMP)/+ mice (referred as 

Satb2flox mice in this study). 

The day of the vaginal plug detection was designated as E0.5. The day of birth was 

designated as P0. The genders of the embryonic and early postnatal mice were not determined. 

The following mice were used in this study: 

Satb2+/+, Satb2LacZ/+ and Satb2LacZ/LacZ mice: E13.5, E15.5, E17.5, P0, P1, P4, P7, P28, 

and adult, both male and female mice were used. 

Satb2flox/LacZ;Emx1cre/+ mice: P7 and adult, both male and female mice were used. 

Method Details 

 

Immunohistochemistry 

To prepare tissue for staining, mice were first anesthetized and prepared for trans-

cardiac perfusion. 1XPBS was delivered to the body into the left ventricle. When the fluid exiting 

the right atrium ran clear, 4% paraformaldehyde was pumped until the body stiffened. Brains 
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were then dissected and post-fixed in 4% paraformaldehyde, 0.1% saponin, 1XPBS for 24 

hours at 4°C and then cryoprotected by submerging in 30% sucrose 1XPBS for 24 hours. The 

brains were sectioned using a sliding microtome into 50µm sections. Sections were 

permeabilized with 0.06% Triton X-100 in PBS for 30 minutes before incubated in blocking 

buffer (5% horse serum, 0.03% Triton X-100, 1XPBS) for 1 hour. Blocking buffer was removed, 

and the sections were incubated with primary antibodies diluted in blocking buffer for 24 hours 

at 4°C. The following antibodies were used for immunohistochemistry in this study: Bcl11b, 

1:1000 (rat, Abcam, ab18465) Brg1, 1:500 (mouse, Santa Cruz Biotechnology, sc-17796), 

Cux1, 1:500 (rabbit, Santa Cruz Biotechnology, sc-6327), Lhx2, 1:500 (goat, Santa Cruz 

Biotechnology, sc-19344), L1, 1:500 (rat, MilliporeSigma, MAB5272), Ntng1 1:100 (goat, R&D 

Systems, AF1166), Pkcg, 1:500 (rabbit, Santa Cruz Biotechnology, sc-211), Rorb (rabbit, 

Proteintech 17635-1-AP), Satb2, 1:1000 (rabbit, Abcam, ab34735), Tbr1 (rabbit, Abcam, 

ab31940), Tbr2, 1:500 (rat, Abcam, ab23345), Tle4, 1:100 (mouse, Santa Cruz Biotechnology, 

sc-365406). The sections were washed three times with 1XPBS 0.03% triton X-100 for 5 

minutes each, and then incubated with secondary antibodies conjugated to Alexa 488, 555, or 

647 fluorophores, all diluted in blocking buffer at a ratio of 1:1000. Secondary antibodies were 

incubated for 2 hours at room temperature. Nuclear staining was performed by incubating with 

4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) 1:10,000 (Invitrogen, D1306) in 1XPBS 

for 10 minutes. Sections were then manually arranged on microscope slides before being 

mounted in Fluoromount-G. Embryonic tissue was sectioned at 20µm using a Leica Cryostat, 

and staining was performed as described above but on microscope slides.   

 

Cytochrome oxidase staining 

Brains used for cytochrome oxidase staining were dissected from perfused mice as 

described in the “Immunohistochemistry” methods section. Brains were cut in half along the 

midline and all subcortical structures were removed with standard dissecting tools to obtain 

cortices. We then flattened the cortices between two glass slides with a 1mm spacer in-
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between and placed in 4%PFA 1XPBS 0.1% saponin at 4°C overnight and then cryoprotected 

by submerging in 30% sucrose 1XPBS for 24 hours. The flattened cortices were then sectioned 

on a sliding microtome at 50µm. Sections were washed with 1X PBS and then incubated at 

37°C in CO staining buffer containing: 5% sucrose, 0.03% cytochrome C, 0.02% catalase, 

0.05% 3,3′-Diaminobenzidine, and 0.1M phosphate buffer for 2-3 hours. Sections were then 

washed with 1X PBS and mounted in Permount. 

 

EdU labeling 

Timed pregnant mice were injected with a single dose of EdU (25mg/kg body weight; 

Thermo Fisher Scientific, E10187) at E12.5, or E13.5. Brains were collected at P7 as described 

in “immunohistochemistry.” Primary and secondary antibody staining was performed as usual, 

and at the end of the protocol, sections were immersed in the following solution 1 mL of 

reaction: 950ul 100mM Tris PH 7.4, 40µL 100 mM CuSO4, 10µL 200 mg/mL sodium ascorbate, 

and 1µL azide 488 or 555 at room temperature for 30 minutes. Sections were then washed and 

cover slipped. Satb2LacZ/+ and littermate Satb2+/+ control mice were analyzed for each timepoint.  

 

CUT&RUN 

P0 brains were quickly dissected and dropped into ice cold 1X PBS with protease 

inhibitor (Roche 11873580001). Cortices were then dissected under a dissection microscope. 

The pial surface was carefully removed and the cortices were cut into small pieces. The tissue 

was then washed with 400µL ice cold Accumax solution (Sigma-Aldrich A7089). Ice cold 

Accumax was removed and 400µL prewarmed 37°C Accumax was added. The tissue 

incubated at 37°C for 5 minutes before being manually dissociated with a P1000 pipet tip. 

Dissociated cells were spun down at 600g for 3 minutes and resuspended in 1mL ice cold wash 

buffer (20mM HEPES pH 7.5, 150mM NaCl, 0.5mM Spermidine, 1X EDTA-free protease 

inhibitor). The cells were washed three times. Cells were then quantified and bound to 
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Concanavalin-A beads (Bangs Laboratories, PB531). All CUT&RUN samples were generated 

with 500,000 cells. Cells were then bound to beads at a ratio of 500,000 cells per 10µL beads. 

Cells bound to beads were then placed on a magnetic stand and the wash buffer was removed. 

Each sample was resuspended in 150µL antibody buffer (wash buffer with 2mM EDTA, 0.03% 

Digitonin, MilliporeSigma, 300410). All antibodies were used at a dilution of 1:100, except the 

IgG which was added to a final concentration of 1µg/µL. The following antibodies were used in 

CUT&RUN experiments: Satb2 (rabbit, Abcam, ab34735), Cux1 (rabbit, Santa Cruz 

Biotechnology, sc-6327), Lhx2 (goat, Santa Cruz Biotechnology, sc-19344), H3K27me3 (Cell 

Signaling, 9733S), H3K27Ac (Abcam, Ab4729), H3K4me3 (Cell Signaling, 97515), Rabbit IgG 

(Invitrogen 02-6102). Samples were incubated at 4°C overnight with shaking a 400rpm at a 30° 

angle (the tubes were never inverted). The following day, beads were washed twice with 1mL 

DIG-wash buffer (Wash Buffer with 0.03% Digitonin), and incubated with protein A/G-MNase 

(EpiCypher, 15-1016), 2.5µL per 50µL DIG-wash buffer per sample, for 1 hour at 4°C shaking. 

Beads were washed twice with DIG-wash buffer and resuspended in 100µL DIG-wash buffer 

and Ca2+ was added to a final concentration of 1mM and the samples incubated for 1 hour at 

0°C in a heat block immersed in an ice water slurry. The reaction was inhibited by adding 100µL 

2X STOP buffer (170mM NaCl, 20mM EGTA, 0.05%, 50µg/mL RNAse A, 20µg/mL Glycogen, 

250pg E. coli Spike-in DNA, EpiCypher 18-1401). Samples were then incubated at 37°C for 30 

minutes, and supernatant was transferred to fresh tubes. Phenol chloroform isoamyl alcohol 

extraction was performed to purify CUT&RUN DNA which was resuspended in 30µL 1mM Tris-

HCl pH 8.0, 0.1mM EDTA.     

 

CUT&RUN Library Prep and Sequencing and Analysis 

We used the NEBNext Ultra II DNA Library Prep Kit (E7645L) with some modifications 

to the protocol. For the adapter ligation step, the NEBNext Adaptor for Illumina was diluted 

1:50, to 0.3µM. The adaptor ligated DNA was then cleaned up with 2.1X AMPure XP beads 
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(Beckman A63881) before proceeding. PCR was performed with NEBNext Multiplex Oligos for 

Illumina (E7600S) with the following thermocycler conditions: Initial denaturation 98°C, 30s, 

denaturation 98°C, 10s, annealing and extension 65°C, 12s, repeat denaturing and annealing 

and extension 14 times, final extension 65°C, 5 minutes in a Bio-Rad T100 Thermal Cycler. 

After amplification, 0.5X AMPure beads were added to the reaction, mixed, incubated for 10 

minutes, and samples were placed on a magnet stand. Supernatant was transferred to fresh 

tubes and then cleaned up with 2X AMPure beads. DNA concentrations were determined using 

Bioanalyzer High Sensitivity DNA kit (5067-4626). DNA between 146 and 600bp was quantified 

for the analysis. The primer-dimer peak was removed with Pippin size selection. Samples were 

pooled such that equimolar amounts of each sample were present in the pool, and sequenced 

on the NextSeq platform (high output, 75 cycles). The sequencing was demultiplexed, and 

sequencing reads were mapped to the genome. Binding peaks were called using SEACR, and 

peaks were assigned to genes using ChIPseeker. MEME motif analysis was used to determine 

Satb2 binding motifs.  

 

snRNAseq 

P28 mice were anesthetized and brains were quickly dissected and placed into ice cold 

PBS. The brains were then sectioned at 300 µm using a vibratome. S1 regions were then 

manually excised from the brain sections and flash frozen in liquid nitrogen. Nuclei were then 

isolated and libraries made using the 10X genomics single cell gene expression workflow. 

Libraries were sequenced on the NovaSeq platform. Quality control analysis was performed 

using the Seurat workflow. Harmony (Korsunsky et al., 2019) to co-cluster the datasets and 

perform differential expression analysis.  
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CtB labeling 

Injections for tracing experiments were performed using Alexa Fluor 555-conjugated 

cholera toxin subunit-B (CtB) at a concentration of 4 mg/mL in 1XPBS injected through a pulled 

glass pipet attached to a Picospritzer III (Parker). Stereotaxic surgery was performed on P28 

mice by anesthetizing them and placing on a stereotaxic frame (Kopf). The skull was exposed, 

and coordinates were measured by using the bregma as the zero point. A craniotomy was 

performed, and the pulled glass pipet with CtB was placed on the brain surface. The needle 

was then lowered to the desired Z position, and 0.25µL was injected. After 5 minutes, the 

needle was retracted, and the skin was glued back together. Brains were analyzed 5-days later. 

Injections were performed using the following coordinates: VpM injection, AP -1 mm, ML 2.85 

mm, Z -3.35 mm, CP injection AP -3.28 mm, ML 1.3 mm, Z -4.8 mm, CC injection AP -1.7 mm, 

ML 0.8 mm, Z -1.3 mm.  

 

Image acquisition and analysis 

Images for quantitative analysis were acquired with a Zeiss 880 confocal microscope. 

Laser power and gain were adjusted until < 1% of pixels were saturated. Cell counting was 

performed on single z-slices. Images were divided into 500 μm wide regions and split into 

equally sized bins or cortical layers. A gaussian blur was applied to the image with a rolling ball 

radius of 1µm and then an appropriate threshold was set for each channel. Particles were 

analyzed with a circularity of 0.3-1.0 and size exclusion of > 1μm. The same threshold was 

used across all images between genotypes. Brightfield images were acquired with a Zeiss 

AxioImager Z2 widefield microscope with a Zeiss AxioCam 506 (color) camera.  

Statistical analysis was performed using GraphPad Prism 9.0. For each brain, the 

number of marker+ cells in the cortex were quantified in a 500 µm wide region from at least 3-

4 matching sections. Care was taken to match the anterior-posterior, medial-lateral positions 

for the chosen areas between the mutant and control genotypes. For each genotype and each 

age, at least 3 different brains were analyzed. Data are shown as mean ± SEM. Statistical 
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significance for single comparisons was determined using a nested t-test. Significance was set 

as ∗ for p < 0.05, ∗∗ for p < 0.01, and ∗∗∗ p < 0.001 for all significance tests.  

 

Western blot analysis 

P0 cortices were dissected in ice cold 1X PBS with protease inhibitor. The tissue was 

homogenized in RIPA buffer by manually triturating with a P1000 pipet tip before incubating on 

ice for 20 minutes. The cell homogenate was centrifuged at 14,000 g for 10 minutes at 4°C. 

The supernatant was removed, and proteins were denatured at 100°C for 5 minutes in laemmli 

buffer. The sample was then run on an 8% SDS-PAGE at 70V for 2 hours, transferred to a 

PVDF membrane (Sigma, IPVH85R) at 150 mA for 90 minutes. The PVDF was blocked for one 

hour in 1% non-fat milk in 1X Tris-Buffered Saline, 0.1% Tween 20 (TBST). After blocking in 

10mL solution, 2µg Satb2 antibody (rabbit, Abcam, ab34735) was added and incubated at 4°C 

overnight. The blot was then washed with TBST and incubated in Li-Cor Donkey anti Rabbit 

secondary antibody (#926-68073) at a 1:17,000 dilution for one hour and images were 

processed using ImageStudioLite. 
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