
 

 

Cortical patterning and neuronal migration are under the 

guide of BAF complex functionality 

 

 

 

Dissertation 

for the award of the degree 

‘‘Doctor rerum naturalium’’ 

Faculty of Biology 

of the Georg-August-University of Goettingen 

 

within the doctoral program Molecular Physiology of the Brain 

of the Georg-August University School of Science (GAUSS) 

 

 

Submitted by 

Godwin Sokpor 

Born in Accra, Ghana 

 

 

Goettingen, 2019



i 

 

Thesis Advisory Committee Members 

Prof. Dr. Jochen Staiger (1st) 

Department of Neuroanatomy, University Medical Center Goettingen 

Prof. Dr. Ivan Manzini (2nd) 

Department of Animal Physiology and Molecular Biomedicine, University of Giessen 

Dr. Kristine Henningfeld (3rd) 

Department of Developmental Biochemistry, University Medical Center Goettingen 

 

Members of the Examination Board: 

Prof. Dr. Jochen Staiger (First Reviewer) 

Department of Neuroanatomy, University Medical Center Goettingen 

Prof. Dr. Ivan Manzini (Second Reviewer) 

Department of Animal Physiology and Molecular Biomedicine, University of Giessen 

 

Further members of the Examination Board: 

Dr. Kristine Henningfeld  

Department of Developmental Biochemistry, University Medical Center Goettingen 

Prof. Dr. Thomas Dresbach 

Department of Anatomy and Embryology, University Medical Center Goettingen 

Prof. Dr. Ahmed Mansouri  

Molecular Cell Differentiation Group, University of Goettingen 

Prof. Dr. Anastassia Stoykova 

Department of Genes and Behaviour, University of Goettingen 

 

 

Date of the oral examination: November 27, 2019  



ii 

 

Declaration 

I hereby declare that the PhD thesis entitled ‘‘Cortical patterning and neuronal 

migration are under the guide of BAF complex functionality’’ is a product of my intellect, 

except for sources and aids cited. 

 

Godwin Sokpor 

 

Goettingen, September 30, 2019 

  

 

 

  



iii 

 

TABLE OF CONTENTS 

Chapter 1: General Introduction             1 

 

Chapter 2: Epigenetic regulation by BAF (mSWI/SNF) chromatin remodeling  

                   complexes is indispensable for embryonic development     30  
 

 

Chapter 3: BAF (mSWI/SNF) complex regulates mediolateral patterning  

                   in developing forebrain         46 

 

Chapter 4: Loss of BAF complex in developing cortex perturbs neuronal  

                   migration and process outgrowth in a WNT signaling-dependent  

                   manner                      95 

 

Chapter 5: General discussion        141 

 

General summary                                                                                                    150 

References                                                                                                               151 

List of figures                                                                                                           173 

List of abbreviations                                                                                               176 

Acknowledgements         178 



 

1 

 

CHAPTER 1: General introduction 

  

Some elements in this chapter have already been published in:  

(i) Sokpor G*, Castro-Hernandez R*, Rosenbusch J, Staiger JF, Tuoc T. 2018. ATP-

Dependent Chromatin Remodeling During Cortical Neurogenesis. Front Neurosci 12: 

226.  

(ii) Sokpor G*, Xie Y*, Rosenbusch J, Tuoc T. 2017. Chromatin Remodeling BAF 

(SWI/SNF) Complexes in Neural Development and Disorders. Front Mol Neurosci 10: 

243. 

*Authors with equal contribution. 

Personal contributions: I wrote the introduction, the part on chromatin remodeling in 

cortical development, and synthesized the two major aspects of the review in (i). The 

part on the properties of the BAF complex and its neurodevelopmental functions in (ii) 

were written by me. I also contributed to synthesizing the neurodevelopment and brain 

disease aspect of (ii).  

 
 

1.1 Development of the mammalian brain 

The complexities in the anatomy and function of the mammalian brain is reflective of 

the many cell biological and molecular events governing its formation. Beginning from 

the stage of neural induction, the embryonic brain cells or tissues are believed to be 

instructed by a myriad of factors leading to their specification, expansion, 

transformation, organization, and specialization, in order to make the brain have its 

correct form to be able to perform the many high-level cognitive and sensorimotor 

functions. Although the developmental processes which drive brain organogenesis are 

interlinked, it is possible to isolate the contribution and effect of specific processes that 
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participate in the morphogenesis of the brain. Notable among them are the very early 

patterning processes: required for the structural and functional division of the brain, 

neurogenesis and gliogenesis: which involve the generation of the brain parenchyma, 

and the process of migration: needed for proper placement of neural cells for optimal 

maturation. The integrity of the brain cannot accommodate compromise of the normal 

progression of such separable neurodevelopmental events because of their 

indispensable contributions to proper brain genesis and functionality. 

 
 

1.1.1 Early patterning of the dorsal telencephalon during mammalian forebrain 

development  

After neural induction, the most rostral/anterior aspect of the neural tube develops into 

the left and right telencephalic vesicles which become the future hemispheres of the 

cerebral cortex following robust topological changes. The telencephalic vesicles 

undergo a major subdivision into the dorsal (pallium) and ventral (subpallium) 

telencephalon under the instruction of the dorsal midline roof plate. Essentially, it is the 

dorsal part of the telencephalon that transforms into the cortex proper and dorsal 

midline when it is exposed to several morphogenetic signaling molecules secreted by 

specialized domains referred to as ‘‘organizers’’. The cortical organizers include the 

cortical hem, antihem, anterior neural ridge, and roof plate. Molecular products of these 

cortical organizing centers, together with the activity of other factors with diffusible or 

graded expression, direct regionalization and arealization of the cerebral cortex (Fig. 

1.1; (Wilson & Rubenstein, 2000; Rallu et al., 2002; O'Leary et al., 2007)).  
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Figure 1.1 Schematics showing general patterning of the mouse telencephalon or cortex: (A) 
Illustrates regional telencephalic division in which the dorsal part of the telencephalon is demarcated 
from the ventral aspect by the antihem (palial-subpallial border). The neocortex and medial cortex 
comprise the dorsal telencephalon. The medial cortex is in turn made up of the hippocampal anlage, 
cortical hem, and choroid plexus (CPx). (B) Shows illustration of the areal and/or functional sub-division 
of the cortex. The motor/frontal (F), primary sensory (S1), primary visual (V1) and primary auditory (A1, 
asterisked) cortical areas are indicated. Rostral (R) and lateral (L) orientations are shown. 

 

The specification and regionalization of the dorsal telencephalon is regulated by some 

transcription factors, and secreted signaling molecules called morphogens (Fig. 1.2). 

Neurogenins 1 and 2, which belong to the basic helix-loop-helix (bHLH) family of 

transcription factors are expressed in dorsal telencephalic progenitors and reported to 

contribute to the establishment of dorsal telencephalic identity (Fode et al., 2000). The 

exclusion of the ventral telencephalic maker Mash1, a bHLH protein, from the dorsal 

telencephalon is necessary to allow cortical specification (Fode et al., 2000). The zinc 

finger transcription factor Gli3 and LIM homeobox transcription factor LHX2 are also 

powerful determinants of cortical regions. Lack of Gli3 resulted in perturbation of medial 

cortical region (hippocampal identity) in favor of the acquisition of ventral telencephalic 

identity (Tole et al., 2000). LHX2 on the other hand is a definitive selector of neocortical 

identity. It selects and specifies dorsal telencephalic progenitors to adopt a cortical 

ventricular zone (VZ) progenitor fate leading to formation of the neocortex (Monuki et 

al., 2001; Mangale et al., 2008).  
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Figure 1.2 Synopsis of the regulatory events during cortical patterning: Induction of the 
telencephalon is initiated by the anterior neural ridge-FGF8-Foxg1 pathway coupled with activity of the 
dorsal midline roof plate which is in turn regulated by the sonic hedgehog (Shh) pathway. The dorsal 
aspect of the telencephalon is specified under the instruction of factors, including neurogenins (1 and 2) 
and Gli3. The transcription factor LHX2 then confers cortical ventricular zone fate to a portion of the 
dorsal telencephalic neural progenitors, with some hierarchical modulatory input from Foxg1 and 
probably from the neurogenins. The later event, alongside possible response to secretions from the 
anterior neural ridge lead to regional patterning of the cortical primordium. The transcription factors 
Emx2 and Pax6, and morphogens secreted directly or indirectly from the dorsal midline structures (roof 
plate, and cortical hem) are key determinants of cortical progenitor identity. Ultimately, the cortex is 
arealized by the graded expression of morphogens and some other transcription factors as indicated. 
Notably, extrinsic mechanism, including thalamocortical inputs, may contribute to the establishment of 
functional cortical areas. Arrows with broken line indicate possible effect. Red, green and purple labels 
refer to events outside, inside, and from the cortical hem, respectively. Modified from (Monuki & Walsh, 
2001). 

 
 

The cortical hem, a dorsal midline structure bordered by the choroid plexus and 

hippocampal anlage, also plays critical role in the regionalization of the dorsal 

telencephalon (Fig. 1.1A). It is a hub for the secretion of morphogens needed for early 

cortical patterning. Key among such hem-derived morphogens are the WNT (Grove et 

al., 1998) and BMP (Furuta et al., 1997) proteins. The WNT signaling factors in 

particular are involved in priming the adjacent medial cortical VZ progenitors that 

results in the induction of the hippocampal primordium (Galceran et al., 2000; Lee et 

al., 2000; Zhou et al., 2004; Machon et al., 2007).   
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On the other hand, arealization or areal patterning of the cortex is the process by which 

the neocortex is organized into discrete anatomical domains that subserve the 

sensorimotor functions of the mammalian cortex (Fig. 1.1B, (O'Leary et al., 2007)). 

Morphogens also play central roles in such areal patterning of the cortex. They have a 

local source of production from which they diffuse to other locations to establish their 

morphogenic effect(s)─patterning in this context (Borello & Pierani, 2010). 

Morphogens from the patterning centers, cortical hem (WNTs and BMPs), and 

commissural plate (formerly the anterior neural ridge) (FGF8 and FGF17) are notable 

regulators of cortical arealization. Likewise, graded expression of transcription factors 

such as Pax6, Emx2, Sp8, and COUP-TF1 is necessary for the determination of 

cortical areas and sizes during cortical arealization (Fig. 1.1; (reviewed in (O'Leary et 

al., 2007)). 

 

1.1.2 Abnormal regulation of early dorsal telencephalic patterning can perturb 

cortical regionalization and arealization 

The mechanistic interplay between several regulatory factors of early patterning of the 

dorsal telencephalon is critical for correcting subdivision and later ontology of the 

cortex. Distortion of any aspect of the said regulatory network usually results in 

abnormal patterning. For instance, during early patterning, the interaction between 

morphogens belonging to the FGF, WNT, and BMP families play pivotal roles in the 

specification and regionalization of the dorsal telencephalon (Shimogori et al., 2004). 

Consequently, their dysregulation greatly disrupts proper formation of the dorsal 

telencephalon, including later cortical morphogenesis like formation of the 

hippocampus and corpus callosum (Grove et al., 1998; Theil et al., 1999; Tole et al., 

2000; Crossley et al., 2001; Ohkubo et al., 2002; Shimogori et al., 2004; Storm et al., 
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2006; Benadiba et al., 2012; Amaniti et al., 2013; Magnani et al., 2014). Interestingly, 

Gli3 has been identified as the factor that centrally regulates the interactions between 

the aforementioned morphogens and to maintain their homeostatic balance 

(Hasenpusch-Theil et al., 2017). Accordingly, ablation of Gli3 leads to overexpression 

of FGFs, whereas WNTs and BMPs are downregulated (Grove et al., 1998; Theil et 

al., 1999; Kuschel et al., 2003; Rash & Grove, 2007).   

 

Similarly, disturbance in the expression of other key transcription factors known to play 

significant roles in early cortical patterning can have implications for abnormal cortical 

patterning. Some of these transcription factors specifically act to regulate the formation 

and placement of the cortical hem which is a notable telencephalic organizer 

(Subramanian & Tole, 2009a). The transcription factors FOXG1 and LHX2, for 

instance, interact hierarchically to regulate the size of the cortical hem and by extension 

the dorsal telencephalon (Godbole et al., 2018). A dorsal telencephalon with an 

exaggerated cortical hem size, reduced/lateralized neocortex, and without 

hippocampal primordia results when FOXG1 and LHX2 are mis-expressed in the early 

developing telencephalon (Bulchand et al., 2001; Monuki et al., 2001; Mangale et al., 

2008; Roy et al., 2014; Godbole et al., 2018). Commonly, perturbation of many of the 

factors that regulate pattering of the dorsal telencephalon by acting on the hem, results 

in phenotypes including, fate change of hem progenitors, expansion or reduction of the 

hem size, reduced in hippocampal anlage or absolute absence of it leading to loss of 

medial cortical patterning, expansion or absence of the antihem, reduced or complete 

absence of the cortical primordium/neocortex, and expansion of the choroid plexus 

(Xuan, SH et al., 1995; Huh et al., 1999; Monuki et al., 2001; Muzio & Mallamaci, 2005; 

Mangale et al., 2008; Chizhikov et al., 2010; Lavado et al., 2013; Caronia-Brown et al., 

2014; Godbole et al., 2018). 
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The formation of cortical areas are also very much tightly regulated by some 

transcription factors. The gradient expression of the transcription factors Pax6, Emx2, 

Sp8, and COUP-TF1 in cortical progenitors have been implicated in the regulation of 

cortical lamination and areal identity leading to the formation of the various functional 

cortical territories (Fig. 1.2). Such graded expression pattern is partly established by 

the involvement of morphogens produced by the cortical hem and commissural plate 

during cortical patterning (Bishop et al., 2000; Mallamaci et al., 2000; Viti et al., 2003; 

Lillien & Gulacsi, 2006; Armentano et al., 2007; O'Leary et al., 2007; Zembrzycki et al., 

2007; Toyoda et al., 2010). If the expression of the aforementioned transcription factors 

is disturbed in the developing mouse cortex, it leads to striking distortions in cortical 

areal patterning with potential implications for abnormal cortical function (O'Leary et 

al., 2007). When Pax6 gene is deleted in the early developing mouse cortical 

primordium, the resultant E18.5 cortex displays an expanded primary visual area (V1) 

leading to reduction and rostral shift of the other functional cortical areas (primary 

motor [M], sensory [S1] and auditory [A1] areas), therefore, departing from the normal 

arealized cortical patterns (Fig. 1.1B). This cortical areal phenotype is recapitulated in 

the Sp8-ablated late embryonic cortex (Zembrzycki et al., 2007). Dosage reduction in 

the amount of Emx2 expression (i.e. Emx2 heterozygosity) or upregulation of Emx2 

expression in developing mouse cortex has been reported to also alter normal areal 

patterning of the cortex (Hamasaki et al., 2004). More markedly, the E18.5 Emx2 null 

cortex is abnormally arealized and presents with enlargement of M area, enlargement 

and posterior shift of S1, and dramatic reduction and posterior shift of A1 and V1 

(Bishop et al., 2000; Mallamaci et al., 2000; Muzio et al., 2002; Muzio & Mallamaci, 

2003; Hamasaki et al., 2004; Li et al., 2006). Similarly, when COUP-TF1 expression is 

conditionally abolished in the developing cortex, the motor cortex enlarges but more 
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drastically leading to marked size reduction and posterior shift of the other cortical 

areas (Armentano et al., 2007). The above mentioned cortical areal phenotypes are 

elegantly presented (in vivo and schematized) in O'Leary et al., (2007).  

 

Given that patterning programs in cortical progenitors are transferred to their progenies 

(O'Leary & Sahara, 2008), it is possible that such cues may regulate postmitotic 

neurodevelopmental events such as the generation of neurons and their areal 

placement via migration to achieve the cytoarchitectural organization of the various 

cortical regions or areas. This brings into focus how neurogenesis and neuronal 

migration contribute to the regional and/or areal morphogenesis of the cortex. An 

understanding of regulatory mechanisms involved will thus provide further insights into 

the essentialities of late patterning events during cortical formation.    

 

1.1.3 Neuronal generation and migration are late cortical patterning events 

crucial for cortical laminar formation 

After the cortical neuroepithelium has been properly specified or patterned, the 

neuroepithelial cells therein undergo molecular and structural transformation to 

become radial glial (RG) cells starting from E10.5–E12.5 in mice (Mollgoard & 

Saunders, 1975; Aaku-Saraste et al., 1996; Hartfuss et al., 2001; Noctor et al., 2002; 

Malatesta et al., 2003; Haubensak et al., 2004; Noctor et al., 2004; Gotz & Huttner, 

2005; Kriegstein & Alvarez-Buylla, 2009; Sahara & O'Leary, 2009). In principle, this 

progenitor cell transition marks the commencement of cortical neurogenesis which 

largely determines morphogenesis of the cortex (Gotz & Huttner, 2005; Kriegstein & 

Alvarez-Buylla, 2009; Martinez-Cerdeno & Noctor, 2016). When nascent neurons are 

generated, they actively migrate from their place of birth to be placed in their respective 

cortical layers (Fig. 1.3). Cohorts of newly generated neurons maintain their parent 
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progenitor cell expression profile of patterning morphogens or transcriptional factors 

during the course of migration and in the cortical plate. It implies that cortical patterning 

events likely continue to go on at the postmitotic cell level to afford finer cortical 

patterning, including correct lamination and arealization of the neocortex (O'Leary & 

Sahara, 2008).  

 

Figure 1.3 Illustration showing the generation and placement of excitatory neurons during 
cortical formation: Cortical neurogenesis commences soon after neuroepithelial cells (NEs) transform 
into apical radial glial cells (aRGs), around which time pioneer neurons (Pio Ns) are directly generated 
by NEs or RGs to establish nascent cortical regions. Later in embryonic cortical development, RGs 
produce neurons indirectly via neurogenic amplification division of basal intermediate progenitor (bIP) 
cells or basal radial glial (bRG) cells. Figure modified from (Sokpor et al., 2018). 

 

1.1.3.1 Cortical neurogenesis and layer formation 

The bulk of (excitatory) neurons that make up the cortex are generated in the germinal 

zones of the dorsal telencephalon during embryonic stages of mouse cortical 

development (Angevine & Sidman, 1961). These neurons are thought to be generated 

by a diverse population of neuronal progenitors which can classified based on their 
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morphologies, fate commitment, molecular features, and place of mitotic division (Lui 

et al., 2011; Florio & Huttner, 2014; Taverna et al., 2014; Dehay et al., 2015; Fernandez 

et al., 2016). Generally, neural progenitors can be categorized into apical (AP) and 

basal progenitor (BP) cells. Neuroepithelial and radial glial cells (RGs) are examples 

of APs.  

Many APs extend the full thickness of the developing cortical wall and their progenies 

are mainly either neurons or BPs. RGs in particular have apical and basal process 

anchorages with their soma residing in the VZ (Fig. 1.3; (Cameron & Rakic, 1991; 

Bentivoglio & Mazzarello, 1999; Gotz & Huttner, 2005; Kriegstein & Alvarez-Buylla, 

2009)). Clonal lineage tracing revealed that RGs are the source of nearly all excitatory 

neurons in the developing cortex (Gotz & Huttner, 2005; Kriegstein & Alvarez-Buylla, 

2009; Wilsch-Brauninger et al., 2016). Many BPs, on the other hand, are 

adventricularly located (subventricular/outer subventricular zone) and do not have 

such apical or basal anchoring processes except for a sub-population called basal 

outer RGs, some of which display basal connection (Haubensak et al., 2004; Miyata et 

al., 2004; Noctor et al., 2004; Sessa et al., 2008; Kowalczyk et al., 2009; Lui et al., 

2011; Dehay et al., 2015). The BPs are known to amplify the neuronal output of RGs, 

and their population in the developing cortex is believed to increase with cortical 

evolution (Hansen et al., 2010; Kelava et al., 2012; Betizeau et al., 2013; Lewitus et 

al., 2013; Borrell & Gotz, 2014; Romero & Borrell, 2017). Generally, the generation of 

neurons from RGs (i.e. APs) is referred to as direct neurogenesis and contributes to 

the formation of deep cortical layers (Guillemot, 2005), whereas indirect neurogenesis 

is when neurons are produced from BPs such as intermediate progenitors that are 

mainly responsible for the formation of superficial cortical layers (Fig 1.3; (Sessa et al., 

2008)). 
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After progenies of neurogenic progenitors have received adequate spatiotemporal 

differentiation stimuli, they exist the cell cycle as postmitotic neurons. Pioneering 

postmitotic neurons born around E10.5 in the developing mouse cortex form the 

preplate which is subsequently split into the subplate and the marginal zone (MZ) by 

the first cohort of cortical projection neurons that express Tbr1 and born around E11.5; 

leading to the establishment of the first cortical layer (L6) in the cortical plate (CP). The 

mammalian cortical MZ develops into L1 which is populated by tangentially migrated 

Reelin-expression Cajal-Retzius cells, whereas the subplate persists as noticeable 

strip of neurons just below L6 (Molliver et al., 1973; Marin-Padilla, 1978). Subsequent 

waves of temporally generated cortical neurons migrate to form the other cortical layers 

L5–2 (Molyneaux et al., 2007). With their differentiation program switched on, the newly 

generated neurons undergo extensive structural and functional transformation that 

permit their circuit integration in the cortex.  

 

As already mentioned, patterning cues in neural progenitors are known to linger in their 

postmitotic neuronal progenies. Initially, the expression profile of such patterning cues 

are graded but as they differentiate further, various neuronal cohorts display distinct 

gene expression boarders that delineate them. Such patterning of gene expression at 

the postmitotic level together with other extrinsic factors such as thalamic cortical 

sensory inputs relayed from the periphery are believed to underscore proper structural 

and functional parcellation of the cortex (reviewed in (O'Leary & Sahara, 2008)).  

 

1.1.3.2 Migration of principal cortical neurons during corticogenesis 

Following the temporal generation of neuronal subtypes from progenitors, the newly 

born neuron undergoes complex movement from the VZ or subventricular zone (SVZ) 

through the intermediate zone (IZ) to be placed in its specified layer in the CP in an 
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inside-out manner. It means that late-born neurons migrate past already migrated deep 

layer neurons to be placed in the superficial (upper) cortical layers. The V/SVZ-derived 

excitatory neurons classically migrate radially into the CP. Radial neuronal migration 

can occur as somal translocation or locomotion (Angevine & Sidman, 1961; Nadarajah 

et al., 2001; Kriegstein & Noctor, 2004). During early stages of cortical formation, some 

early-born neurons migrate mainly by somal translocation, which entails the 

neurogenic differentiation of RGs leading to detachment of their apical disconnection 

followed by progressive or continual shortening of the basal processes (RG fibers) that 

results in upward movement and final placement of the somas (neurons) in the CP 

(Fig. 1.4A/B; (Miyata et al., 2001; Nadarajah et al., 2001)). Technically, except for the 

physical traction force provided by the basally anchored radial glial fiber, neurons 

migrating by somal translocation are not under the molecular guidance of the radial 

glial fiber (Nadarajah et al., 2001; Marin & Rubenstein, 2003; Hawthorne et al., 2010).  

 

 

Figure 1.4 Schema showing modes of radial neuronal migration in the cortex: (A) Shows overview 
of the forms of glial-guided migration of neurons in the cortex (Cx). The ventricular zone is marked in 
red. (B) Zoom-in showing somal translocation of early-born projection/pyramidal neuron. The radial glial 
cell (RGC) disengages from the adherens junction belt (indicate in purple) at the ventricular surface and 
the soma is progressively moved upwards via shortening of the glial fiber length (depicted by upward 
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vertical arrows) to be properly place in the nascent cortical wall or plate as diffferentiated projection 
neuron (PN). (C) Zoom-in showing the illustration of locomotion in the cortex. Locomotion is the mode 
of radial migration prominently adopted by late-born neurons. During locomotion the RGC maintains its 
apical and basal anchorage. After a RGC generates a neuron (step 1), the newborn neuron attaches to 
the glial fiber (step 2) and migrates out of the ventricular zone (VZ) into the subventricular zone (SVZ). 
It then detaches from the glial fiber on reaching the intermediate zone (IZ) and spends some time in the 
form of a multipolar neuron (MN) in the IZ (step 3). The MP neuron then switches morphology to a 
bipolar neuron (BN) and re-attaches to the glial fiber to resume locomotion (step 4) with a leading 
process facing pial surface and a trailing process directed towards the ventricular surface. In the cortical 
plate (CP), the BN undergoes somal translocation to be final placed in its specified layer (step 5) when 
it makes contact with the marginal zone (Nadarajah et al., 2001; Noctor et al., 2004). 

 

Locomotion on the other hand is a multimodal and challenging means of radial 

migration mainly used by later-born cortical neurons to exist their site of generation to 

the appropriate cortical laminar. The neurons migrating by locomotion use RG fiber 

molecular guidance cues such as cell-cell adhesion and radial orientation to reach their 

final destination in the CP. Locomoting neurons have bipolar morphology with a leading 

process (future dendrite) facing the pial surface and a trailing process in the direction 

of the VZ which becomes the future axon. They also exhibit a stationary phase during 

their long radial journey which is not seen in somal translocation (Fig. 1.4A/C; (Noctor 

et al., 2004; Ayala et al., 2007; Hatanaka & Yamauchi, 2013)). Generally, neurons 

migrate by locomotion using the following key mechanics: formation and elongation of 

a leading process, neucleokinesis, and retraction of the trailing process (Marin et al., 

2010). As cartooned in Figure 1.4C, the newly born neuron first migrates out the V/SVZ 

using the radial glial scaffold, cytoskeletal remodeling, and cell adhesion dynamics. 

When it reaches the border between the SVZ and IZ, it detaches from the glial fiber, 

acquires a multipolar morphology, and pauses migration to briefly stay in the IZ. The 

stationary phase in the IZ is believed to be important for collection of molecular 

instructions that ensure acquisition of proper orientation and timing signals for further 

migration. After sufficient molecular conditioning in the IZ and synaptic contacts with 

subplate cells, the multipolar neuron then reverses to bipolar morphology and re-

attaches to the RG fiber to continue locomotion into the CP (Noctor et al., 2004; Ayala 
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et al., 2007; Mizutani, 2018; Ohtaka-Maruyama et al., 2018). Locomotion ends with a 

final stage of somal translocation when the leading process of the radially migrating 

neuron makes contact with the MZ leading to final detachment from the glial scaffold 

and placement of the soma in its designated position. Late-born neurons normally 

locomote past migrated early-born neurons such that cortical lamination is largely 

inverted. That is, the first cohort of cortical neurons form L6 located close to the 

ventricular surface, while the latest-born neurons form L2/3 located under L1 

(Nadarajah et al., 2001; Kriegstein & Noctor, 2004). 

 

1.1.3.2.1 Dysregulation of neuronal migration leads to abnormal cortical 

lamination and formation 

A plethora of factors are reported to regulate the generation, migration and final 

placement of cortical neurons in the developing cortex. Specific transcriptional factors 

in the neuronal transcriptome, signaling pathways, and epigenetic programs have been 

linked to the normal progression of radial neuronal migration to grant correct cortical 

cytoarchitectonics and axonal pathfinding (Kwan et al., 2012; Evsyukova et al., 2013). 

Notably, transcription factors like the T-box brain factor 1 (TBR1), fez family zinc finger 

2 (FEZF2), and sex determining region Y-box 5 (SOX5) control migration of lower layer 

neurons to form deep cortical laminae (L6 and L5) (Hevner et al., 2001; Kwan et al., 

2008; Lai et al., 2008; Han et al., 2011). On the other hand, the cell leukemia/lymphoma 

11a (BCL11B/CTIP2), special AT-rich sequence binding protein 2 (SATB2), and the 

POU domain transcription factors POU3F2 (BRN2) and POU3F3 (BRN1), regulate 

positioning of late-born neurons during superficial cortical laminae formation (McEvilly 

et al., 2002; Sugitani et al., 2002; Alcamo et al., 2008; Britanova et al., 2008; Wiegreffe 

et al., 2015).  
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Many factors involved in intracellular signal transduction have also been shown to play 

important roles in regulating radial migration of cortical neurons and related layer 

formation. Signaling cascades such as the Mitogen-activated protein kinase (MARK), 

Epidermal growth factor receptor (EGFR), RHO, REELIN, Fibroblast growth factor 

(FGF), NOTCH, Bone morphogenetic protein (BMP), and Wingless/Int (WNT) 

pathways are known to guide newly generated cortical neurons from their place of birth 

to their layer destination. Subtle perturbation of such signaling pathways can trigger 

observable alterations in cortical neuronal migration and positioning (reviewed in 

(Harrison-Uy & Pleasure, 2012; Evsyukova et al., 2013). The WNT signaling in 

particular is a formidable regulator of cortical layer formation. Early activation of WNT 

signaling in neural progenitors resulted in loss of upper layer formation (Wrobel et al., 

2007). Similarly, WNT activation at mid-corticogenesis preferentially disrupted upper 

cortical layer formation (Mutch et al., 2010). A more mechanistic insight was provided 

by a recent study which showed that transient downregulation of WNT signaling during 

the multipolar phase of radial neuronal migration is necessary to condition multipolar 

neurons to adopt bipolar morphology suitable for locomotion (Boitard et al., 2015).  

 

The emerging role of epigenetic factors in neural development is also been realized in 

the orchestration of oriented-neuronal migration during cortical development. Activity 

of some micro RNAs (Delaloy et al., 2010; Clovis et al., 2012), and a component of the 

RNA biogenesis machinery, Dicer (Shibata et al., 2008; McLoughlin et al., 2012; 

Baudet et al., 2013), have been reported to play key roles during radial migration of 

cortical neurons. Likewise, dysregulation of the histone methyltransferase enhancer of 

zest homolog 2 (Ezh2), a subunit of the Polycomb repressor complex 2 (PRC2), 

perturbed neuronal orientation during radial migration (Zhao et al., 2015). Interestingly, 
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depletion of a corepressor of chromatin remodeling complexes (CoREST), resulted in 

abnormal radial migration due to defective multipolar-to-bipolar transition of migrating 

cortical neurons (Fuentes et al., 2012). Hence, it is not surprising that chromatin 

remodelers themselves are important regulators of radial neuronal migration during 

cortical histogenesis. At least, this is known for some ATP-dependent chromatin 

remodeling complexes. For instance, the nucleosome remodeling deacetylase NuRD 

complex and chromodomain-helicase-DNA binding protein 8 (CHD8) have been 

implication in cortical neuronal migration anomalies (Nitarska et al., 2016; Xu et al., 

2018). Similarly, Brm and Ctip1, a core and variable component of the BAF complex, 

respectively, have also been reported to instruct migration of cortical neurons. It was 

shown that in the absence histone deacetylase 2 (HDAC2) S-nitrosylation, Brm 

expression is impaired leading to disturbance of radial migration in the cortex (Nott et 

al., 2013). Ctip1 on the other hand negatively regulates the transcription of the 

semaphorin Sema3c to permit proper multipolar to bipolar morphology switch during 

radial migration (Wiegreffe et al., 2015). 

Frequently, abnormal neuronal migration engenders various structural and function 

anomalies of the developing mammalian cortex which results in several syndromic and 

non-syndromic neurodevelopmental disorders (Evsyukova et al., 2013). By way of 

synopsis, various modes of neuronal migration aberration imputable to molecular 

dysregulation during development of the cortex typically culminate in phenotypes such 

as: (i) delayed migration or complete neuronal immotility, (ii) neuronal 

polarization/differentiation incompetence, (iii) delayed or absolute abolishment of 

multipolar-to-bipolar transition, (iv) misplacement of neurons leading to cortical mis-

lamination, (v) ectopic nodular aggregation of neurons, (vi) abnormal projection of 

neuronal axons (tracts), (vii) over migration of neurons, (viii) neuronal apoptosis, (ix) 
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abnormal neuronal circuitry, (x) loss of cortical regionalization and/or arealization, and 

(xi) focal or global cortical hypoplasia. These and many other concurring histologic 

disturbances can have an overall devastating effect on normal cortical (brain) function; 

which can clinically present as cognitive or intellectual deficits and/or loss of 

sensorimotor functions (reviewed in (Evsyukova et al., 2013)).   

 

1.2 The BAF complex and its involvement in neural development   

The Brg1/Brm associated factor (BAF) complex is a prominent chromatin regulator 

known to affect many aspects of cell biological processes mainly because of its 

involvement in the modulation of many epigenetic mechanisms. Emerging 

investigations have identified the BAF complex to play critical roles during embryonic 

and postnatal neural development. As such, many of its specific roles during brain 

morphogenesis have been substantially elucidated (Sokpor et al., 2017; Sokpor et al., 

2018).  

Despite its neurodevelopment regulation prowess, the BAF complex is, however, 

amenable to dysregulation that can result in abnormal modification of chromatin 

conformation which is capable of causing neurodevelopmental disturbances. Indeed, 

several syndromic and non-syndromic neurological disorders have been ascribed to 

mutations or mis-regulation of BAF complex subunits (reviewed in (Sokpor et al., 

2017)). This has made many biologists and clinicians to be interested in dissecting the 

mechanisms through which the BAF complex acts to orchestrate neural development 

so as to unravel potential remedies for related neurodevelopmental anomalies. 

 

1.2.1 Biochemical properties of chromatin remodeling BAF (SWI/SNF) complex 

The SWI/SNF (SWItch/Sucrose Non-Fermentable) complex is a multi-protein complex 

known to be important in many cell biological processes in health or disease, and 
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during evolution (Son & Crabtree, 2014; Kadoch et al., 2016; Lu & Allis, 2017; Sokpor 

et al., 2017; Stiller et al., 2018; Alfert et al., 2019). The BAF or mammalian (m)SWI/SNF 

complex, unlike the yeast version, is bulkier (~2 MDa) because it is composed of many 

more subunits (at least 15) in vivo (Neigeborn & Carlson, 1984; Wang, WD et al., 1996; 

Lessard et al., 2007; Wu et al., 2007). Generally, the BAF complex functions as a 

chromatin remodeler through the expenditure of energy obtained from the hydrolysis 

of ATP to mobilize parts of the nucleosome or the whole nucleosomal unit leading to 

increased accessibility of transcription or epigenetic factors to the genomic domains of 

chromatin and ultimate regulation of gene expression (Cairns, 1998; Phelan et al., 

1999; Whitehouse et al., 1999; Gong et al., 2006; Gutierrez et al., 2007; Ho et al., 

2009a; Tang et al., 2010; Hu et al., 2011; Tolstorukov et al., 2013). Together with the 

PRC2, the BAF complex regulate the fluidity of chromatin state via regulating the 

stoichiometry of heterochromatin and/or euchromatin signatures that translate into the 

establishment of gene expression modalities (Hara & Sancar, 2002; Gong et al., 2006; 

Ho et al., 2009a; Ho et al., 2011; Hu et al., 2011; Tolstorukov et al., 2013; Nguyen et 

al., 2016; Kadoch et al., 2017; Nguyen et al., 2018). 

 

The aforementioned ATPase activity is inherent to the BAF complex because it 

possesses exchangeable ATPases, namely Brahma (BRM) and BRM/SWI2 related 

gene 1 (BRG1), which are known to be core subunits of the complex (Neigeborn & 

Carlson, 1984; Wang, WD et al., 1996; Lessard et al., 2007; Wu et al., 2007; Kadoch 

et al., 2013; Narayanan et al., 2015; Bachmann et al., 2016). The other characterized 

core subunits include two scaffolding subunits BAFF155 and BAF170, which are 

indispensable for the stable assembly of the other subunits in the complex (Fig. 1.5A/B; 

(Phelan et al., 1999; Chen & Archer, 2005; Narayanan et al., 2015; Bachmann et al., 

2016; Nguyen et al., 2016; Nguyen et al., 2018)). Many of the remaining subunits are 
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variably incorporated into the complex depending on their biochemical demand in the 

cell. See Sokpor et al. (2017) for a comprehensive list of known BAF complex subunits. 

Together with the core subunits, these variant subunits can be assembled in 

combinatorial fashion or substitution of some subunits for their paralogs/isoforms to 

yield hundreds of functionally distinct BAF complexes that exhibit some cell type 

specificity. For instance, npBAF complex is only found in neural progenitors, and nBAF 

complex is exclusive to postmitotic neurons (Fig. 1.5A, (Lessard et al., 2007; Wu et al., 

2007; Kadoch et al., 2013; Tuoc et al., 2013)). Recently, the olfactory neural stem cell 

(onsc)BAF and olfactory neuron (on)BAF complexes were reported to be operational 

in the olfactory neuroepithelium (Bachmann et al., 2016).  

 

Apart from altering chromatin conformation, another possible function that unifies the 

various cellular types of the SWI/SNF (BAF) complexes is their role in maintaining 

lineage-specific enhancers and promoters (Ho et al., 2009b; Ho et al., 2011; Bossen 

et al., 2015; Barutcu et al., 2016; Alver et al., 2017; Wang et al., 2017). The chromatin-

binding capacity of the BAF complex is afforded by the several DNA- and histone-

binding motifs possessed by some of the subunits in the complex (reviewed in (Sokpor 

et al., 2017)).  

 

1.2.2 The multi-functional role of BAF complex in neural development 

The existence of several neurodevelopment and neuropsychiatric disorders 

consequent to specific mutations or genetic ablations of BAF complex subunits is 

reflective of the indispensability of the BAF complex in neural tissues. Indeed, a host 

of investigations have implicated various components and/or the entire BAF complex 

functionality to be involved in the regulation of several aspect of neural development, 

including neural progenitor specification and proliferation, neurogenic/gliogenic 
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differentiation, neuronal maturation, and synaptogenesis (Fig. 1.6; (Sokpor et al., 

2017)).  

 

 
 
Figure 1.5 Models showing the known forms of BAF complexes in neural cells and genetic 
scheme for entire BAF complex knockout: (A) Image shows a cartoon of the BAF complex reported 
to be found only in neural progenitors (npBAF complex). The npBAF is especially distinguished by the 
following BAF subunits: BAF53a, BAF45a and BAF45d among others as indicated. The BAF complex 
found in neurons (nBAF complex) is formed when the said BAF subunits are respectively replaced by 
their isoforms as indicated i.e. BAF53b, BAF45b and BAF45c (Lessard et al., 2007; Wu et al., 2007; 
Bachmann et al., 2016). (B) Illustration shown that double deletion of the BAF complex subunits BAF155 
and BAF170 leads to disassembly of the other subunits which then become targeted by the ubiquitin 
(Ub) proteasome complex leading to their elimination via degradation. Red cross denotes deletion 
(Narayanan et al., 2015). 

 

What then makes the BAF complex have such neurodevelopmental plurality and 

specificity? First, the BAF complex is ubiquitously expression in the body with 

demonstrable prominence in the central nervous system (Smith-Roe & Bultman, 2013; 

Alexander et al., 2015; Nguyen et al., 2016). 
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Figure 1.6 Schema showing overview of the multiple neurodevelopmental functions of the BAF 
(mSWI/SNF) complex: The BAF complex, epigenetic factors (including non-coding [nc] RNA), and 
transcription factors control gene expression. Transcription factors and ncRNAs recognize and bind to 
specific DNA sequences. The recruitment of BAF complex and other epigenetic factors to the genome 
leads to alteration of epigenetic marks (e.g., histone methylation, Me; histone acetylation, Ac) and 
chromatin conformation in order to activate or repress a specific gene expression program in neural cell 
lineages. Many BAF complex subunits as indicated, have been associated to the regulation of specific 
processes during neural development. NSC; neural stem cell (Sokpor et al., 2017). 

 

Second, BAF complex may be uniquely assigned to the establishment of specific 

chromatin landscape(s) to elicit particular neurodevelopmental transcriptional 

programs different from those orchestrated by other chromatin remodelers (Sokpor et 

al., 2018). Third, a possible interplay between BAF complex and other powerful 

signaling determinants of neural development may exist. A notable means by which 

BAF complex likely establishes its effect on neural genesis is through its interaction 

with factors or targets of the WNT (Barker et al., 2001; Vasileiou et al., 2015), Notch, 

and Sonic hedgehog (Zhan et al., 2011) signaling cascades, which are prominent 

pathways implicated in the regulation of many developmental processes, including 

patterning. During neural development, the BAF complex controls WNT signaling in a 

bimodal manner, i.e. by inhibition or activation. However, its opposing counterpart, the 

PRC2, antagonizes WNT signaling or its targets to establish a homeostatic balance 
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between the rate of progenitor proliferation and neurogenic fate acquisition (Barker et 

al., 2001; Hirabayashi & Gotoh, 2010; Ronan et al., 2013; Vasileiou et al., 2015; 

Nguyen et al., 2018). 

 

1.2.2.1 Role of BAF complex in neural progenitor specification and proliferation 

The specification and patterning of neural cells/tissues is central to the proper 

morphogenesis of the nervous system. The BAF complex has been identified as a 

possible player in the specification of naïve cells (i.e., embryonic stem cells) to acquire 

neural fate during development (Ho et al., 2009a; Ho et al., 2009b; Hirabayashi & 

Gotoh, 2010; Juliandi et al., 2010; Coskun et al., 2012; Ronan et al., 2013; Yao et al., 

2016). Accordingly, it was shown that complete abrogation of BAF complex under 

Foxg1-Cre driver in the early developing brain led to partial or incomplete specification 

of telencephalic tissues (Narayanan et al., 2015; Nguyen et al., 2016). Likewise, the 

olfactory neuroepithelium in such BAF complex mutants was not specified (Bachmann 

et al., 2016). Invariably, the early deletion of BAF complex hampered overall 

development leading to early embryonic lethality (Nguyen et al., 2016). 

 

Neural progenitor or stem cells are the first cohort of cells to be established in the 

properly specified neuroepithelium. To increase their pool and reserves for later 

expansive development, neural progenitors must self-renew and/or proliferate. The 

BAF complex has been reported to play key roles in directing proliferation of neural 

progenitors and the temporal switch to differentiative mode during neurodevelopment. 

To initiate proliferation and maintain multipotency in neural progenitors, the derivation 

of npBAF complex from the embryonic stem cell (esc)BAF complex is required 

(Lessard et al., 2007; Staahl et al., 2013; Bachmann et al., 2016). In vitro evidence 

alongside studies in worms and rodents have shown that the BAF complex subunits, 
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including Brg1 (psa-4, in worm), BAF155 (psa-4, in worm), BAF170, BAF45a/d, and 

BAF53a (Bultman et al., 2000; Kim et al., 2001; Matsumoto et al., 2006; Lessard et al., 

2007) regulate neural cell proliferation. Recently, it was shown that partial ablation or 

complete inactivation of BAF complex resulted in increased neural progenitor cell 

proliferation at the expenses of differentiation which resulted in perturbation of cortical 

neurogenesis and formation (Nguyen et al., 2018; Holdhof et al., 2019). Fully primed 

neurogenic progenitors were reported to acquire or reverse to early neuroepithelial 

progenitor fate following ablation of BAF complex in the forebrain at mid-stage 

corticogenesis (Nguyen et al., 2018). These recent findings consolidate the importance 

of BAF complex as an epigenetic regulator of neural progenitor cell proliferation and 

specification. 

 

1.2.2.2 BAF complex regulates neuronal differentiation and subtypes generation 

After the multipotent neural progenitor cell pool has been adequately established in the 

germinal zones of say the embryonic forebrain, many intrinsic and extrinsic factors act 

as differentiative cues to stimulate acquisition of unipotent fate which ultimately leads 

to neural progenitors differentiating into neurons (Guillemot, 2007; Kriegstein & 

Alvarez-Buylla, 2009; Taverna et al., 2014). The need for such neurogenic 

differentiative schemes calls for alterations in the epigenetic milieu as well. Chromatin 

remodelers are notable regulators of such epigenetic modifications in neural stem cells 

leading to their differentiation (Juliandi et al., 2010). In the case of the BAF complex, 

there is competition in subunit dosage integration and isoform substitution leading to 

re-composition of the npBAF to form nBAF complex (Fig. 1.5A) which is 

mechanistically partly mediated by the transcription factors Tbr1, Tbr2, and Pax6, and 

some microRNAs (Lessard et al., 2007; Wu et al., 2007; Tuoc et al., 2013; Bachmann 



 

24 

 

et al., 2016; Elsen et al., 2018). The BAF complex has been shown to play a decisive 

role in the adoption of direct versus indirect neurogenesis (Sawa et al., 2000; Tuoc et 

al., 2013), where the latter is favored over the former to promoted cortical expansion 

via promotion of basal progenitor cell generation. During cortical development, the BAF 

complex can repress Pax6 targets leading to the predominance of direct over indirect 

neurogenesis by increasing dosage of BAF170 in the complex. However, to switch to 

indirect neurogenic mode, BAF155 dosage is increased at the expense of BAF170 

(Tuoc et al., 2013). Interestingly when Brg1 is loss in the BAF complex, the neuronal 

differentiation program is blocked in favor of gliogenic differentiation which is 

phenocopied in the Pax6-ablated cortex (Ninkovic et al., 2013; Petrik et al., 2015).  

 

For the most part, the capacity to generate neurochemical and functional distinctions 

among the population of neurons that comprise the cortical laminae during brain 

development may be inherently encoded in cortical neuronal progenitors and 

modulated epigenetically at the postnatal stages of cortical development (Greig et al., 

2013; Harb et al., 2016). There is compelling evidence indicating that the chromatin 

remodeling BAF complex is essential for establishing neuronal diversity programs that 

lead to the generation of the various neuronal subtypes during cortical neurogenesis. 

Notable among them is the requirement of the dual role of BAF155 and BAF170 in 

switching on the gene expression programs that confer upper layer neuronal identity 

at late embryonic neocortical development (Tuoc et al., 2013). BAF100a (Bcl11a/Ctip1) 

and BAF100b (Bcl11b/Ctip2) have been shown to also play critical roles in the 

determination of subclass identity of the many projection neurons generated during 

corticogenesis. Detailed mechanisms involved are reviewed in Sokpor et al., (2017). 
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1.2.2.2 Neuronal migration, maturation, and synaptogenesis are regulated by 

BAF complex 

Immature postmitotic neurons undergo some developmental changes culminating in 

their morphological differentiation that contributes to their normal migration and 

functional maturation. As previously mentioned, some subunits of the BAF complex 

may cooperate with other factors to regulate neuronal migration (Nott et al., 2013; 

Wiegreffe et al., 2015). The properly migrating/migrated neurons further undergo 

structural and functional differentiation to become mature. Important among such 

maturation processes are the elaboration of axons (axonogenesis), and the 

development of dendrites (dendritogenesis) needed for the formation of synapses. 

Dysregulation of neuronal axonogenesis and dendritogenesis underpins many 

neurodevelopmental anomalies. Chromatin remodeling factors contribute to the 

molecular regulation of neuronal axon formation, pathfinding, and dendritic outgrowth 

and refinement (Whitford et al., 2002; Wu et al., 2007; Bachmann et al., 2016).  

 

The BAF complex is known to take part in the regulation of the morphological and 

functional maturation of neurons during neural tissue morphogenesis largely through 

control of the selection of neurites that will differentiate to become axons or dendrites 

(Whitford et al., 2002; Wu et al., 2007; John et al., 2012; Weinberg et al., 2013; 

Bachmann et al., 2016). Loss of the subunits in the neuron-specific BAF complex such 

as Brg1, BAF45b, BAF53b (or BAP55 in fly), and BAF57 disturbs activity-dependent 

dendritic development both in vitro and in vivo (Parrish et al., 2006; Lessard et al., 

2007; Wu et al., 2007; Tea & Luo, 2011). Mice with homozygous loss of say BAF53b 

present with behavioral problems (Lessard et al., 2007; Wu et al., 2007).  

Mechanistically, the BAF complex may regulate dendrites formation possibly by 
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remodeling the promoter regions of genes (e.g., GAP43 and Ephexin1) involved in 

dendritogenesis needed for neuronal circuit formation (Wu et al., 2007). It has also 

been proposed that the BAF complex may mechanistically engage in activity 

responsive Ca2+ signaling via its interaction with the transcriptional activation function 

of calcium-responsive transactivator (CREST) known to instruct dendritic 

morphodifferentiation of neurons (Aizawa et al., 2004; Wu et al., 2007). 

 

1.2.2.4 Genesis of glial cells may be controlled by BAF complex function 

After sufficient neurons are generated during neurogenesis, the neurogenic RGs 

switch fate to become glia cell-generating progenitors (Gage, 2000; Freeman, 2010; 

Rowitch & Kriegstein, 2010). The generation of astrocytes (astrogenesis), and 

oligodendrocytes (oligodendrogensis) have received much attention during 

development of the central nervous system (Rowitch & Kriegstein, 2010; Gallo & 

Deneen, 2014). Transcriptional and epigenetic programs, including chromatin 

remodeling have been implicated in the transition from neurogenesis to gliogenesis 

(Hirabayashi & Gotoh, 2010; Juliandi et al., 2010; Coskun et al., 2012; Yao et al., 

2016). The BAF complex appears to perform important role in cortical gliogenesis. 

When Brg1 or BAF170 are ablated, in the developing or early postnatal brain, there is 

precocious transition from neurogenic to gliogenic differentiation leading to early 

depletion of the neural progenitor cells pool (Matsumoto et al., 2006; Lessard et al., 

2007; Ninkovic et al., 2013; Tuoc et al., 2017).  

 

During the generation of oligodendrocytes in the cortex, the Brg1-contain BAF complex 

has been identified to cooperate with the transcription factor Olig2 to drive the 

expression of genes that promote oligodendrogenesis. As a result, Nestin-mediated 

inactivation of BRG1 during early development of the brain resulted in premature 
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expression of Olig2+ cells that were anyhow incapable of generating viable 

oligodendrocytes, if any at all (Matsumoto et al., 2006; Yu et al., 2013; Bischof et al., 

2015). It implies that the BAF complex may function as an epigenetic factor that 

represses gliogenic tendencies in the neural progenitor cell during early stages of 

corticogenesis. It is not far-fetched to conceive a possible role of BAF complex in 

astrogenesis since astrocytes or their precursors share common early progenitor cell 

ancestry with oligodendrocytes generated within the cortex.  

 

1.3 Emerging role of epigenetic factors in pre-patterning during corticogenesis  

The emergence of the idea of epigenetic pre-patterning is extending the frontiers of 

molecular regulation of brain patterning. Pre-patterning is the phenomenon in which a 

repertoire of lineage-specific genes that are transcriptionally switched off become 

temporally poised for later activation by specific regulatory factors including chromatin 

modifiers and remodelers, especially in multipotent cells (Xu & Zaret, 2012; Chen & 

Dent, 2014). The theme epigenetic pre-patterning is thus gradually gaining attention in 

the area of cortical development (Albert & Huttner, 2018; Yoon et al., 2018). Neural 

progenitor/stem cells that are located in the VZ or SVZ and generate the diverse 

projection neurons that migrate radially to form the cortical layers may be pre-patterned 

such that proneural genes that confer neuronal identity are silenced until the 

appropriated differentiation stage. Alterations in the epigenetic landscape is a plausible 

means by which pre-patterning of neural progenitors is effected (Mohn et al., 2008; 

Ziller et al., 2015).  

 

A key evidence indicating that neural progenitors are pre-patterned (primed) is that 

some neuronal genes are already expressed at low levels in a selected population of 

progenitors in the cortical germinal zones. For instance, Cux1/2 and Satb2 genes that 
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are highly expressed in upper layer cortical neurons are also expressed in some 

cortical progenitors (Nieto et al., 2004; Franco et al., 2012). Similarly, some lower layer 

neuron-specifying genes are expressed in a subset of APs in the developing cortex 

(Frantz et al., 1994; Molyneaux et al., 2005). It implies that abnormal pre-patterning 

may have detrimental consequences on the differentiation, placement (migration) and 

functional maturation of progenies of neural progenitors during cortical development.    

  

Compelling evidence pointing to the emerging influential role of epigenetic factors in 

cortical neural progenitor pre-patterning include the identification of the PRC2 as a 

regulator of the temporal progression of APs in the developing cortex (Telley et al., 

2019), and the effect of ablation of the chromatin remodeling BAF complex on cortical 

neurogenesis (Tuoc et al., 2013; Nguyen et al., 2018). The PRC2 was found to control 

the successive transmission of the molecular birthmarks from APs to their postmitotic 

progenies in a ground state that is put into full force by external differentiative cues 

(Telley et al., 2019). Intriguingly, the BAF complex, which acts in opposition to the 

PRC2, was reported to regulate the proper generation of the upper and lower layer 

neurons from neural progenitors in the developing cortex by controlling chromatin state 

permissive for Pax6 transcriptional activity (Tuoc et al., 2013; Narayanan et al., 2015; 

Narayanan et al., 2018; Nguyen et al., 2018). As a result, in the absence of BAF170 

there is over production of intermediate neuronal precursors fated to produce 

superficial cortical layer neurons. However, overexpression of BAF170 in the 

developing cortex leads to the depletion of such upper layer neurons (Tuoc et al., 

2013). Deletion of BAF155, a paralog BAF170, probably resulted in abnormal priming 

of APs leading to potentiation of BP generation without commensurate increase in 

neuronal output during corticogenesis (Narayanan et al., 2018). Interestingly, the 

complete inactivation of BAF complex via double deletion of BAF155 and BAF170 in 
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embryonic neural progenitors resulted in severe impairment of neurogenesis leading 

to diminished generation of upper and lower layer neurons (Nguyen et al., 2018). The 

BAF complex may also act epitranscriptomically through interaction with RBM15, a 

component of RNA methylation machinery, to regulate pre-patterning of cortical 

progenitors during forebrain development (Xie et al., 2019). 

 

1.4 General objectives of the studies 

The various specific objectives of the studies presented in chapters 2–4 were 

collectively aimed at further dissecting the roles of the chromatin remodeling BAF 

complex in orchestrating development of the mammalian cerebral cortex. Specifically, 

the investigations in chapter 2 aimed at providing further insight into how the BAF 

complex stability is maintained by its subunits BAF155 and BAF170 and the 

consequence of their ablation in the epigenetic regulation of cortical development. In 

chapter 3, the aim was to determine if and how the BAF complex is involved in 

regulating very early cortical developmental events that lead to the specification and 

subdivision of the cortical primordium during patterning of the cortex. The work in 

chapter 4 was essentially aimed at unraveling the involvement of BAF complex in the 

placement of cortical neurons via the mechanistic regulation of radial migration to 

afford proper layer organization during cortical organogenesis.  
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CHAPTER 2: Epigenetic regulation by BAF (mSWI/SNF) chromatin 

remodeling complexes is indispensable for embryonic development  

  

All elements in this section have already been published in:  

Nguyen H*, Sokpor G*, Pham L, Rosenbusch J, Stoykova A, Staiger JF, Tuoc T. 2016. 

Epigenetic regulation by BAF (mSWI/SNF) chromatin remodeling complexes is 

indispensable for embryonic development. Cell Cycle 15(10): 1317-1324. 

 

* Authors with equal contribution.  

 

Personal contributions: I was coequally involved in characterizing the dcKO 

phenotypes, data analyses, and drafting and finalization of the manuscript. 

 

2.1 Abstract  

The multi-subunit chromatin-remodeling SWI/SNF (known as BAF for Brg/Brm-

associated factor) complexes play essential roles in development. Studies have shown 

that the loss of individual BAF subunits often affects local chromatin structure and 

specific transcriptional programs. However, we do not fully understand how BAF 

complexes function in development because no animal mutant had been engineered 

to lack entire multi-subunit BAF complexes. Importantly, we recently reported that 

double conditional knock-out (dcKO) of the BAF155 and BAF170 core subunits in mice 

abolished the presence of the other BAF subunits in the developing cortex. The 

generated dcKO mutant provides a novel and powerful tool for investigating how entire 

BAF complexes affect cortical development. Using this model, we found that BAF 

complexes globally control the key heterochromatin marks, H3K27me2 and -3, by 
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directly modulating the enzymatic activity of the H3K27 demethylases, Utx and Jmjd3. 

Here, we present further insights into how the scaffolding ability of the BAF155 and 

BAF170 core subunits maintains the stability of BAF complexes in the forebrain and 

throughout the embryo during development. Furthermore, we show that the loss of 

BAF complexes in the above-described model up-regulates H3K27me3 and impairs 

forebrain development and embryogenesis. These findings improve our understanding 

of epigenetic mechanisms and their modulation by the chromatin-remodeling SWI/SNF 

complexes that control embryonic development. 

 

2.2 Introduction 

Embryogenesis and organogenesis are determined by the combined effects of myriad 

developmental events. In recent years, we have made substantial advances in 

understanding how embryonic development is regulated (Ho & Crabtree, 2011; Kojima 

et al., 2014). The early development are coordinated by different molecular programs, 

in which epigenetic and chromatin-related controls are known to play crucial roles (Ho 

& Crabtree, 2011). Epigenetic regulation, which modulates the chromatin structure 

without altering the DNA sequence, has profoundly heritable influences on 

transcriptional programs (Heard & Martienssen, 2014). These changes in chromatin 

organization activate or repress gene expression programs either globally or locally, 

and may thus shape specific developmental events. Epigenetic mechanisms and 

chromatin regulation influence the ability of transcription factors (TFs) to access 

regulatory elements in their target genes. This occurs primarily via histone modification 

(Goldberg et al., 2007) or the action of ATP-dependent chromatin remodeling 

complexes, such as SWI/SNF (BAF) complexes (Wen et al., 2009; MuhChyi et al., 2013; 

Narlikar et al., 2013; Ronan et al., 2013). In addition, recent studies have shown that 
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DNA methylation (Wu & Zhang, 2014) and long non-coding RNA (lncRNA)-based 

mechanisms (Bohmdorfer & Wierzbicki, 2015) also contribute to the complexity of 

epigenetic regulation during development.  

 

The types of covalent histone modification include histone acetylation, methylation, 

ubiquitination and phosphorylation (Strahl & Allis, 2000; Goldberg et al., 2007). 

Histone modification (epigenetic marks) is catalyzed by two enzyme classes: histone 

writers (e.g., histone acetyltransferases, methyltransferases, kinases, and ubiquitin 

ligases) and histone erasers (e.g., histone deacetylases, demethylases, 

phosphatases, and deubiquitinases). The mis-regulation of histone writers and erasers 

will typically alter the epigenetic program and have profound effects on development 

(Strahl & Allis, 2000; Goldberg et al., 2007).  

 

A number of non-covalent, energy-dependent chromatin remodeling complexes 

modulate the dynamicity of chromatin structures. Among them, 

the SWI/SNF complexes are the best characterized in both development and disease. 

Mammalian SWI/SNF (BAF) complexes are made up of two switchable ATPase 

subunits (Brg1 or Brm), core subunits (BAF47, BAF155, and BAF170) and a variety of 

lineage-specific subunits (Lessard et al., 2007; Ho et al., 2009b; Kadoch et al., 2013; 

Ronan et al., 2013). The Brg1 and Brm ATPases hydrolyze adenosine triphosphate 

(ATP) and utilize the obtained energy to alter chromatin (nucleosome) structures, 

thereby modulating cellular processes such as gene expression (Hirschhorn et al., 

1992; Laurent et al., 1993; Phelan et al., 1999). The various subunits (at least 15 have 

been identified) are capable of undergoing combinatorial assembly (Wang, W et al., 

1996; Ronan et al., 2013), yielding hundreds of distinct BAF complexes that can direct 

specific transcriptional events during development in vivo. The exceptional diversity of 
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BAF complexes allows them to have functional specificity in biological processes. To 

investigate the roles of BAF complexes in development, researchers have focused on 

phenotypic analyses of model animals harboring mutations in single BAF subunits (Ko 

et al., 2008; Ho & Crabtree, 2011; Narayanan & Tuoc, 2014). However, although BAF 

complexes are known to play essential roles in development, studies using knock-out 

mouse models for individual BAF subunits have yielded incomplete information 

regarding the functions of these complexes.  

 

While the epigenetic machinery and chromatin-remodeling complexes are known to 

play essential roles in development, we know little about how they interact to 

coordinate developmental processes during embryogenesis and organogenesis. 

Recently, our group developed cortex-specific BAF155/BAF170cKO mouse mutant 

and showed that BAF complexes did not form in the cortices of these mice. We further 

showed that the known BAF subunits undergo proteasome-mediated degradation in 

the developing cortices of these mutants. Finally, we found that, during corticogenesis, 

BAF complexes globally control key heterochromatin marks (H3K27me2/3) by directly 

interacting with and modulating the enzymatic activity of the H3K27 demethylases. 

Here, we discuss these recent discoveries (Narayanan et al., 2015) and present 

additional evidence suggesting that the BAF155 and BAF170 core subunits cooperate 

to stabilize the BAF complex and maintain the global level of H3K27me3 both in 

the developing forebrain and throughout the embryo. Our new findings indicate that 

BAF complexes act as key regulators of embryogenesis.  

 

 

 



 

34 

 

2.3 Results and Discussion 

2.3.1 BAF155 and BAF170 are indispensable for brain development and 

embryogenesis 

By employing cortex-specific conditional mouse mutagenesis, we showed that the dual 

loss of the BAF155 and BAF170 subunits in double conditional knock-out (dcKO) 

mutants severely perturbed the growth of cortical structures, blocked the proliferation, 

differentiation and cell-cycle progression of cortical progenitors, and triggered a 

massive increase in the number of apoptotic cells (Narayanan et al., 2015). To further 

investigate how the loss of both BAF155 and BAF170 affects forebrain development, 

we generated forebrain-specific BAF155 and BAF170 dcKO mice by crossing mice 

floxed for BAF155 (Choi et al., 2012) and BAF170 (Tuoc et al., 2013) (BAF155fl/fl, 

BAF170fl/fl) with a FoxG1-Cre line (Hebert & McConnell, 2000). In FoxG1-Cre mice, the 

Cre-recombinase is driven in all telencephalic cells [including those of the cortex (Cx) 

and basal ganglia (BG)], but not in other parts of the brain [e.g., in the diencephalon 

(Di)] (Hebert & McConnell, 2000). Remarkably, we found that the dcKO_FoxG1-Cre 

mutants completely lacked all telencephalic structures at E16.5 (Narayanan et al., 

2015). This indicated that the expressions of BAF155 and BAF170 are required for 

brain development. 
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Figure 2.1 The expressions of BAF155 and BAF170 are indispensable for embryonic development: 
dcKO_CAG-Cre embryos treated with TAM at E9.5 remained alive and showed roughly preserved 

morphology at E13.5, but thereafter died between E14.5 and E15.5. Scale bars = 1000 m.  
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To address whether BAF155 and BAF170 are essential for embryogenesis, we generated 

and analyzed a line harboring a full dcKO_CAG-Cre mutant with the tamoxifen (TAM)-

inducible ubiquitous deleter, CAG-Cre line (Hayashi & McMahon, 2002) (Fig. 2.1). The 

dcKO_CAG-Cre mutants were injected with either TAM or corn oil (vehicle solution, 

control) at E9.5. Following TAM induction, we observed Cre-recombinase activation 

in all cells of the body (Hayashi & McMahon, 2002). The mutants died between E14.5-

E15.5, and exhibited a severe developmental retardation (Fig. 2.1). Together, these 

results show that the expressions of BAF155 and BAF170 are critical for determining 

overall embryogenesis, including the formations of the forebrain and cortex. 

 

2.3.2 BAF155 and BAF170 control the stability of BAF complexes in both cultured 

cells and embryos 

Hundreds of distinct BAF complexes are predicted to form in vivo by the combinatorial 

assembly of at least 15 identified BAF subunits (Ho & Crabtree, 2011). The functional 

specificity of a BAF complex is believed to reflect the composite surfaces of its 

integrated subunits, which are essential for the ability of these complexes to target the 

genome and interact with transcriptional factors (TFs), co-activators, co-repressors, 

and signaling pathways (Ho & Crabtree, 2011). We recently reported that BAF155 and 

BAF170 act as scaffolding subunits and are required to ensure the stability of the entire 

BAF complex in the developing cortex (Narayanan et al., 2015). The loss of BAF155 

and BAF170 in cortex-specific dcKO mutants leads to the dissociation of all other 

BAF subunits from the complex. The free BAF subunits are subsequently ubiquitinated 

and degraded by the proteasome system.  
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In an effort to extend our analysis to other parts of the brain, we examined 

the expression levels of various BAF subunits (e.g., Brg1, Brm, BAF47, BAF60, and 

BAF250) following the loss of BAF155/BAF170 in telencephalon of dcKO_FoxG1-Cre 

embryos (Fig. 2.2). Consistent with the Cre-recombinase activity in the Cx and BG of 

dcKO_FoxG1-Cre mice, there was no detectable expression of BAF155 or BAF170 

in these structures. In contrast, their expression levels were preserved in the Di, 

where Cre is inactive (Figure 2.2 A/B). Similar to the reported effects in cortical tissues 

(Narayanan et al., 2015), the loss of BAF155 and BAF170 in the telencephalon 

abrogated the expression of all BAF subunits throughout this structure, including in the 

BG (Fig. 2.2 C–G). To investigate whether both BAF155 and BAF170 are required to 

stabilize BAF complexes throughout the embryo, the expression of BAF subunits was 

examined in ubiquitously inducible dcKO_CAG-Cre embryos with global loss of 

BAF155/BAF170 (Fig. 2.3). These dcKO_CAG-Cre mutants were injected with either 

TAM or corn oil (vehicle solution, as control) at E9.5 and analyzed at E13.5, 

when the mutants were still viable. Following treatment with TAM, the expression 

levels of BAF155 and BAF170 were considerably ablated (Fig. 2.3A–D). 

Moreover, the expression levels of the tested BAF subunits (Brg1, Brm, BAF47, and 

BAF250) were severely diminished throughout the dcKO_CAG-Cre embryos, 

as compared to controls (Fig. 2.3E–L). These findings suggest that BAF155 and 

BAF170 are required to maintain the expression levels of BAF subunits in 

living animals.  
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Figure 2.2 Expression of BAF subunits in telencephalon-specific dcKO_FoxG1-Cre mutants: (A–
G) Images show immunohistochemical (IHC) analyses for various core subunits of BAF complexes, 
including BAF155 (A), BAF170 (B), Brg1 (C), Brm (D), BAF47 (E), BAF60 (F), and BAF250 (G), in the 
forebrains of dcKO_FoxG1-Cre mutants at E11.5. The indicated BAF subunits are not detected in the 

BAF155/BAF170-knockout telencephalon. Scale bars = 500 m. Abbreviations: Cx, cortex; BG, basal 
ganglia; and Di, diencephalon. 
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Figure 2.3 Expression of BAF subunits in embryos of TAM-inducible full dcKO_CAG-Cre 
mutants: (A, C, E, G, I, K) E13.5 dcKO_CAG-Cre mutant embryos were treated with TAM at E9.5, and 
whole-embryo sections were immunostained with antibodies against BAF155 (A), BAF170 (C), Brg1 (E), 
Brm (G), BAF47 (I), and BAF250a (K). (B, D, F, H, J, L) Quantifications of fluorescent signal intensities 
obtained from the sections described (A,C,E,G,I,G) (see also Table S1 for statistical analysis). The 
results revealed that the protein expression levels of BAF155 and BAF170 were reduced throughout the 
TAM-treated dcKO_CAG-Cre mutant embryos, confirming the double knockdown of BAF155/BAF170. 
The expression levels of the other tested BAF subunits were also diminished in mutant embryos 

compared to controls. Scale bar = 500 m. 

 

In different tissues and cell lineages, BAF155 is highly expressed in proliferating 

stem/progenitor cells but generally down-regulated upon differentiation (Yan et al., 

2008; Ho et al., 2009a; Tuoc et al., 2013). Conversely, little BAF170 is expressed 

in stem/progenitor cells (e.g., embryonic stem cells, or ESCs) and at higher levels 

in differentiated cells (e.g., neurons) (Yan et al., 2008; Ho et al., 2009a; Tuoc et al., 

2013). We hypothesized that although only low expression levels are detected for 

BAF170 in proliferating ESCs and for BAF155 in post-mitotic neurons, this expression 
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is necessary and sufficient to stabilize the embryonic stem cell (es)BAF and neuronal 

(n)BAF complexes. Indeed, when we derived ESC lines from blastocysts and primary 

neurons from forebrains (both representing the dcKO_CAG-Cre genotype), we found 

that the depletion of BAF155 and BAF170 in these cultured cells led to the loss of BAF 

subunit expression at the protein level (Narayanan et al., 2015).  

 

These results collectively indicate that the knockout of BAF155/BAF170 in dcKO 

mutants eliminates the presence of known BAF complex subunits both in vitro and in 

vivo. Thus, the dcKO mutants provide a potent tool for investigating the roles of entire 

BAF complexes during development.  

 

2.3.3 The loss of BAF complexes induces the accumulation of H3K27me2/3-

marked heterochromatin  

Previous studies suggested that the loss of individual BAF subunits has a local 

(not global) influence on chromatin marks (Ho et al., 2011; Tuoc et al., 2013). 

However, when we examined epigenetic marks in cortex-specific dcKO_Emx1-Cre 

mice, which lacked entire BAF complexes, we observed a global reduction in 

euchromatin along with increased H3K27me2/3 and decreased H3K9Ac in 

the developing cortex during both embryonic and perinatal stages, as assessed by 

assays such as ChIP-Seq, immunohistochemistry, and western blotting (Narayanan et 

al., 2015). Thus, our data showed for the first time that the presence of BAF complexes 

is needed to maintain the balance between global repression and local activation of 

epigenetic programs during cortical development (Narayanan et al., 2015).  
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The intriguing observation that BAF complexes are lost from the telencephalon-specific 

dcKO_FoxG1-Cre and inducible full dcKO_CAG-Cre mutants prompted us to study 

how this BAF155/BAF170 loss-of-function affects the H3K27me3 repressive mark. We 

performed western blotting (WB) on telencephalic tissue lysates from E11.5 

dcKO_FoxG1-Cre mutants using an antibody against H3K27me3. Similar to our 

observation in cortical tissues, we found that the loss of BAF155 and BAF170 

increased the level of H3K27me3 in telencephalon (Fig. 2.4A/C). Likewise, compared 

to control (non-injected) embryos, the H3K27me3 level was augmented in E13.5 

dcKO_CAG-Cre embryos that had been injected with TAM at E9.5 (Fig. 2.4B/C). 

H3K27me2 and -3 are chromatin modifications that have been linked to the down-

regulation of gene expression (Cao et al., 2002; Pereira et al., 2010). 

Thus, the massive enhancement of H3K27me3 in the dcKO mutants would be 

expected to trigger obvious repression of gene expression. Indeed, gene expression 

profiling of developing cortices from dcKO mutants revealed that most of the transcripts 

were down-regulated, with only a few showing up-regulation (Narayanan et al., 2015). 

Remarkably, BAF complexes were found to positively regulate most of the genes that 

are repressed by the H3K27 methyltransferase, Ezh2 (Pereira et al., 2010; Narayanan 

et al., 2015).   
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Figure 2.4 BAF complexes control the level of H3K27me3 in the brain and whole embryo during 
development: (A) WB analysis of E11.5 telencephalons from telencephalon-specific dcKO_FoxG1-Cre 
mutants revealed that the lost expressions of BAF155 and BAF170 elevated the level of H3K27me3. 
(B) dcKO_CAG-Cre embryos treated with TAM at E9.5 showed up-regulation of H3K27me3 at E13.5, 
compared to untreated control embryos. (C) Densitometric quantification of the WB bands shown in (A 
and B; see also Table S2 for statistical analysis). (D) Schematic indicating how altered levels of 
H3K27me2/3 demethylases (UTX/Kdm6a and JMJD3/Kdm6b), BAF complexes, and the H3K27 
methyltransferase Ezh2 subunit of the PRC2 complex collectively modulate histone methylation, 
developmental defects and diseases (e.g., tumorigenesis).  

 

To directly examine the apparent opposing activity of BAF complexes and 

the Ezh2 subunit of the PRC2 complex, we treated dcKO mutants with an 

Ezh2 inhibitor and examined gene expression in developing cortex. We found that 
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inhibition of the H3K27 methyltransferase partially rescued the expression of certain 

BAF-complex target genes (Narayanan et al., 2015). In mechanistic terms, our results 

suggested that this process involves binding of the BAF155 and BAF170 core subunits 

of the BAF complex to the JmjC domains of UTX/Kdm6a and JMJD3/Kdm6b, which 

are required for the H3K27me2/3 demethylase activities of these proteins (Narayanan 

et al., 2015).  

 

Ezh2 (or PRC2) (Cao et al., 2002; Shen et al., 2008; Pereira et al., 2010) and 

UTX/Kdm6a/JMJD3/Kdm6b (Agger et al., 2007; De Santa et al., 2007; Hong et al., 

2007; Jepsen et al., 2007; Lan et al., 2007; Lee et al., 2007; Xiang et al., 2007) are the 

only enzymes known to methylate and demethylate H3K27, respectively. These 

enzymes play essential roles in development and diseases by modulating gene 

expression programs through changes in the methylation of H3K27. Studies have 

shown that homozygous-null Ezh2 mutants die prior to completing gastrulation, 

conditional loss of maternal Ezh2 results in severe growth retardation among neonates 

(Erhardt et al., 2003; Puschendorf et al., 2008), and EZH2 overexpression causes 

tumorigenesis (Varambally et al., 2008; Takawa et al., 2011). Phenotypic analysis 

revealed that mouse embryos dcKO for Utx and Jmjd3 (which encode the 

H3K27 demethylases) exhibit lethality at mid-gestation. Moreover, the expression 

levels of Jmjd3 and Utx are significantly decreased in several types of primary tumors 

(Agger et al., 2009). The BAF complexes, which we identified as important cofactors 

of the H3K27 demethylases, are known to be key players in development (Ko et al., 

2008; Ho & Crabtree, 2011; Narayanan & Tuoc, 2014; Narayanan et al., 2015) 

and tumor suppression (Ko et al., 2008; Wu, 2012; Helming et al., 2014; Masliah-

Planchon et al., 2015). Thus, any alteration in the balance among the BAF complexes, 

H3K27 demethylases, and methyltransferase will result in severe developmental 
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defects and/or diseases such as cancer (Fig. 2.4C; (Shi, 2007; Pedersen & Helin, 2010; 

Ho & Crabtree, 2011; Kadoch et al., 2016)). 

 

2.4 Conclusion 

We herein present evidence suggesting that BAF155 and BAF170 act as scaffolding 

subunits to maintain the stability of BAF complexes. The loss of BAF complexes in 

BAF155/BAF170 double mutants is associated with severe defects in global epigenetic 

and gene expression programs during cortical development (Narayanan et al., 2015) 

and embryogenesis (this study). Our results further suggest that manipulation of 

the endogenous expression and activity levels of the chromatin-remodeling 

BAF complexes, the H3K27me2/3 demethylases (UTX/Kdm6a and JMJD3/Kdm6b), 

and the H3K27me2/3 methyltransferase (polycomb repressive complex 2) might 

enable to alter global gene expression programs. The crosstalk between BAF 

complexes and epigenetic factors revealed herein may shed light on how cells acquire 

their fates. This work could thus contribute to the establishment of protocols aimed at 

differentiating specific lineages from pluripotent cells and/or treating diseases. 

 

2.5 Materials and Methods 

2.5.1 Transgenic mice 

Floxed BAF155 (Choi et al., 2012), floxed BAF170 (Tuoc et al., 2013), FoxG1-Cre 

(Hebert & McConnell, 2000) and CAG-Cre (Hayashi & McMahon, 2002) mouse lines 

were kept in a C57BL6/J background. All animal research was conducted in 

accordance with the local regulations for animal protection. 
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2.5.2 Immunohistochemistry (IHC) and Western blotting (WB) 

IHC and WB were performed as previously described (Tuoc & Stoykova, 2008; Tuoc 

et al., 2009). The following polyclonal (pAb) and monoclonal (mAb) primary antibodies 

used in this study were obtained from the indicated commercial sources: Brg1 rabbit 

pAb (Santa Cruz), Brg1 mouse mAb (Santa Cruz), Brm mouse mAb (BD Biosciences), 

Brm rabbit pAb (Abcam), BAF250 mouse mAb (Sigma), BAF170 rabbit pAb (Bethyl), 

BAF170 rabbit pAb (Sigma), BAF155 rabbit pAb (Santa Cruz), BAF155 mouse mAb 

(Santa Cruz), BAF60a mouse mAb (BD Biosciences), GAPDH rabbit pAb (Santa 

Cruz), ß-actin rabbit pAb (Sigma), and H3K27me3 rabbit pAb (Upstate). The utilized 

secondary antibodies included peroxidase-conjugated goat anti-rabbit IgG (1:10,000; 

Covance), peroxidase-conjugated goat anti-mouse IgG (1:5000; Covance), and Alexa 

488- or Alexa 568-conjugated IgG (various species,1:400; Molecular Probes).  

2.5.3 Imaging and quantitative and statistical analyses 

Imaging was performed with an Axio Imager M2 (Zeiss) with a Neurolucida system 

(Version 11; MBF Bioscience) and confocal fluorescence microscopes (TCS SP5; 

Leica). Pictures were analyzed further with Adobe Photoshop. Densitometric 

quantification of WB bands and quantitative analysis of IHC signal intensities were 

performed using the ImageJ software. Statistical analyses were carried out using the 

Student’s t-test. The results are presented as the mean ± SEM.  

 

  



 

46 

 

CHAPTER 3: BAF (mSWI/SNF) complex regulates mediolateral 
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3.1 Abstract  

Early patterning determines the correct specification and formation of functional 

cortical areas, including appropriate generation and distribution of neuronal subtypes 

during brain development. Specific signaling and transcription factors (TFs) are known 

to tightly regulate patterning of the dorsal telencephalon (dTel) to afford proper cortical 

arealization and morphogenesis. Nevertheless, linking chromatin changes to 

transcriptional program(s) that control cortical patterning remains elusive. Here, we 

report that the BAF chromatin remodeling complex spatiotemporally regulates 

patterning of the mouse forebrain. Conditional ablation of BAF complex in the dTel 

neuroepithelium caused dysregulation of cortical patterning. Specifically, the cortical 

hem and medial cortex abnormally expanded beyond their boundaries leading to 
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compromised mediolateral cortical partitioning. Consequently, the hippocampal 

primordium is not specified, and cortical identity is disturbed in the BAF complex-

deficient dTel. We provide evidence that BAF complex modulates the mediolateral 

patterning possibly by interacting with the TF LHX2 and effecting the LHX2-dependent 

transcriptional activity. Comparative analysis of BAF complex and LHX2 expression in 

the mouse and marmoset embryonic cortex revealed their plausible evolutionary role 

in dTel patterning. Our results suggest a mechanistic synergy between BAF chromatin 

remodeling complex and LHX2 in regulating forebrain patterning and ontogeny. 

 

3.2 Introduction  

Telencephalic patterning is crucial for the anatomical and functional designation of 

various aspects of the brain during embryogenesis. Broadly, the dTel is organized into 

the cerebral cortex and the dorsal midline. The cerebral cortex is sub-divided into the 

neocortex and hippocampus, whereas the cortical hem and choroid plexus makeup 

the dorsal midline (reviewed in (Hébert & Fishell, 2008)). Commitment of portions of 

the telencephalic neuroepithelium to these various structural and specialized functional 

domains takes place between E10.5 and E12.5 (Levitt et al., 1997; Gitton et al., 1999; 

Mallamaci et al., 2000). Activity of morphogens are known to orchestrate forebrain 

patterning through their gradient expression and ability to regulate other modulators, 

including transcription factors that play instrumental roles in the size and positional 

specification of telencephalic structures (Sur & Rubenstein, 2005; Mallamaci & 

Stoykova, 2006; Rash & Grove, 2006; O'Leary & Sahara, 2008). Specialized 

telencephalic structures, such as the cortical hem, rostral telencephalic organizer, and 

anti-hem are known to instruct patterning of the dTel (Reviewed in (Kiecker & 

Lumsden, 2012)). 
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The cortical hem is a telencephalic structure flanked by the hippocampal primordium 

and the choroid plexus. It is a prominent source of patterning signals, including those 

that belong to the Wingless/Int (WNT) (Grove et al., 1998) and the Bone morphogenetic 

protein (BMP) families (Furuta et al., 1997). Thus, the cortical hem performs important 

role(s) in cortical patterning due to its morphogenetic enrichment. Induction of the 

hippocampal fields in the medial telencephalic neuroepithelium, and the establishment 

of the presumptive cortex are modulated by the cortical hem during telencephalic 

patterning (Grove et al., 1998; Lee et al., 2000; Mangale et al., 2008a; Caronia-Brown 

et al., 2014). Additionally, the cortical hem is known to generate Reelin-producing 

Cajal-Retzius cells that migrate to populate the MZ of the cerebral cortex, and perform 

important role in cortical and hippocampal lamination (Rice & Curran, 2001; Meyer et 

al., 2002; Takiguchi-Hayashi et al., 2004; Bielle, F. et al., 2005; Forster et al., 2006).  

 

Proper molecular regulation and cytoachitecture are prerequisite for the establishment 

of the various cortical domains during dTel patterning (reviewed in (Subramanian & 

Tole, 2009b)). A few factors such as Foxg1, Emx1/2, Pax6, Lhx2, Fgf, Lmx1a, Gli3 

(Grove et al., 1998; Bishop et al., 2000b; Mallamaci et al., 2000; Bulchand et al., 2001; 

Shimogori et al., 2004; Shinozaki et al., 2004; Kimura et al., 2005; Muzio & Mallamaci, 

2005; Mangale et al., 2008a; Chizhikov et al., 2010; Godbole et al., 2018), and 

components of WNT, FGF and BMP signaling and associated mechanisms (Forster et 

al., 2006; Hébert & Fishell, 2008), have been reported to be central in directing cortical 

patterning. Genetic manipulation of these factors cause various cortical abnormalities, 

including expansion or non-specification of the hem, fate switch of hem cellular 

derivatives, non-induction or dysgenesis of the hippocampus, and perturbation of 

neocortical patterning. Although the aforementioned factors are essential for forebrain 

patterning, the interconnecting mechanistic network involved is quite unclear.  
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The Brg1/Brm-associated factor (BAF) or mammalian SWI/SNF complex is a multi-

subunit ATP-dependent chromatin remodeler. It is capable of re-structuring chromatin 

through histone mobilization and/or recruitment of epigenetic cofactors to modify the 

epigenetic landscape of chromatin leading to regulation of gene expression and related 

cell biological processes during brain development (reviewed in (Sokpor et al., 2017)). 

We previously developed mouse models of inactive BAF complex achieved by double 

conditional knockout (dcKO) of the scaffolding BAF subunits BAF155 and BAF170 in 

neural cells leads to disassembly of other subunits in the BAF complex and subsequent 

elimination by the ubiquitin-proteasome machinery (Narayanan et al., 2015; Bachmann 

et al., 2016; Nguyen et al., 2016). The aberration of the entire BAF complex function 

in dcKO or partly in single knockouts of BAF155 or BAF170 disturbs several aspects 

of neural development, including cortical and hippocampal histogenesis (Tuoc et al., 

2013; Narayanan et al., 2015; Bachmann et al., 2016; Nguyen et al., 2016; Tuoc et al., 

2017; Narayanan et al., 2018; Nguyen et al., 2018). 

 

Interestingly, the BAF complex and transcription factor LHX2 appear to share common 

developmental functions. This is because, ablation of the BAF complex leads to 

neurodevelopmental phenotypes similar to that of Lhx2 deletion in several neural 

tissues, including the eye and olfactory neuroepithelia. Disturbance of Lhx2 expression 

during eye development causes mis-regulated retinal neural progenitor proliferation 

and differentiation, and gliogenesis (Lamba et al., 2008; Tétreault et al., 2009; 

Balasubramanian et al., 2014; de Melo et al., 2016; de Melo et al., 2018), a phenotype 

partly recapitulated by BAF complex manipulation in the developing human fetal retina 

(Lamba et al., 2008). Also, the olfactory epithelium of Lhx2 mutant mice have abnormal 

progenitor differentiation, deprivation of olfactory receptor gene expression, and loss 
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of neuronal identity leading to perturbed development and diversification of olfactory 

receptor neurons (Hirota & Mombaerts, 2004; Kolterud et al., 2004). Comparatively, 

mice with conditional inactivation of the BAF complex in the olfactory epithelium 

presented with neurodevelopmental disturbances, including loss of LHX2+ olfactory 

receptor neurons and overall dysgenesis of the olfactory epithelium (Bachmann et al., 

2016). Notably, both BAF complex and LHX2 are known to regulate neurogenesis 

during forebrain development in a WNT-signaling dependent manner. As a result, the 

respective mutants displayed reduced cortical size due to decrease in cortical 

neurogenesis (Hsu et al., 2015; Nguyen et al., 2018). Altogether, these similarities in 

the neurodevelopmental phenotypes in the absence of optimal BAF complex and LHX2 

functionality motivated us to investigate the role of BAF complex in cortical patterning, 

which role is definitely known for LHX2. 

 

In this study, we identified the BAF complex as a determinant of cortical identity and 

suppressor of the cortical hem during patterning of the forebrain. Interestingly, we 

found that the BAF complex interacts with LHX2 and is required for normal LHX2 

transcriptional activity in the dTel, suggesting their functional interaction in 

maintenance of the correct mediolateral patterning in developing forebrain. Indeed, the 

cortical phenotype consequent to Foxg1-Cre and Emx1-Cre-mediated ablation of BAF 

complex largely phenocopied the Lhx2 null dTel. Particularly, loss of BAF complex 

resulted in expansion of the cortical hem at the expense of the medial and dorsolateral 

cortical primordia leading to distortion of mediolateral cortical patterning. Additionally, 

we show the evolutionary significance of the differential expression of BAF complex 

subunits in mouse and the more evolved marmoset cortex and hem. These results 

suggest the potential morphogenetic role of the BAF complex in regulating the 

anatomical and functional regional organization of the mammalian cerebral cortex.  
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3.3 Results 

3.3.1 Loss of BAF155 and BAF170 phenocopies cortical hem expansion as in 

Lhx2-/- forebrain 

We examined the telencephalic phenotype of the dcKO_Foxg1-Cre mutant brain in 

which the BAF complex is conditionally abolished by deleting the subunits BAF155 and 

BAF170 in the entire mouse forebrain (Bachmann et al., 2016) with Foxg1-Cre activity 

recognizable from E8.5 (Hebert & McConnell, 2000). Following the very early 

Foxg1_Cre-mediated ablation of the BAF complex, it was observed that the Glast 

immuno-delimited cortical hem, which is normally restricted to the edge of the medial 

pallium, was markedly expanded beyond its developmental spatial confinement as 

compared with wild-type at E11.5 (Fig. 3.1A/B; white arrowed).  As revealed by our 

quantitative analysis of the 3D-reconstructed Glast-stained hem, we noticed the E11.5 

dcKO_Foxg1-Cre cortical hem had undergone about 3-fold volumetric enlargement 

(Movie S1). Thus, the dcKO_Foxg1-Cre cortical hem is seen to have extended beyond 

its usual medial location to lateral aspect of the dTel neuroepithelium which is 

essentially the neuroepithelial domain of the presumptive cortex (Fig. 3.1A). By 

applying antibody against the cortex selective marker, LHX2, it was evident that the 

size of LHX2-marked cortical primordium was drastically reduced in the dcKO_Foxg1-

Cre dorsal pallium as compared with control (Fig. 3.1A).  

 

Given the overlap in neurodevelopmental function(s) between the BAF complex and 

LHX2, we set out to identify similarities in telencephalic phenotype between the 

dcKO_Foxg1-Cre and Lhx2-/- mouse mutant brain. Interestingly, the E12.5 Lhx2-/- 

telencephalon riboprobed for Wnt2b (a selective marker of hem) and Dbx1 (a selective 

marker of antihem) displayed dramatic expansion of the cortical hem and antihem, 
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respectively (Fig. 3.1C; (Bulchand et al., 2001; Mangale et al., 2008; Roy et al., 2014; 

Godbole et al., 2018)). This resulted in loss of cortical domain of the Lhx2 mutant dTel. 

However, since Lhx2 is mainly expressed in the neocortex, the Foxg1-marked ventral 

telencephalon is not affected by the Lhx2 mutagenesis (Fig. 3.1C) as compared with 

an obvious early ventral telencephalic dysgenesis following loss of BAF complex in the 

forebrain (Fig. 3.1A). This is because the BAF complex is ubiquitously expressed, that 

is, in both dorsal and ventral Tel (Fig. S3.1) and the Foxg1-Cre is active in the 

neuroepithelium in both regions (Hebert & McConnell, 2000). 

 

Although we did not find definite alteration of the antihem in the dcKO_Foxg1-Cre dTel 

as compared with that in the Lhx2-/- (Fig. 3.1B), we were fascinated by the similar 

outcome in terms of hem expansion and compromised cortical identity. This motivated 

us to determine if both BAFs and Lhx2 act along similar axis to regulate cortical 

development.  
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Figure 3.1 The cortical hem phenotype of the early developing BAF complex mutant forebrain 
resembles that of Lhx2 null mutant: (A) Images of the E11.5 mouse whole head sections showing 
the developing brain stained with LHX2 and Glast antibodies to reveal the presumptive neocortex (in 
vivid red) and the cortical hem (delineated with white arrows) of the control and dcKO_Foxg1-Cre 
telencephalon, respectively. The anti-hem (Ah) is not obvious in mutants as compared with control. (B) 
Bar chart indicating the statistical difference between the estimated total volume of the control and the 
dcKO_Foxg1-Cre cortical hems. (C) In situ hybridization images showing the rostral to caudal E12.5 
whole mouse head (telencephalon) sections riboprobed for Dbx1, Foxg1, and Wnt2b which reveal the 
antihem, ventral telencephalon and cortical hem, respectively. The cortical hem is indicated by white 
arrows. Unpaired Student’s t-test: ***P < 0.0005; n = 6; Scale bar: 100 µm. Result are presented as 

mean ± SD. Abbreviations: Ah, Anti-hem; Di, Diencephalon. 
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3.3.2 BAF155 and BAF170 interact with the transcription factor LHX2 during 

cortical formation 

We explored the molecular interaction partners of the BAF complex that control 

formation of the cortical hem and modulate hem-dependent establishment of other 

dTel structures. To this end, we performed co-immmunoprecipitation (coIP) in cells 

lysates obtained from the E13.5 or E17.5 telencephalic tissue from wild-type mice, and 

culture NS-5 line neural stem cells (NSC) using antibodies against BAF155 and 

BAF170 followed by mass spectrometry (MS) (Narayanan et al., 2015; Nguyen et al., 

2018). Many factors essential for neural morphogenesis were identified as protein 

interaction partners of both BAF155 and BAF170 subunits of the BAF complex. 

Strikingly, we found that the LIM homeodomain transcription factor LHX2, a 

determinant of cortical identity and suppressor of hem fate (Bulchand et al., 2001; 

Monuki et al., 2001; Mangale et al., 2008a; Roy et al., 2014), was bound to BAF155 

and BAF170 in cultured NSCs, in the early (E13.5) and late (E17.5) developing 

forebrain (Fig. 3.2A/B).  

 

Consistent with the findings in our protein-protein interaction investigation, we found 

extensive co-expression of BAF155 and BAF170 with that of LHX2 in the E11.5 

presumptive wild-type cortex (Fig. S3.6). In the absence of the BAF complex, Lhx2 

expression in the cortical neuroepithelium remained unaltered as compared with 

control (Fig. S3.2A/C; Fig. S3.6), indicating that the BAF complex does not have major 

influence on the expression level of Lhx2 in the presumptive cortex at early stage.  

 

In other to establish a definitive functional interaction between BAF complex and LHX2, 

and its neurodevelopmental relevance in the context of hem morphogenesis and 

cortical formation, we investigated whether the interaction between BAF155/BAF170 
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and Lhx2 influences LHX2-dependent transcriptional activity in the developing mouse 

cortex. For this purpose, we used an Lhx2-dependent reporter vector (pGL3-

5xLhx2BS-luciferase), containing five Lhx2 binding sites upstream of a luciferase 

reporter and an empty vector without Lhx2 binding site (pGL3-luciferase) as a negative 

control (Folgueras et al., 2013). To eliminate the function of BAF55 and BAF170, the 

reporter plus Cre-expressing plasmids were co-electroporated into the E12.5 cortex of 

BAF155fl/fl; BAF170fl/fl embryos (Fig. 3.2C). We then examined isolated tissue samples 

from the cortex using a luciferase assay. Our analyses indicated that BAF complex 

knockout in the dTel (pallium) significantly diminished the reporter activity of pGL3-

5xLhx2BS-luciferase, but not that of the control plasmid which lack Lhx2 binding motif 

(Fig. 3.2C/D). This suggests that BAF155 and BAF170 are required for activation of 

Lhx2-dependent transcriptional activity. 

 

Furthermore, we hypothesized that BAF complex might act together with LHX2 to 

regulate the expression of genes governing establishment of cortical identity or 

patterning. Pax6 is likely to be one of such genes, as it is a key regulator of cortical 

progenitor identity and patterning (Bishop et al., 2000; Stoykova et al., 2000; Toresson 

et al., 2000; Yun et al., 2001; Pinon et al., 2008). In cortical progenitors, LHX2 was also 

reported to directly regulate Pax6 expression by binding to its promoter (Hou et al., 

2013; Shetty et al., 2013; Hsu et al., 2015). We first confirmed that Pax6 is 

downregulated in the dcKO dTel in our immunohistochemical (IHC) analyses (Fig. 

S3.2A/C). We then performed luciferase reporter assays to determine how the 

expression of Lhx2 and BAF complex regulate the activity of a Pax6 promoter vector, 

which contains Lhx2 binding sites (Kammandel et al., 1999; Hou et al., 2013). The 

Pax6 promoter vector driving luciferase expression (Pax6-luc) was transiently 
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transfected into Neuro2A cells together with a combination of Lhx2-expression (CMV-

Lhx2) and BAF155/BAF170-silencing vectors (Fig. 3.2E). After lysate collection and 

luminescence quantification, the results from the reporter assay revealed that as 

compared with control (in Pax6-Luc+CMV-EV condition), Lhx2 (in Luc+CMV-Lhx2 

condition) significantly regulates promoter activity of Pax6 (Fig. 3.2E). However, upon 

BAF155/BAF170 dual knockdown using short-hairpin RNA (shBAFs) constructs, the 

level of luciferase reduced (Luc+CMV-Pax6+shBAFs condition), implying that both 

LHX2 and BAF155/BAF170 are required for maintaining the promoter activity of Pax6 

(Fig. 3.2E). 

 

Altogether, the results of our protein-protein interaction analyses and luciferase assay 

suggest that the forebrain patterning regulatory factor LHX2 plausibly acts in concert 

with BAF complex to orchestrate forebrain development. This finding inspired our 

interest in detailing the phenotype of the BAF complex mutant cortex in the direction of 

hem morphogenesis and related function in dorsal telencephalic patterning. 
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Figure 3.2 BAF complex cooperates with LHX2 to direct cortical development: (A) Image of table 
indicating the number of LHX2 peptides purified from immunoprecipitates of BAF155 and BAF170 
obtained from NS5 cell protein extracts, and from the E13.5 or E17.5 dTel protein extract. (B) Interaction 
of BAF155 and BAF170 with LHX2 was confirmed by coIP/western blot analyses of E12.5 dTel tissue. 
(C) Image showing scheme for in vivo luciferase assay. (D, E) Bar charts representing the statistical 
comparisons of (D) In vivo Lhx2-mediated luciferase activity in the control or dcKO_Emx1-Cre cortex, 
and (E) In vitro Pax6-mediated luciferase activity in culture Neuro2A cells in the presence or absence of 
BAF155, BAF170 or Lhx2 permutationally. Unpaired Student’s t-test: *P < 0.05, **P < 0.005; n = 6; 
Result are presented as mean ± SD. 
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3.3.3 BAF complex suppresses expansion of cortical hem at early corticogenesis 

To elucidate BAF complex function during formation of the dTel, we crossed mice 

harboring floxed alleles of BAF155 (Choi et al., 2012) and BAF170 (Tuoc et al., 2013) 

(i.e. BAF155fl/fl and BAF170fl/fl, respectively) with the dTel neuroepithelium-specific 

Emx1-Cre to generate dcKO_Exm1-Cre (Narayanan et al., 2015), in which Cre activity 

is detectable in the presumptive cortex from E10.5 onwards (Gorski et al., 2002). Thus, 

unlike in the dcKO_Foxg1-Cre telencephalon, in which BAF complex is broadly deleted 

at the initiation stage (E8.5) of telencephalic formation (Xuan, S et al., 1995; Martynoga 

et al., 2005; Bachmann et al., 2016), the Emx1-Cre practically restricted the loss of 

BAF complex to the dTel of dcKO_Emx1-Cre brain at the onset of neurogenesis (Fig. 

S3.1A/B; (Gorski et al. 2002)). Indeed, IHC analysis with antibodies against BAF155, 

BAF170 and other BAF complex subunits in the E11.5 and E13.5 cortices revealed 

loss of the BAF complex subunit expression in the entire cortex and dorsal part of the 

cortical hem by E11.5, whereas their expression in the ventral aspect of the cortical 

hem, the choroid plexus and ventral telencephalon are preserved in the dcKO_Emx1-

Cre mutants brain (Fig. S3.1; (Narayanan et al., 2015)). 

 

We proceeded with characterizing the dTel phenotype of the dcKO_Emx1-Cre 

forebrain by initially reexamining our previously performed gene expression profiling of 

the dcKO_Emx1-Cre dTel containing both cortex and cortical hem at embryonic stage 

E12.5 (Fig. 3.3A). This analysis revealed that 1,723 transcripts were downregulated 

and 102 upregulated in the E12.5 dcKO_Emx1-Cre dTel (Narayanan et al., 2015). 

Notably, many genes important for cortical identity (e.g., Pax6, Ngn1, Ngn2, Tbr1 and 

Satb2) were downregulated, whereas expression levels of most known cortical hem-

specific genes including Wnt3a, Wnt5a and Bmp were upregulated (Fig. 3.3A).  
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We validated our RNA-seq data by examining the expression pattern and level of 

Wnt3a, which is mainly confined to the cortical hem at early stages of cortical 

development (Fig. 3.3B; (Lee et al., 2000; Louvi et al., 2007)). From our in situ 

hybridization (ISH) analysis, we found that the Wnt3a expression level and area of 

expression were increased in the mutant dTel as compared with control at E12.5 (Fig. 

3.3B/E), thus corroborating the upregulated expression of Wnt3a seen in our RNA-seq 

data.  

 

Besides measuring the expression pattern of upregulated genes, we also examined 

expression of the radial glial markers Glast and Blbp (Fig. 3.3C/D; Fig. S3.2A/C; Fig. 

S3.3A). Early in cortical development, between E11.5–E13.5, Glast expression 

displays a lateralhigh to mediallow gradient with the highest level found in the cortical 

hem (Fig. 3.3C/D, demarcated with arrows). Analysis of the 3D-reconstructed E12.5 

and E13.5 dcKO_Emx1-Cre cortical hem, as applied in dcKO_Foxg1-Cre hem 

analysis, revealed nearly 2-fold expansion by volume as compared with control (Fig. 

3.3C/D; white arrows). Such expanded dcKO_Emx1-Cre hem was observed at 

rostrocaudal levels of the cortical hem system (Fig. 3.3C/F). Thus, our histological 

analyses suggest that the increased expression of hem marker genes in the RNA-seq 

data is likely due to cortical hem enlargement in the dcKO_Emx1-Cre forebrain at 

E12.5. That notwithstanding, the expanded cortical hem and associated dysmorphic 

cortical phenotypes are less severe in dcKO_Emx1-Cre in comparison to the 

dcKO_Foxg1-Cre dTel (Fig. 3.3D/G vs Fig. 3.1A/B). This is consistent with the report 

of Godbole et al. (2018), in which progressive later deletion of Lhx2 resulted in a 

diminishing expansion of the hem. 
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We extended our analysis by looking at the cortical hem formation in dcKO_Emx1-Cre 

mutant from E11.5 (when the complete loss of BAF155 and BAF170 was detected 

earliest) until E14.5 (when the hypotrophic mutant cortex was adequately 

recognizable). Examination of the hem markers Glast and Blbp indicated that the 

cortical hem expansion had already commenced by E11.5 in the mutant cortex (Fig. 

S3.2A/B). Such mutant hem continued to abnormally expand at later (E13.5 and E14.5) 

cortical development stages (Fig. S3.2C/D; Fig. 3.5B/C).  

 

To rule out the possibility that the BAF complex mutant hem progenitors/cells had 

adopted a hem-cortex double fate, we checked the expression of Pax6 and Lhx2, 

which are specifically expressed in the presumptive cortex (Fig. 3.1A; Fig. S3.2A/C). 

In both control and mutant, the expression of Pax6 and Lhx2 is excluded from the hem 

and limited to the cortical anlagen, indicating sufficient specification of the cortex and 

hem in the dcKO_Emx1-Cre telencephalon. Moreover, the E13.5 or E15.5 

dcKO_Emx1-Cre cortex is capable of generating Tbr1+ and Ctip2+ post-mitotic 

neurons (Data not shown), hence confirming that the Lhx2 marked portion of the 

dcKO_Emx1-Cre dTel is indeed developing (neo)cortical tissue.   

 

Of note, Emx1_Cre-mediated single knockout of either BAF155 (BAF155cKO) or 

BAF170 (BAF170cKO) did not elicit an overt expansion of cortical hem (Fig. S3.3) as 

seen in the dcKO_Emx1-Cre mutants. This implies that the dual function of BAF155 

and BAF170 is necessary to orchestrate normal development (suppression) of the 

cortical hem system. 

 

To determine how the BAF complex regulates hem cellular dynamics in the hem to 

suppress its expansion, we adopted the well-established experimental paradigm used 



 

61 

 

to quantitatively assess neural progenitor cell cycle kinetics (Chenn & Walsh, 2002; 

Tuoc et al., 2009; Tuoc et al., 2013; Bachmann et al., 2016; Nguyen et al., 2018). For 

this, E13.5 control and dcKO_Emx1-Cre cycling cortical hem neural progenitor/stem 

cells were pulse-labeled in vivo with the thymidine analog CIdU for 24 hours, making 

it possible to mark recently exited (differentiated) progenitors in the cell cycle. 

Proliferating progenitors were marked with Ki67 immunostaining in the background of 

CIdU immunoreactivity in the cortical hem which is typically outlined by fascicles of 

Glast+ fibers (Fig. S3.4A).  

 

In comparison to the control cortical hem, it was observed that the BAF complex mutant 

hem was hypercellular and demonstrably enlarged with more cells positive for Ki67 

antibody (Fig. S3.4A; green-labeled cells). However, cells positive for CIdU but 

negative for Ki67 (CIdU+/Ki67-) were considerably less in the mutant cortical hem as 

compared with control (Fig. S3.4A/B). The CIdU+/Ki67- cortical hem cells are 

considered as those that have exited the cell cycle and have acquired differentiative 

fate. Statistical quantitative assessments of the cell cycle exit index of neural 

progenitors in the dcKO_Emx1-Cre cortical hem was thus significantly less than that 

in the control hem (unpaired t-test, p-value = 0.02; n = 4).  

 

In addition, we performed immunostaining for cleaved Caspase 3, a marker for 

apoptosis, to examine differences in programed cell death in the expanded 

dcKO_Emx1-Cre cortical hem as compared with that in the normal-sized control 

cortical hem (Fig. S3.4C). We observed more apoptotic cell death in the mutant cortical 

hem and the adjacent cortical primordium with Casp3 antibody staining compare with 

control (Fig. S3.4C). Significant number of the Casp3+ cells were also immuno-positive 

for Reelin in the E13.5 dcKO_Emx1-Cre dTel compare with control, thus confirming 
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their Cajal-Retzius cell identity and hem origin (Fig. S3.4C; (Bielle, F. et al., 2005)). 

The identified Cajal-Retzius cells appear to have accumulated in the area of the 

prospective hippocampal anlage in the dcKO_Emx1-Cre dTel (Fig. S3.4C), and may 

be indicative of their impaired migration. 

 

The requirement of BAF complex in temporal regulation of cortical hem size during 

corticogenesis was suggested by the outcome of the experiment in which the BAF 

complex was ablated later in cortical development in dcKO_hGFAP-Cre mutants in 

which Cre is late-active─around E13.5 (Zhuo et al., 2001; Nguyen et al., 2018). 

Notably, we observed no significant change in the size of the E15.5 cortical hem, 

(intensely stained with Glast antibody, and without Pax6 labeling) in dcKO_hGFAP-

Cre dTel as compared with control (Fig. S3C; unpaired t-test, p-value = 0.926; n = 4). 

It implies that the modulatory function of the BAF complex on hem morphogenesis is 

exerted within a limited developmental time window. The temporal regulation of hem 

size was also reported in previous studies in which hem size was unaffected after later 

deletion of factors known to regulate hem size at early cortical development stages 

(Muzio & Mallamaci, 2005; Hanashima et al., 2007; Mangale et al., 2008; Godbole et 

al., 2018). 

 

Taken together, our RNA-seq and elaborate histological analyses indicate that the loss 

of BAF complex in the dTel neuroepithelium at the onset of cortical neurogenesis leads 

to aberrant expansion of the cortical hem partly as result of dysregulated hem 

progenitor cell kinetics and/or specification. This suggests that the BAF complex is a 

suppressor of hem fate during early forebrain development. 
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Figure 3.3 Increased expression of cortical hem-specific markers in dcKO_Emx1-Cre pallium: 
(A) Schematic showing demarcation of the neocortex (orange) from the cortical hem (purple) in 
hemisection of the mouse telencephalon. Results of RNA sequencing of the E12.5 control and 
dcKO_Emx1-Cre dTel tissues indicating fold change of downregulated neocortical marker genes 
(orange bars) and upregulated hem maker genes (purple bars) in the dcKO_Emx1-Cre are graphically 
represented. (B) Micrographs showing in situ hybridization in the E12.5 control and dcKO_Emx1-Cre 
dTel with the RNA probe generated from the hem marker Wnt3a. Inserts are zoom-ins of the control and 
mutant cortical hems revealed by the Wnt3a staining. (C, D) Images showing rostral to caudal sections 
of the E12.5 (C) and mid-section of the E13.5 (D) control and dcKO_Emx1-Cre brains immmunostained 
with the Glast antibody. White arrows point to the full length of the cortical hem revealed by intense 
Glast staining. (E−G) Bar graphs indicating the statistical difference between the estimated size of the 
control and mutant hem in the respective micrographs with: Wnt3a signal (E), and Glast staining at 
E12.5 [rostral–caudal] (F) and E13.5 (G). Where shown, sections are counterstained with DAPI (blue). 
Unpaired Student’s t-test: ***P < 0.0005; n = 6; Scale bars = 100 µm in (B and D), 50 µm in (C). Result 

are presented as mean ± SD. dTel: Dorsal Telencephalon. 
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3.3.4 Medial pallium is expanded and shifted laterally in the dcKO_Emx1-Cre 

mutant cortex 

Since loss of BAF complex in the cortical neuroepithelium resulted in abnormal 

expansion of the adjoining cortical hem, we turned our attention to possible impact on 

mediolateral patterning in the developing forebrain. We applied ISH analysis to 

examine expression pattern of medial Tel markers on serial coronal sections of E13.5 

control and dcKO_Emx1-Cre forebrain (Fig. 3.4; Fig. S3.5).  

 

Upon close examination, we observed abnormal patterning of the dorsal midline and 

neocortex in the dcKO_Emx1-Cre mouse dTel. Per Wnt2a and Wnt3a ISH, we noticed 

mild expansion of the ventral aspect of the dcKO_Emx1-Cre cortical hem as compared 

with control (Fig. 3.4B/C). However, the choroid plexus, which is the ventral continuum 

and derivative of the cortical hem (Louvi et al., 2007) did not present with any 

noticeable morphological alteration in dcKO_Emx1-Cre compared to control as 

indicated by ISH staining with the choroid plexus-specific marker transthyretin (TTR) 

(Fig. 3.4A; (Herbert et al., 1986; Grove et al., 1998; Monuki et al., 2001)).  

 

Furthermore, ISH in rostrocaudal coronal sections of the E13.5 control and 

dcKO_Emx1-Cre head (telencephalon) with the RNA probe Lhx9 and immunostaining 

for Lef1 which partly reveal medial cortex/pallium identity, indicated drastic lateral 

expansion/extension of the medial cortex at the expense of the dorsolateral 

(neo)cortex in the dcKO_Emx1-Cre telencephalon (Fig. 3.4D/E). Normally, by E12.5, 

Lhx9 is strongly expressed in the hippocampal primordium and the expression intensity 

tapers from medial to lateral cortex. Around E13.5, Lhx9 expression is maintained in 

the ventricular zone of the hippocampal primordium and in postmitotic cells in the wild-
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type medial cortex (Fig. 3.4E; (Bulchand et al., 2003)). However, Lhx9 expression is 

observed to fill the whole of the medial cortex and strongly expressed in the lateral 

cortex of the dcKO_Emx1-Cre dTel (Fig. 4E). This deviation in Lhx9 expression from 

the aforementioned normal pattern consolidates the observed abnormal patterning in 

the dcKO_Emx1-Cre dTel. It means that the expanded cortical hem and lateralization 

of the medial cortex resulted in prepotency of the medial pallium in the entire dTel with 

progressive caudal prominence (Fig. 3.4E). The dramatically expanded hem in 

dcKO_Emx1-Cre (Fig. 3.4A–E) may have profound patterning implications, including 

elimination of the other dTel domains such as the neocortical maps that typify the 

properly patterned wild-type dTel.  

 

Put together, these results highlight the regulatory function of the BAF chromatin 

remodeling complex in directing cortical patterning during mouse forebrain 

development. 
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Figure 3.4 Early loss of BAF complex in the developing dTel distorts cortical patterning: Images 
showing in situ hybridization in the control and dcKO_Emx1-Cre E13.5 mouse (dorsal) telencephalon 
with the riboprobes TTR (transthyretin) to reveal the choroid plexus (A), Wnt2b and Wnt3a for the ventral 
cortical hem (B, C), Lef1 for the medial cortex (D), and Lhx9 for the cortical hem and medial cortex in 
rostral to caudal sections (E).  

 

3.3.5 BAF complex is required for the acquisition of cortical and hippocampal 

identity 

Molecular cues from the cortical hem, especially WNT signaling, have been shown to 

instruct proper establishment of the adjoining hippocampal fields (Galceran et al., 

2000; Lee et al., 2000; Zhou et al., 2004; Machon et al., 2007). Moreover, it has been 

shown that ectopic hippocampal fields can be induced by ectopic cortical hems 

(Mangale et al., 2008). These provide definitive evidence that the hem is an organizing 

center indispensable in the specification and development of the hippocampal 

primordium. We previously reported that BAF155 and BAF170 are required for the 



 

67 

 

development of the mouse hippocampus (Nguyen et al., 2018). These findings 

prompted us to investigate the implication(s) of the expanded cortical hem, as 

observed in this study, on the specification and morphogenesis of the hippocampal 

anlagen.  

 

First, we examined the part of the dorsomedial telencephalic neuroepithelium that 

abuts the cortical hem for evidence of the hippocampal complex. To do this, we 

performed immunostaining of the E13.5 mouse telencephalon with the antibody Prox1, 

a selective maker for cells of the dentate gyrus. Normally, the dentate gyrus is formed 

at around E13.5 in the dorsomedial aspect of the telencephalic vesicles (Li & Pleasure, 

2005). However, there was no detectable Prox1 expression in the vicinity of the 

dorsomedial telencephalon atop the expanded BAF complex-ablated E13.5 cortical 

hem marked by Glast staining (Fig 3.5A).  

 

Second, we performed immunostaining with the antibody Zbtb20, which 

characteristically reveals the identity of ammonic neuroepithelium-derived postmitotic 

neurons that will later form the Cornu Ammonis (hippocampus proper) (Xie et al., 2010; 

Nielsen et al., 2014; Nguyen et al., 2018). Previous studies in mice have shown that 

Zbtb20 is exclusively expressed in the hippocampal primordium between E12.5 and 

E13.5 and archicortical neurogenesis that leads to the generation of Zbtb20+ neurons 

commences by E14.5 in the mouse hippocampal fields (Fig. 3.5B; (Xie et al., 2010)). 

Surprisingly, there were no Zbtb20+ neurons in the location of the future hippocampal 

formation in the E14.5 medial pallium of dcKO_Emx1-Cre mutant compared with 

control (Fig. 3.5B).   
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Using Pax6, AP2ɣ, and Otx2 as indicators of cortical and hem identities, we observed 

that loss of BAF complex in dTel engendered massive shrinkage and loss of cortical 

integrity by mid embryonic corticogenesis (E14.5) in the dcKO_Emx1-Cre cortex as 

compared with control (Fig. 3.5C). The severely dysmorphic BAF mutant cortex is seen 

to have lost the medial to lateral gradient of Pax6 or AP2ɣ expression in the ventricular 

zone as normally found in the wild-type mouse cortex (Fig. 3.5C). Meanwhile, the Otx2 

marked cortical hem remained expanded in the E14.5 dcKO_Emx1-Cre dTel as 

compared with control (Fig. 3.5C).  

 

Interestingly, the non-specification of the hippocampus and loss of cortical structure in 

dcKO_Emx1-Cre forebrain phenocopies the Lhx2 null dTel (Chou et al., 2009; Godbole 

et al., 2018). Taken together, these findings indicate that the BAF complex is necessary 

for preservation of cortical identity and modulates correct formation of the cortical hem 

needed for hippocampal specification and morphogenesis.   
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Figure 3.5 The BAF complex-ablated hem is incapable of hippocampal specification and 
neocortical patterning: (A) Immunohistochemical micrographs showing hemi-section of the E13.5 
mouse brain stained with Glast and Prox1 antibodies in control and dcKO_Emx1-Cre. Panels of close 
up images highlight the presence and virtual absence of the Prox1+ dentate gyrus cells in the control 
and BAF complex mutant medial pallium, respectively. Red arrow points to Prox1 staining. (B) 
Micrographs showing hemi-section of the E14.5 mouse brain stained with Glast and Zbtb20 antibodies 
in control and dcKO_Emx1-Cre. Panels of close up images highlight the presence and absolute absence 
of the Zbtb20+ hippocampal neurons in the control and BAF complex mutant hippocampal primordium, 
respectively. Red arrow points to Ztbt20 staining. (C) Images showing profound loss of cortical mass 
and patterning associated with the expanded hem in the E14.5 dcKO_Emx1-Cre dTel as compared with 
control. The applied antibodies AP2ɣ/Pax6, and Otx2 stain the cortical neuroepithelium/ventricular zone 
and cortical hem, respectively. White arrows indicate the size of the cortical hem. Sections are 
counterstained with DAPI (blue).  

 

3.3.6 BAF complex may not depend on WNT-signaling to modulate hem 

formation and early cortical patterning 

To investigate the precise regulatory mechanisms by which BAF complex effects 

cortical hem suppression, we turned out attention to the involvement of the WNT-

signaling pathway. Normally, several WNTs are distinctively expressed in the cortical 

hem early in telencephalic development, the earliest being Wnt3a (Fig. 3.3A/B; Fig. 
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3.3C; (Grove et al., 1998)). From our RNA-seq data, we found indicators of increased 

WNT signaling in the E12.5 dcKO_Emx1-Cre dTel mainly in the form of increased fold 

changes (gene expression) of key WNT genes, including Wnt3a, Wnt5a, Wnt7b, 

Wnt8b, and the WNT signaling downstream effector TCF7L2 (Fig. 3.3A). Results of 

ISH with Wnt3a and Lef1 (another WNT signaling downstream effector) riboprobes in 

the E12.5 and E13.5 control and dcKO_Emx1-Cre telencephalon, respectively, 

reflected increased WNT signaling activity in/from the expanded mutant cortical hem 

(Fig. 3.4B/C/D). We previously demonstrated that downregulation of increased WNT 

signaling was able to rescue the malformed hippocampal phenotype in the BAF 

complex mutant (dcKO_hGFAP-Cre) brain (Nguyen et al., 2018). These results 

encouraged us to investigate whether the enlarged cortical hem structure seen in the 

dcKO_Emx1-Cre is as a result of increased mitogenicity caused by the WNT signaling 

hyperactivity. 

 

To determine if the abnormally expanded cortical hem in BAF mutants is due to the 

plausible concomitant increase in WNT signaling, we adopt a chemical inhibition 

approach to downregulate the increased WNT signaling activity in the dcKO_Emx1-

Cre dTel (Nguyen et al., 2018). To achieve this, we performed scheduled 

intraperitoneal injection of pregnant mice within the active period of cortical hem 

development (i.e., E9.5‒E12.5) with the chemical ICG001 (Fig. 3.6A). ICG001 is a 

small-molecule chemical substance known to effectively inhibit the WNT/β-catenin 

cascade to extenuate related perturbations in vivo (Emami et al. 2004; Nguyen et al., 

2018). The brains of ICG001-treated mutant (dcKO_Emx1-Cre) and control embryos 

were harvested at E13.5 and immunohistochemically examine for gross morphological 

changes in the cortical hem (Fig. 3.6A‒C). As shown in Figure 3.5B/C, the abnormal 

expansion of the Glast+/Pax6- cortical hem and associated cortical abnormality were 
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not attenuated by downregulating the elevated WNT signaling in dcKO_Emx1-Cre 

forebrain. Thus, the suppressive function of the BAF complex in limiting cortical hem 

size to permit proper cortical identity acquisition is likely independent of WNT signaling 

activity. 

  

 

Figure 3.6 BAF complex acts independent of WNT signaling to suppress hem expansion: (A) 
Illustration showing the experimental scheme employed to achieve in vivo chemical knockdown of the 
upregulated WNT signaling in the dcKO_Emx1-Cre telencephalon. Pregnant mice harboring both 
control and the BAF complex mutant embryos were intraperitoneally injection daily from E9.5 to E12.5 
with the chemical WNT inhibitor ICG-001. The brains of ICG-001-treated embryos were harvested at 
E13.5 for immunohistochemical analysis. (B) Images of the E13.5 control (Wild-type) and dcKO_Emx1-
Cre WNT inhibitor-treated or -untreated brain sections stained with Glast and Pax6 antibodies. Inserts 
show close up view of the cortical hem. Sections were counterstained with DAPI (blue). The white arrows 
indicate the full extent of the cortical hem. (C) Bar chart representing the statistical comparison between 
the estimated control hem size and that of the dcKO_Emx1-Cre or dcKO_Emx1-Cre with WNT inhibitor 
treatment. Unpaired Student’s t-test: ***P < 0.0005; NS: non-significant; n = 6; Scale bar: = 100 µm. 

Result are presented as mean ± SD. 
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3.3.7 Expression pattern analysis of BAF155 and BAF170 in marmoset 

developing forebrain suggests their role in cortical hem formation and cortical 

patterning in primates  

Given that we identified the BAF complex to participate in cortical hem development 

via interaction with the key patterning factor LHX2 (this study) and Pax6 (Tuoc et al., 

2013) in the developing mouse telencephalon, we sought to determine the implication 

of the morphogenetic function of the BAF complex during cortical structure evolution. 

For this purpose, we comparatively examined the expression pattern of BAF155 and 

BAF170 (BAF complex) in the early (E11.5–E13.5) developing mouse cortex (Fig. 

S3.1) and in the embryonic marmoset cortex at E74 (Fig. 3.7) as a common non-human 

primate model.  

 

The expression pattern of BAFs in the developing mouse cortex is observed to be 

homogeneous and hence without any obvious graded expression (Fig. S3.1). 

Interestingly, however, we noticed discernable laterallow to medialhigh gradient in the 

expression of BAF155 and BAF170 in the more evolved developing marmoset cortex 

at E74 (Fig. 3.7; Fig. 3.8). Likewise, we checked and compared the expression pattern 

of the known TFs Pax6 and LHX2 in the mouse and marmoset embryonic cortex. We 

noted that Pax6 and Lhx2 are similarly expressed in a gradient pattern in the marmoset 

and mouse cortex, although the LHX2 expression gradient (i.e., laterallow to medialhigh) 

in the cortex of both species is in counter gradient to the Pax6 expression i.e., lateralhigh 

to mediallow (Fig. 3.7; Fig. S3.2).  

 

Graded expression of TFs is a key mechanism for patterning the telencephalon 

(Kimura et al., 2005). Strikingly, the graded expression of BAF complex in the E74 

marmoset cortex is similar to that of LHX2 and is consistent with an evolutionary 
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conservation of the interaction between both factors as identified in the mouse cortex 

(Fig. 3.2; Fig. S3.6; Fig. 3.7). The mouse hem expresses BAF complex genes, but this 

expression is lost in the marmoset (Fig. 3.7; Fig. 3.8). This may be an adaptive 

modification that subserves additional functions in the marmoset hem.   

 

In a broader context, these observations may have evolutionary implication in primate 

cortical patterning and development, especially that the BAF complex has been 

identified to interact with, and augment the transcriptional activity of the well-known 

patterning factor LHX2 (Fig. 3.2; (Monuki et al., 2001; Mangale et al., 2008)). 
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Figure 3.7 The morphogenetic function of BAF complex is evolutionarily refined: Images of the 
marmoset head showing immunostaining of the E74 telencephalon with BAF155, BAF170, LHX2, and 
Pax6 antibodies. In vivo molecular interaction of the BAF complex with the well characterized 
morphogenetic transcription factors LHX2 and Pax6 are shown by colocalization signals (yellow) in the 
respective labeled panels. Inserts are increased magnifications of the medial pallium indicating the 
exclusion of the BAF complex, LHX2 and Pax6 expression from the cortical hem domain.  

 

 

Figure 3.8 Graphical illustration of normal and BAF155/170 knockout-induced dTel abnormal 
patterning: Illustrations showing gradient expression of BAF155 and BAF170 in the developing 
marmoset cortex, phenotype comparison between normal and abnormal cortical patterning in wild-type 
(WT) and dcKO_Emx1-Cre mouse dTel, respectively. The hem, hippocampus and neocortex are 
properly specified and placed in the wild-type dTel. However, the hem and medial cortex expand at the 
expense of the hippocampus and neocortex, making the dcKO_Emx1-Cre dTel have predominant 
medial cortex identity. 

 

3.4 Discussion  

3.4.1 BAF complex orchestrates cortical patterning via regulation of cortical hem 

formation during development of the telencephalon 

During development, the telencephalon is organized into structural domains that 

correlate with specific functional areas. The cortical hem and anti-hem are embryonic 

organizers located at the medial and lateral edge of the dTel, respectively. The cortical 

hem is a hub for morphogen signaling known to regulate areal patterning of the 
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embryonic cortical neuroepithelium (reviewed in (Subramanian et al., 2009)). Absence 

or abnormal morphology of the cortical hem or molecular manipulations of related 

morphogenetic factors have been linked to various telencephalic perturbations of the 

developing forebrain, including cortical mis-patterning (Xuan, S et al., 1995; Lee et al., 

2000; Martynoga et al., 2005; Yoshida et al., 2006; Mangale et al., 2008; Chizhikov et 

al., 2010; Caronia-Brown et al., 2014; Godbole et al., 2018). However, our 

understanding of correlating activity of chromatin regulators to the functionality of 

specific morphogens that drive forebrain patterning is far from clear. 

 

In this study, we focused on determining the role of the ATP-dependent chromatin 

remodeler BAF complex in regulating forebrain patterning. Previous studies identified 

the BAF (mSWI/SNF) complex to play pivotal roles in many aspects of cortical 

development, including neural progenitor specification, proliferation and differentiation, 

and maturation of postmitotic neural cells (Reviewed in (Sokpor et al., 2017)). To 

expand our understanding of the molecular regulators that ensure the establishment 

and maintenance of cortical structures and function, we spatiotemporally inactivated 

the multimeric chromatin remodeling BAF complex via deletion of its scaffolding 

subunits BAF155 and BAF170 by using Foxg1-Cre, Emx1-Cre and hGFAP-Cre. By 

this means, we demonstrate in this current study that the BAF complex possesses 

morphogenetic capability that instructs patterning of the mammalian dTel. 

 

We observed that loss of BAF complex during early stages of cortical formation (i.e., 

under Foxg1- and Emx1-Cre drivers) caused abnormal expansion of the cortical hem 

and medial cortex to the detriment of the hippocampal complex and mediolateral 

cortical identity. The LHX2+ presumptive cortex, although specified in the BAF complex 

mutant background, appeared dysmorphic and lateralize. Cortical patterning was seen 
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to be progressively lost from rostral to caudal levels of the telencephalon due to 

exaggeration of the medial cortical identity or lopsided medial cortical specification. 

This outcome points to possible distortion of the cortical neuroepithelial patterning due 

to BAF complex ablation, and highlights potential abolishment of the secondary 

organizer function of the expanded cortical hem. Such secondary patterning activity by 

hem may be necessary for tweaking neocortical arealization to yield the various 

functional cortical areas. 

 

Given the important role of the cortical hem in dTel patterning, we partly think the BAF 

complex likely regulates formation of the cortical hem to modulate cortical patterning. 

This notion is consolidated by the observation that although the hem is expanded in 

the absence of optimal BAF complex function, the size of the choroid plexus, which is 

derived from the hem (Louvi et al., 2007) is not affected (Fig. 3.4A). It is also 

conceivable that the expanded hem is improperly configured, leading to its 

incompetence in orchestrating arealization of the adjacent cortical primordium or in 

executing other hem functions. 

 

Indeed, the expanded hem in dcKO_Emx1-Cre forebrain was unable to specify the 

hippocampal anlagen. This is rather counterintuitive, given that deletion of BAF 

complex led to increase in WNT signaling in the hippocampus (Nguyen et al., 2018) 

and from the cortical hem (this study). Yet, the canonical WNT signaling is known to 

exerts mitogenic effect on neural progenitors leading to their enhanced proliferative 

capacity and subsequent generation of the hippocampal neurons (Lee et al., 2000; 

Chenn & Walsh, 2002; Muzio & Mallamaci, 2005; Pozniak & Pleasure, 2006; Machon 

et al., 2007; Wrobel et al., 2007; Nguyen et al., 2018). As a result, WNT inhibition 

rescued abnormal phenotypes in the hippocampus (Nguyen et al., 2018), but 
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surprisingly not the expanded hem in the BAF complex mutant forebrain (Fig. 3.6). 

Thus, although the BAF complex can regulate WNT signaling and its targets (Barker 

et al., 2001; Ronan et al., 2013; Vasileiou et al., 2015; Nguyen et al., 2018), we did not 

find evidence of its dependence on WNT signaling in modulating cortical hem 

morphogenesis.   

 

Also, the expanded hem in the BAF complex mutant dTel is incapable of normal Cajal-

Retzius cell generation due to their susceptibility to apoptosis. Cajal-Retzius cells are 

prominent derivatives of the cortical hem (Rice & Curran, 2001; Takiguchi-Hayashi et 

al., 2004; Bielle, F. et al., 2005; Liu et al., 2018). They produce factors such as Reelin 

and p73 which are involved in cortical arealization and laminar patterning (Meyer et al., 

2002; Meyer et al., 2004; Frotscher et al., 2009). It means that loss of BAF complex 

causes abnormal generation of Cajal-Retzius cells which partly underscores the 

observed mis-patterning seen in the mutant cortex. We reckon that it is possible the 

Cajal-Retzius cells produced by the expanded hem following BAF complex inactivation 

exhibit other deficits which need elucidation in further investigations.  

 

Our findings convey the idea that the BAF complex likely suppresses inherent 

expansion tendencies of dTel midline structures, excluding the choroid plexus, during 

cortical patterning. However, the said suppressive capacity of the BAF complex is likely 

exerted at early cortical development stages, perhaps until E12.5, as loss of BAF 

complex from E13.5 achieved in dcKO_hGFAP-Cre mutants did not lead to an 

observable hem or medial cortex expansion (Fig. S3C), although hippocampal 

formation was perturbed in such mutants (Nguyen et al., 2018). The effect of BAF 

complex deletion on hem expansion is consistent with outcome of other studies in 

which genetic manipulation of factors such as Foxg1, Lhx2, Lhx2/Pax6 (double 
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deletion), and Nf2 in early development caused abnormal expansion of the mouse dTel 

midline structures and associated cortical patterning deviations (Bulchand et al., 2001; 

Monuki et al., 2001; Vyas et al., 2003; Muzio & Mallamaci, 2005; Mangale et al., 2008; 

Lavado et al., 2013; Godbole et al., 2017).  

 

The morphogenetic function of the chromatin remodeling BAF complex in forebrain 

patterning is also brought into focus by the unique expression pattern displayed in the 

primate-like developing dTel (Fig. 3.8). Ordinarily, gradient expression of morphogens 

in the developing telencephalon is instructive for defining the various telencephalic 

domains, including the cortical hem (Reviewed in (Borello & Pierani, 2010)). 

Conceptually, concentration of morphogens diffusely declines from their localized 

origin of production to confer placement identity on target cells. Such positional 

assignment also depends on a threshold of graded morphogens to regulate specific 

cell fate acquisition and thus contributing to tissue compartmentalization (Wolpert, 

1986). Although we project the morphogenetic function of the BAF complex in 

mammalian forebrain, a gradient pattern of BAF complex subunits expression is not 

discernable in the mouse dTel. However, the more evolved marmoset dTel display 

such gradient that is in parallel or counter gradient with well-known telencephalic 

patterning factors like Pax6 and LHX2 (Fig. 3.7; (Borello & Pierani, 2010)). Again, as 

opposed to the mouse hem, the marmoset cortical hem avoids BAF complex 

expression much as, at least, Pax6 and LHX2. This may be reflective of some kind of 

refinement in the expression of BAF complex and its morphogenetic function in the 

primate-like (marmoset) cortex as compared with the less evolved non-primate 

(mouse) cortex.  
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These observations make us propose that the BAF complex may function as a direct 

or indirect epigenetic morphogen that have plausibly evolved in orchestrating the 

intricate patterning of primate cortex via harmonization of various cortical hem-

mediated patterning events that lead to the structural and functional regionalization of 

the mammalian dTel. 

 

3.4.2 Implication of BAF complex and LHX2 interaction in suppression of cortical 

hem expansion  

The formation of cortical hem is regulated by the activity of several factors, including 

the transcription factor LHX2 (Reviewed in (Subramanian & Tole, 2009)). Previous 

studies reported cortical hem expansion with concomitant massive loss of the cortical 

identity due to complete or constitutive ablation of Lhx2 (Bulchand et al., 2001; 

Mangale et al., 2008). From our protein-protein interaction assay and mass 

spectrometry experiment, we found LHX2 as an interaction partner of the BAF 

complex. Since the cortical and hem phenotype caused by inactivation of BAF complex 

function in the dTel neuroepithelium (this study) resemble that of Lhx2 deletion 

(Mangale et al., 2008; Roy et al., 2014), it is likely that both factors have functional 

similarities in directing telencephalic development. We infer from our luciferase 

experiment that the identified interaction may be a potentiating kind to suppress hem 

expansion and preserve cortical identity. This is mainly because we found that the BAF 

complex promotes the Lhx2 gene target Pax6 which also participates in cortical 

patterning (Bishop et al., 2000; Stoykova et al., 2000; Kimura et al., 2005; Godbole et 

al., 2017). Moreover, either factor is unable to singularly afford sufficient suppression 

to prevent the abnormal expansion of the cortical hem in the absence of the other, 

hence signifying possible functional cooperation between the BAF complex and LHX2. 
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Thus, we have made a novel finding in which we correlate transcriptional activity to 

specific epigenetic chromatin remodeling machinery that act in concert to provide 

proximal suppressive function in preventing the free enlargement of the cortical hem 

and associated cortical development perturbations.  

 

Upon close analysis in comparing the Lhx2 and BAF complex-ablated hem phenotype, 

we suspected a temporal overlap in the mode of action of both factors in effecting hem 

size restriction. Whereas loss of BAF complex in the dTel under the Emx1 driver, with 

Cre activity beginning from E10.5 (Guo et al., 2000; Gorski et al., 2002), resulted in 

cortical hem expansion (this study), loss of Lhx2 at E10.5 or later did not have any 

impact on hem size compared to control (Godbole et al., 2018). Thus, it appears that 

the repressive function of the BAF complex on hem fate persists slightly beyond the 

apparent end point of the LHX2-dependent hem size restriction. To that end, we argue 

that the BAF complex is sufficient in limiting hem expansion, and may partly substitute 

for or complement the function of LHX2 in preventing the uncontrolled expansion of 

the cortical hem during later or active periods of hem morphogenesis.  

 

In all, we suggest that the chromatin remodeling BAF complex, partly through 

interaction with LHX2, engages in the regulatory network that ensures the specification 

and morphogenesis of the mouse cortical hem, and its placement at the medial edge 

of the dTel. Our comparative analysis of the mouse and marmoset developing 

telencephalon makes it possible to extrapolate the relevance of the functional 

synchrony between BAF complex and LHX2 in orchestrating hem formation and 

cortical patterning in the primate forebrain.  
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3.5 Materials and methods 

3.5.1 Animals 

Floxed BAF155 (Choi et al. 2012), floxed BAF170 (Tuoc et al., 2013), FoxG1-Cre 

(Hebert and McConnell 2000), Emx1-Cre (Gorski et al., 2002), and hGFAP-Cre mice 

(Zhuo et al., 2001) were maintained in a C57BL6/J background (license numbers 

14/1636 and 16/2330).  

 

Marmoset monkey (Callithrix jacchus) were obtained from the self-sustaining colony of 

the German Primate Center (Deutsches Primatenzentrum; DPZ) and housed 

according to the standard German Primate Center practice for common marmoset 

monkeys. Embryonic and fetal stages were obtained surgically by hysterotomy or 

hysterectomy (license numbers 42502-04-12/0708 and 42502-04-16/2129) as 

described previously (Aeckerle et al., 2015; Wolff et al., 2019). All surgical work on the 

monkeys was performed by a veterinarian with several years of experience in handling 

and operating marmoset monkeys. A detailed description of experiment with marmoset 

monkey is provided in Supplemental Information. Animals were handled in accordance 

to the German Animal Protection Law. 

3.5.2 Plasmids and antibodies 

A list of plasmids and antibodies with detailed descriptions is provided in Supplemental 

Information. 

3.5.3 In utero electroporation, and in vivo (Lhx2) and in vitro (Pax6) 

transcriptional activity assay 

In vivo and in vitro transcriptional activity assay were performed as previously 

described (Pinon et al., 2008; Nguyen et al., 2018). Briefly, Lhx2 transcriptional activity 
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in vivo was monitored by electroporating brains of E12.5 BAF155fl/fl;BAF170fl/fl embryos 

with a Cre plasmid (or empty plasmid as a control) and the reporter constructs pGL3-

5xLhx2BS-luciferase or pGL3-luciferase (Folgueras et al., 2013) together with pRL-TK 

constructs at a 5:1:0.3 ratio. Lhx2 transcriptional activity was measured at E14.5. For 

in vitro assay, Neuro2A cells at 1 × 105 per well density were plated into 24-well plates. 

Cells were transfected with 0.8 μg of shRNA plasmids (shBAF155, shBAF170) along 

with 50 ng of Pax6-luc (Kammandel et al., 1999) and 10 ng of pRL-TK. 2 days post-

transfection, cells were collected for Pax6 transcriptional activity measurement.  In all 

cases, firefly luciferase activity was normalized to that of Renilla luciferase. 

 

3.5.4 CoIP/Mass spectrometry, RNA-seq  

Detailed descriptions were provided previously (Narayanan et al., 2015). 

 

3.5.5 In vivo pharmacological treatment 

Detailed descriptions for treatment of Wnt inhibitor (WNTi, ICG 001, XAV-939) were 

provided previously (Nguyen et al., 2018). 

 

3.5.6 IHC and Cell cycle index 

After blocking with 5% goat or donkey normal serum, sections were incubated 

overnight with primary antibody at 4 oC, and the signal was detected with a fluorescent 

secondary antibody (Alexa Fluor; 1:400; Invitrogen). Cell cycle exit was determined on 

coronal sections of E13.5 brains collected 24h after CidU injection (140mg/g) of 

pregnant mice at E12.5. After double IHC with CidU and Ki67 antibodies, the cell-cycle 

index was calculated as the number of CidU+/Ki67- cells divided by total CidU+ cells. 
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3.5.7 In situ hybridization (ISH) 

ISH was carried out as described previously (Tuoc et al., 2009). 

 

3.5.8 Reconstruction in 3D  

3D images of the cortical hem were constructed using Neurolucida software version 

11.03. Consecutive sections (10μ each) of BAF mutant and control brains were imaged 

in rostro-caudal order. Contours were drawn in each section based on the expression 

of hem-specific markers. The 3D reconstruction was produced from whole-stack 

contours. The contours were placed into sets for left and right hems. The volume 

estimation was done by using Neurolucida   Explorer v. 11.03. 

 

3.5.9 Cell counts and quantitative analysis of IHC signal intensity 

Immunostaining in IHC images was quantified using anatomically matched forebrain 

sections. Nucleus-marker positive cells within the pallium of confocal images were 

counted for comparison. In most cases, cell counts of six matched sections were 

averaged from three biological replicates (control/dcKO pallium). In many cases, the 

number of lineage marker cells was quantified using total marker-positive cells alone, 

or by normalizing to the total number of DAPI+ (nucleus-stained) cells using the 

following equation: Normalized number = marker-positive cell number/DAPI+ cell 

number. Statistical analyses of histological data were performed using unpaired 

Student’s t-test. All bar graphs are plotted as means ± SD. All statistical tests are two-

tailed, and p-values are considered to be significant for α = 0.05.  

 

 



 

84 

 

3.5.10 Imaging, quantification, and statistical analyses 

All images were acquired with standard (Leica DM 6000) and confocal (Leica TCS 

SP5) fluorescence microscopes. Images were further analyzed with Adobe Photoshop. 

IHC and ISH signal intensities were quantified by using ImageJ software. Statistical 

analyses were done using Student’s t-test. All graphs are plotted as mean ± SD. All 

detailed statistical analyses for histological experiments are presented in Table S7. 
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3.8 Supplemental figures 

 

Figure S3.1 Emx1-Cre-mediated deletion of BAF155 and BAF170 causes early loss of BAF 
complex in the dTel: (A, B) Images of the E11.5 and E13.5 mouse telencephalon immunostained for 
the BAF complex. Loss of fluorescence signals of the BAF complex subunits BAF155, BAF170, and 
BAF60a in the dTel of dcKO_Emx1-Cre compared with control indicates of the efficiency of the genetic 
ablation of the BAF complex via Emx1-Cre-mediated double condition knockout of BAF155 and BAF170. 
Scale bar: = 100 µm. 
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Figure S3.2 Expansion of the cortical hem occurs early in corticogenesis following ablation of 
BAF complex: (A, C) Images showing the E11.5 (A) and E13.5 (C) mouse telencephalon 
immunostained for Glast, Blbp, Pax6 and LHX2 to reveal the normal (control) and expanded 
dcKO_Emx1-Cre cortical hem. Immunostaining with Pax6 and LHX2 antibodies additionally show their 
gradient expression in the dTel, where Pax6 gradient is lateralhigh−mediallow and that of LHX2 is 
medialhigh−laterallow. The white arrows indicate the full extent of the cortical hem. (B, D) Bar charts 
indicating the statistical difference between the control and dcKO_Emx1-Cre hem size at E11.5 and 
E13.5. Sections are counterstained with DAPI (blue), where shown. Unpaired Student’s t-test: ***P < 

0.0005; n = 6; Scale bar: = 100 µm. Result are presented as mean ± SD. 
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Figure S3.3 Single or late double knockout of BAF155/BAF170 does not cause expansion of the 
cortical hem: (A, B) Immunomicrographs showing unaltered cortical hem size revealed by hem markers 
following Emx1-Cre-mediated single conditional knockout of BAF170 (A) or BAF155 (B) in the mouse 
dTel at the various specified developmental stages. (C, D) Images showing the normal cortical hem size 
in both control and the dcKO_hGFAP-Cre dTel at E13.5 (C) and (D). (E) Bar charts showing no statistical 
difference in hem size following late loss of BAF complex. White arrows point to the cortical hem. 
Sections are counterstained with DAPI (blue). 
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Figure S3.4 Reduced mitotic exit of hem progenitors and increased apoptosis of Reelin+ hem 
progenies due to loss of BAF complex in dTel: (A) Images showing the cell cycle dynamics of neural 
progenitors in the E13.5 normal (control) and expanded (BAF complex mutant) cortical hem. A 24-hour 
single pulse-labeling treatment with CIdU was given before harvesting brains for analysis of progenitor 
cell cycle kinetics. Immunostaining of CIdU marked recently exited or postmitotic cells (in red) and Ki67 
antibody was used to stain cycling or proliferating hem progenitor cells (in green). The cortical hem is 
outlined with white broken lines around the perimeter of the bundles of Glast+ fibers. Upper and lower 
boundaries of the hem are indicated with white arrows. (B) Bar graph showing statistical difference in 
the cell cycle exit index between the E13.5 control and dcKO_Emx1-Cre hem neural progenitors. (C) 
Images of the E13.5 telencephalon immunostained for Reelin to label hem-derived Cajal-Retzius cells 
and Casp3 to mark apoptotic cells. The frequent colocalization (yellow signal) of Reelin and Casp3 
staining (white arrows) is indicative of increased apoptosis of the Cajal-Retzius cells produced by the 
dcKO_Emx1-Cre cortical hem. Where shown, sections are counterstained with DAPI (blue). Unpaired 
Student’s t-test: **P < 0.005; n = 4; Scale bar = 100 µm. Result are presented as mean ± SD. 

 

 
 
Figure S3.5 The dorsal telencephalon is not properly patterned when BAF complex is deleted in 
developing mouse cortex: Rostrocaudal serial micrographs showing the E13.5 control and 
dcKO_Emx1-Cre telencephalon RNA-probed for Wn3a/Wnt2b, TTR, and Lhx9/Lef1 to label the 
cortical hem, choroid plexus, and parts of the medial cortex, respectively. 
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Figure S3.6 Co-expression and/or interaction of BAF complex and LHX2 in the developing cortex: 
Micrographs showings immunostaining with BAF155, BAF170 and LHX2 antibodies in the E11.5 control 
and dcKO_Emx1-Cre telencephalon. Interaction of BAF155 and BAF170 (BAF complex) with LHX2 in 
vivo in the dTel is indicated by the colocalization of their respective protein immunostaining (white signal 
in control). Close up images of the presumptive cortex and the cortical hem are shown, from left to right, 
in panels 2, 3 and 4. Where indicated, sections are counterstained with DAPI (blue). Scale bars: = 100 
µm (in overview) and 50 µm in close up view. 

 

3.9 Supplementary experimental procedures 

3.9.1 Plasmids 

Plasmids used in this study: pCIG2-ires-eGFP, pCIG2-Cre-ires-eGFP (gift from Dr 

Francois Guillemot, NIMR London); pGL3-5xLhx2BS-luciferase, pGL3-luciferase, 

CMV-Lhx2 (Folgueras et al., 2013) (gift from Dr. Elaine Fuchs, the Rockefeller 

University, New York), Pax6-Luc (Kammandel et al., 1999).   

 
3.9.2 Antibodies  

The following polyclonal (pAb) and monoclonal (mAb) primary antibodies used in this 

study were obtained from the indicated commercial sources: AP2 mouse mAb (1:100; 

Abcam), BAF170 rabbit pAb (Bethyl), BAF170 rabbit pAb (Sigma), BAF155 rabbit pAb 
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(1:20; Santa Cruz), BAF155 mouse mAb (1:100; Santa Cruz), BLBP rabbit pAb (1:200; 

Chemicon), Casp3 rabbit pAb (1:100; Cell Signaling), GLAST pig pAb (1:500; Frontier), 

CidU rat pAb (1:100; Accurate), Ki67 rabbit pAb (1:50; Vector),  Sox2 mouse mAb 

(1:100; R&D Systems), Prox1 rabbit pAb (1:1000; Covance), Pax6 mouse mAb (1:100; 

Developmental Studies Hybridoma Bank), Pax6 rabbit pAb (1:200; Covance), Tbr2 

rabbit pAb (1:200; Abcam), Zbtb20 rabbit pAb (1:50; Sigma), and RFP rabbit pAb 

(1:10000; Biomol/Rockland), Otx2, BAF60a, Reelin, LHX2 (Folgueras et al., 2013) (gift 

from Dr. Elaine Fuchs, the Rockefeller University, New York). 

 

Secondary antibodies used were horseradish peroxidase (HRP)-conjugated goat anti-

rabbit IgG (1:10000; Covance), HRP-conjugated goat anti-mouse IgG (1:5000; 

Covance), HRP-conjugated goat anti-rat IgG (1:10000; Covance), and Alexa 488-, 

Alexa 568-, Alexa 594- and Alexa 647-conjugated IgG (various species, 1:400; 

Molecular Probes).  

 

3.9.3 Generation of dcKO mutants 

To conditionally eliminate BAF155 and BAF170 in the entire telencephalon, early 

cortical progenitors, or projection neurons, we used the telencephalon-specific FoxG1-

Cre (Hebert & McConnell, 2000), early progenitor-active Emx1-Cre (Gorski et al., 

2002), or late progenitor-active hGFAP-Cre (Zhuo et al., 2001) mouse lines, 

respectively. Heterozygous animals (i.e. BAF155fl/+, BAF170fl/+, Cre) were used as 

controls. 
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3.9.4 Marmoset Embryos 

Caesarean Section 

For embryos at E74, pregnant mothers were immobilized by intramuscular injection of 

25 µg/head of atropine sulfate (0.5 mg/ mL) and 70 mg/ kg of ketamine hydrochloride. 

Thereafter, animals were anesthetized by inhalation of 1–3% of isoflurane via a 

ventilation mask. Anesthetization management was performed by spontaneous 

respiration during the operation, monitoring the heart rate and the arterial oxygen 

saturation. The uterus was exteriorized following midline laparotomy, and the proximal 

end of the uterus was incised for the Caesarean section. After the Caesarean section, 

the uterus, abdominal muscles, and skin were sutured. Embryonic brains were 

dissected in ice-cold phosphate-buffered saline (PBS), and transferred to fixative after 

removal of the meninges. 

3.9.5 Tissue processing 

After dissection, the marmoset E74 brains were immersed in 4% paraformaldehyde 

(PFA) (w/v) in PBS and left in fixative for 24 h at 4oC with mild agitation. After fixation, 

the brains were kept at 4oC in a mixture of 3 parts PBS containing 0.01% NaN3 and 1 

part 4% PFA in 120 mM sodium phosphate buffer with pH 7.4 until processed. 

For cryosectioning, fixed brains (marmoset, mouse) were cryoprotected, first in 15% 

sucrose in PBS and then in 30% sucrose in PBS at 4oC. Brains were embedded in 

Tissue-Tek (Sakura Finetek) and stored at -20oC. Sections were cut at 16µm and 

stored at -20oC.  
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3.9.5 Western blot analyses 

Western blot analyses were performed as described previously (Tuoc & Stoykova, 

2008).  

 

3.9.6 Co-immunoprecipitation and mass spectrometry (CoIP/MS) 

BAF155 and BAF170 interaction analyses were performed using the neural stem cell 

line, NS5 (Conti et al., 2005), and embryonic telencephalic tissue at E13.5 and E17.5. 

Tissues were dissected and minced in cold PBS and then washed twice with PBS. 

Equivalent amounts of cells from one embryo were lysed for 30 min in 1 ml RIPA buffer 

containing a proteinase inhibitor cocktail (Roche) and DNase. All steps were performed 

at 4°C. Lysates were centrifuged for 10 min at 13,000 rpm to sediment out non-lysed 

tissues. The supernatant was pre-cleared by incubating with normal mouse IgG 

together with protein A/G-agarose beads, as described by the manufacturer (sc-2003; 

Santa Cruz). Interacting proteins were immunoprecipitated by incubating pre-cleared 

supernatant with rabbit anti-BAF155 and anti-BAF170 antibodies and A/G-agarose 

beads. The beads were then washed first with 500 µl cold RIPA buffer (three times for 

5 min each) and then with 40 µl of elution buffer (2.5 µl 20% SDS, 5 µl 1 M NaHCO3, 

42.5 µl double-distilled H2O) for 15 min at room temperature. 

 

For MS analyses (performed in the department of Prof. Dr. Henning Urlaub), samples 

were suspended in NuPage loading buffer and resolved on commercial SDS 

polyacrylamide gels (Novex NuPage Bis-Tris gel, 4–12% gradient; Invitrogen). 

Individual lanes were then cut into six squares for MS analysis. The parameters for the 

identification of proteins were set to the following values: limit, 95% probability of 

detection; limit of unique peptides detected, 1; and threshold detection probability of 

peptides, 80%. 
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The list of BAF155- and BAF170-interacting proteins revealed by MS analysis was 

obtained by subtracting nonspecific interactions with IgG in IPs and in telencephalic 

tissues from BAF155-null (BAF155cKO_FoxG1-Cre) and BAF170-null 

(BAF170cKO_FoxG1-Cre) mutants. The first set of controls excludes nonspecific 

binding to the antibody, and the second excludes nonspecific interactions that could 

possibly be precipitated by either the anti-BAF155 or anti-BAF170 antibody.  
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4.1 Abstract 

Radial neuronal migration is an essential neurodevelopmental event central to cortical 

laminar organization. Cortical neurons mainly use glial fiber guides, cell adhesion 

dynamics, and cytoskeletal remodeling, among other discrete processes, to radially 

trek from their birthplace to final layer positions. Dysregulated radial migration can 

engender cortical mis-lamination, leading to neurodevelopmental disorders. Epigenetic 

factors, including chromatin remodelers are emerging as formidable regulators of 

corticogenesis. Notably, the chromatin remodeler BAF complex has been shown to 

regulate several aspects of cortical histogenesis. Nonetheless, our understanding of 

how BAF complex regulates neuronal migration is limited. Here, we report that BAF 

complex is required for neuron migration and process elaboration during cortical 
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development. Ablation of BAF complex disturbed glial fiber formation and cell adhesion 

critical for radial migration; culminating in cortical laminar malformation. Of note, BAF 

complex inactivation caused defective neuronal polarization resulting in diminished 

multipolar-to-bipolar transition and eventual loss of callosal neuron axonal projection, 

attributable to WNT hyperactivity. Mechanistically, the BAF complex may be a 

modulator of WNT signaling activity to drive glial fiber-dependent neuronal migration, 

neurite formation, and cortical lamination. Overall, BAF complex has been identified to 

be crucial for cortical morphogenesis through instructing multiple aspects of radial 

migration in a WNT signaling-dependent manner. 

 

4.2 Introduction 

Early and late patterning events, including specification and diversification of neural 

progenitors, and neuronal migration, afford gross and subtle anatomical and functional 

cortical areas establishment during forebrain development (Silva et al., 2019). For the 

most part, neuronal migration is the critical process that ensures proper placement of 

isogenic groups of neurons into their predetermined cortical laminae during 

morphogenesis of the cortex. Hence, in the event of neuronal misplacement due to 

abnormal migration, the cortex is mis-laminated and the ectopic neurons become 

susceptible to developmental anomalies, including abnormal differentiation, incorrect 

neurite formation and synaptogenesis, and dysregulated cell death which can 

culminate in many neurodevelopmental disorders (Valiente & Marin, 2010; Evsyukova 

et al., 2013).  

 

The bona fide excitatory neurons generated by radial glia (RG) cells in the ventricular 

zone (VZ) or by intermediate progenitors in the subventricular zone (SVZ) of the 

developing cortex make incredibly long and challenging navigations from their place of 
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birth to specified layers in the cortical plate (CP) to constituent what is referred to as 

radial migration (Noctor et al., 2001; Noctor et al., 2002; Pontious et al., 2008). Radial 

migration can occur in the form of somal translocation or locomotion (Nadarajah et al., 

2001). During somal translocation, mainly used by early-born neurons, the nascent 

neuron elaborates a long leading process anchored at the pial basement membrane. 

By means of progressive traction force generated by shortening of the long leading 

process, the soma of the neuron is continually translocated to be placed in its 

designated cortical lamina (Miyata et al., 2001; Nadarajah et al., 2001).  

 

Locomotion on the other hand is a more complex and multiphasic process. Unlike 

somal translocation, it depends on the molecular and structural guidance of RG fibers 

needed for the neuronal movement profiles that largely contribute to the formation of 

superficial neocortical layers (Rakic, 1972). The locomoting neuron, mainly late-born, 

displays morphological fluidity in the course of trekking. Notably, during locomotion, 

the newborn neuron briefly attaches to its mother glial fiber or the adjoining fiber and 

actively moves with a bipolar morphology into the lower intermediate zone (IZ). In the 

IZ, the bipolar neuron disengages from the glial fiber to momentarily pause radial 

migration. It then transitions to or adopts a multipolar morphology with which it makes 

undefined micro-movements in effort to collect directional cues for subsequent radial 

(oriented) migration. Upon adequate molecular conditioning and transient NMDA 

receptor-mediated glutamatergic synaptic stimulation, the multipolar neuron then 

switches back to bipolar morphology in the vicinity of the upper IZ and re-attaches to 

the glial fiber to resume locomotion to its final destination in the CP (Kriegstein & 

Noctor, 2004; Noctor et al., 2004; Inoue et al., 2014; Mizutani, 2018; Ohtaka-Maruyama 

et al., 2018). The bipolar neuron characteristically extends a pia-directed leading 

process, the dendrite-to-be, and a trailing process towards the VZ which becomes the 
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future axon (Rakic et al., 1996). Adopting the appropriate neuronal morphology or 

polarity is a key determinate of successful radial migration and cortical morphogenesis, 

which can lead to neurodevelopmental anomalies when perturbed (Hakanen et al., 

2019). Locomotion ends in the CP by detachment of the migrating neuron from the 

glial fiber to be properly positioned in its home layer via somal translocation (Nadarajah 

et al., 2001).  

 

Indeed, neuronal migration (locomotion) is a complex cell biological process which 

must be under tight molecular regulation. As such, myriad of factors, including 

transcriptional and signaling factors have been identified to spatiotemporally regulate 

various aspects of cortical neuron migration (reviewed in (Heng et al., 2007; Marin et 

al., 2010; Evsyukova et al., 2013)). Notably, it has been shown in seminal studies and 

reviews that the formation and maintenance of RG fibers, and related neuronal cell 

adhesion dynamics are tightly regulated during radial migration (Anton et al., 1997; 

Anton et al., 1999; Elias et al., 2007; Kawauchi et al., 2010; Shikanai et al., 2011; Sild 

& Ruthazer, 2011; Valiente et al., 2011; Solecki, 2012; Desai et al., 2013; Evsyukova 

et al., 2013; Schmid et al., 2014; Tonosaki et al., 2014; Jinnou et al., 2018; Louhivuori 

et al., 2018; Schaffer et al., 2018; Zhang et al., 2019).  

 

Epigenetic factors have lately been at the center stage of neurodevelopmental 

regulation after previous underestimation of their phenomenal role in orchestrating 

neural development. Emerging among these epigenetic regulators are the chromatin 

remodelers which can redesign the epigenetic landscape to influence gene expression 

and related cell biological events through direct alteration of chromatin structure and/or 

the recruitment of other epigenetic or transcriptional cofactors during cortical 

development (Sokpor et al., 2018).  



 

99 

 

 

The Brg1/Brm-associated factor (BAF) complex, a mammalian version of the yeast 

SWI/SNF complex, is a multi-subunit protein complex which primarily functions as a 

chromatin remodeler (Clapier et al., 2017) and has been shown in recent years to be 

indispensable for neural development (Son & Crabtree, 2014; Sokpor et al., 2017; 

Sokpor et al., 2018). During cortical development, the BAF complex regulates key 

processes such as specification, proliferation, differentiation and functional maturation 

of cortical progenitors or postmitotic neurons (Son & Crabtree, 2014; Sokpor et al., 

2017; Sokpor et al., 2018). Notably, the BAF complex subunits can be reconstituted to 

form cell type specific variants that have unique functional effects. For example, the 

BAF complex in neural progenitors (npBAF) is compositionally and functionally distinct 

from that in postmitotic neurons (nBAF) (Lessard et al., 2007; Wu et al., 2007; Kadoch 

et al., 2013; Tuoc et al., 2013; Bachmann et al., 2016).  

 

Although chromatin remodelers, including some BAF subunits, have been reported to 

regulate neuronal migration in the developing mammalian cortex (Nott et al., 2013; 

Wiegreffe et al., 2015; Nitarska et al., 2016; Xu et al., 2018) and in worm neural tissue 

(Weinberg et al., 2013), how they mechanistically control neuronal migration during 

brain development is far from clear. In this current study, we aimed at clearly defining 

the molecular and cellular mechanisms through which the BAF complex orchestrates 

migration of excitatory/projection neurons in the developing cortex. 

To that end, we abolished the BAF complex in early and late cortical progenitors and 

specifically in postmitotic neurons to investigation how BAF complexes influence 

neuronal migration during corticogenesis. From our molecular and cellular analyses of 

the BAF complex mutant (knockout or knockdown) cortex, it was evident that neurons 

fail to migrate properly in the absence of BAF complex functionality. As a result, cortical 
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neurons are misplaced in the mutant cortex leading to abnormal cortical 

cytoarchitectonic and concomitant laminar malformation. The BAF complex-ablated 

cortical neuron is incapable of proper radial migration because of loss of glial fiber 

guides and adhesion molecules, defective formation of processes required for 

locomotion, and abnormal WNT signaling activity. The said altered factors and process 

are however critical for correct radial migration, and are tightly regulated by many other 

factors during cortical morphogenesis (Reviewed in (Evsyukova et al., 2013)).  

 

Our findings that BAF complex ablation in the developing mouse forebrain leads to 

cortical mis-lamination, agenesis of corpus callosum, and gross reduction in cortical 

size being rescuable by manipulation of WNT signaling, may have therapeutic 

applicability for some reported clinical neurodevelopmental anomalies liked to BAF 

complex subunit mutations (Sokpor et al., 2017).  

 

4.3 Results 

4.3.1 BAF complex-deficient early developing cortex lacks critical neuronal 

migration factors and appears severely malformed 

In order to study the role of BAF complex in RG fiber-dependent neuronal migration 

during early development of the cortex, we conditionally ablated the BAF complex 

function in cortical RGs at the onset of neurogenesis onward. This was done by 

crossing mice double floxed for the BAF complex subunits BAF155 (Choi et al., 2012) 

and BAF170 (Tuoc et al., 2013) with the early-acting (E10.5) dorsal telencephalon-

specific Emx1-Cre (Gorski et al., 2002) to generate the double conditional knockout 

(dcKO) BAF mutant cortex, herewith referred to as dcKO_Emx1-Cre. (Fig. S4.1). We 

previously identified that the BAF complex function is adequately abolished by double 
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deletion of its scaffolding subunits BAF155 and BAF170. In the absence of BAF155 

and BAF170, the entire BAF complex stability is compromised. This leads to 

disassembly of other components (subunits) of the complex, making them susceptible 

to proteasomal degradation and attendant functional inactivation of the entire BAF 

complex (Narayanan et al., 2015; Bachmann et al., 2016; Nguyen et al., 2016; Nguyen 

et al., 2018).  

 

Examination of the E13.5 early developing dcKO_Emx1-Cre cortex, 

immunohistochemically stained for HuCD (a pan-neuronal marker), revealed reduction 

in cortical size due to decreased differentiation of RGs and increased apoptosis as 

compared with the control (wild-type) cortex (Fig. 4.1A, left vertical panel; (Narayanan 

et al., 2015)). At E15.5, in comparison to the control cortex, the dcKO_Emx1-Cre cortex 

appeared dramatically malformed with striking perturbations in progenitor pool and 

neuronal generation as indicated by Pax6 and Tbr1 immunohistochemistry, 

respectively (Fig. 4.1A, middle vertical panel). Normally, by E15.5, cortical 

neurogenesis is at its peak and the first wave of early-born/layer 6 (L6) Tbr1+ neurons 

have already successfully migrated into the CP to make the first clearly demarcated 

cortical lamina (Fig. 4.1A; (Molyneaux et al., 2007; Gaspard et al., 2008)). At higher 

magnification, the dcKO_Emx1-Cre cortex showed a cocktail of Pax6+ RGs and Tbr1+ 

L6 neurons which are rather discernably separated by the intervening IZ in the 

corresponding control cortex (Fig. 4.1A, right vertical panel). This observation convey 

an impression of neuronal migration disturbance amid other cortical developmental 

anomalies imputable to loss of BAF complex in the early stages of corticogenesis. 

 

When we re-examined our previously generated RNA sequencing data in which 1723 

genes were downregulated and 102 genes upregulated in the E12.5 dcKO_Emx1-Cre 
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cortex (Fig. 4.1B; (Narayanan et al., 2015), we found in our gene ontology analysis that 

key pathways involved in cell polarity via cytoskeletal remodeling, cell adhesion, 

neuronal cell migration and neurite formation were significantly downregulated 

compared with control cortex (Fig. 4.1C). Given that these categories of factors play 

crucial roles in oriented-neuronal migration (locomotion) to afford proper cortical 

lamination, we were interested in determining whether truly the dcKO_Emx1-Cre 

cortex exhibits deficits in such factors necessary for radial neuronal migration. In that 

direction, we immunostained Nestin in the E13.5 dcKO_Emx1-Cre cortex. Classically, 

Nestin staining reveals RG cells and particularly their fiber elaboration that traverses 

the developing cortex from the VZ to the pial surface, where they are anchored to the 

basement membrane by branched end feet (Control in Fig. 4.1D). The Nestin+ RG 

fiber acts as scaffold to which nascent postmitotic neurons attach in order to radially 

migrate from their place of birth to their final destination (cortical layer) in the CP. 

Strikingly, we found that such Nestin+ fibers are massively lost in the E13.5 

dcKO_Emx1-Cre cortex (Fig. 4.1D/E).  

 

To substantiate the observed loss of Nestin+ fibers and/or cells in the dcKO_Emx1-

Cre cortex, we also checked for the integrity of cell adhesion at the cortical apical 

surface that anchors the Nestin expression RG cells in the VZ of the developing cortex. 

For this, we examined α-Catenin expression, a typical adhesion protein intensely 

expressed at the apical surface, and noticed significant depletion of this apical 

adherens junctional protein at the E13.5 dcKO_Emx1-Cre cortical ventricular surface. 

The intra-cortical expression of α-Catenin was also reduced in the E13.5 dcKO_Emx1-

Cre cortex as compared with control (Fig. 4.1D/F). This result was also in consonance 

with the observed downregulation of cell-cell interaction/adhesion category of gene 

expression captured in our gene ontology analysis (Fig. 4.1C). Notably, apart from 
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being a component of the adherens junction belt at the apical surface of the VZ, α-

Catenin is also crucial for adhesion of migrating neurons to glial fibers for locomotion 

by forming indirect links with the internal cytoskeleton (Drees et al., 2005; Elias et al., 

2007). Therefore, loss of cortical α-Catenin can on its own disturb neuronal migration 

and cortical morphogenesis during forebrain development (Fig. 4.1A; (Schmid et al., 

2014; Schaffer et al., 2018). 

 

Altogether, we obtained foundational evidence indicating dysregulated migration of 

cortical projection neurons following inactivation of BAF complex functionality in the 

cortical neuroepithelium of the early developing mouse forebrain. The apparent 

perturbation of neuronal migration may partly contribute to the severe cortical 

dysgenesis of the early developing BAF complex mutant cortex.  
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Figure 4.1 BAF complex inactivation causes massive cortical malformation partly due to 
defective neuronal migration in the early developing cortex: (A) Immunohistochemical staining of 
coronal sections of E13.5 and E15.5 control (wild type) and dcKO_Emx1-Cre mouse cortex with 
antibodies against the pan-neuronal marker protein HuCD, early-born layer 6 neuronal marker Tbr1, 
and the neural stem/progenitor cell marker Pax6. (B) Volcano plot showing genes downregulated and 
upregulated in the dcKO_Emx1-Cre cortex. Examples of top altered genes are indicated. The total 
number of genes downregulated and upregulated in the E12.5 dcKO_Emx1-Cre cortex as compared 
with control are indicated. (C) Graphical representation of gene ontology analysis of RNA-seq results in 
the E12.5 dcKO_Emx1-Cre cortex versus (vs) control showing downregulation of migration-related gene 
categories. (D) Sections of E13.5 control and dcKO_Emx1-Cre cortex immunostained for the glial fiber 
protein Nestin and the cell adhesion protein α-Catenin. White rectangular inserts represent respective 
cortical arears comparatively selected for quantifications. (E, F) Simple (E) and grouped (F) bar charts 
showing quantification of Nestin and α-Catenin expression, respectively, in the E13.5 control and 
dcKO_Emx1-Cre cortex. Where shown, sections are counterstained with DAPI (blue). Unpaired 
Student’s t-test was used to test for statistical significance: **p < 0.005, ***p < 0.0005; n = 4; Scale bars: 
= 100 µm and 50 µm in overview and zoomed images, respectively. Results are presented as mean ± 
SEM. Abbreviations: Intracortical (IC), Apical surface (AS).  

 
 

4.3.2 Loss of BAF complex later in corticogenesis results in impaired neuronal 

migration leading to cortical mis-lamination and dysgenesis 

Since the cortical mass is dramatically lost when BAF complex is abolished early in 

cortical development (Fig. 4.1A; (Narayanan et al., 2015)), we were unable to study 

neuronal migration further and comprehensively in the dcKO_Emx1-Cre forebrain. This 

warranted our choice of another BAF complex mutagenic strategy that allowed us to 

delete the BAF complex at a later stage of corticogenesis. Thus, we generated the 

dcKO_hGFAP-Cre forebrain model in which BAF155 and BAF170 are deleted 

predominately in the VZ progenitors of the developing cortex to achieve ablation of the 

entire BAF complex (Fig. S1; (Nguyen et al., 2018)). Since the hGFAP-Cre is relatively 

late-acting, with the earliest activity detected around E13.5 (Zhuo et al., 2001; Nguyen 

et al., 2018), we were able to lessen the impact of loss of BAF complex on cortical 

morphogenesis compared with that caused in the dcKO_Emx1-Cre (Fig. 4.2 vs. Fig. 

4.1). Therefore, the dcKO_hGFAP-Cre model allowed us to study neuronal migration 

at late embryonic and early postnatal stages of cortical development with fairly 

preserved cortical integrity in the absence of BAF complex.  
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We characterized the migration phenotype in the E17.5 cortex, by which stage the 

knockout effect under the hGFAP-Cre activity is fully established in the entire cortex 

(Nguyen et al., 2018). We started by reanalyzing our previously generated RNA 

sequencing data from the E17.5 cortex in which 1329 genes and 1195 genes were 

downregulated and upregulated, respectively (Fig. 4.2A). Again, we screened for gene 

categories implicated in the regulation of neuron migration in the cortex. Consistent 

with our observations in the dcKO_Emx1-Cre cortex (Fig. 4.1B/C), we found several 

gene pathways involved in cell polarity establishment and adhesion downregulated in 

the dcKO_hGFAP-Cre cortex (Fig. 4.2B). We then immunohistochemically checked for 

the adhesion protein α-Catenin and the Nestin+ RG scaffolds in the E17.5 control and 

dcKO_hGFAP-Cre cortex. As expected, we found demonstrable depletion of RG fibers 

and reduction in the apical and intra-cortical distribution of (α-Catenin-mediated) cell 

adhesion in the dcKO_hGFAP-Cre cortex as compared with control (Fig. 4.2C–E; 

(Nguyen et al., 2018)). Interestingly, there was no commensurate reduction in 

Pax6/Sox2+ progenitors in the dcKO_hGFAP-Cre germinal zones despite the loss of 

Nestin+ fibers. Rather, the neural stem cell pool was increased, although at the 

expense of neurogenesis, in the dcKO_hGFAP-Cre developing cortex (Nguyen et al., 

2018). 

 

The neuronal migration phenotype in the E17.5 dcKO_hGFAP-Cre and control 

developing cortex was assessed by applying antibodies against the lower layer (L5) 

cortical neuron marker protein Ctip2 (Arlotta et al., 2005; Gaspard et al., 2008) and the 

upper cortical layer neuron marker protein Cux1 (Nieto et al., 2004), which revealed 

that loss of BAF complex at later-stage of embryonic corticogenesis severely disturbed 

neuronal migration (Fig. 4.2F). We also checked the cortical neuron migration 

phenotype just after birth (P0), by which time majority of Tbr1+ and Ctip2+ lower layer 
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neurons have largely completed somal translocation or locomotion to properly settle in 

their respective layers (Nadarajah et al., 2001; Marin & Rubenstein, 2003; Molyneaux 

et al., 2007). Unlike Cux1 or Brn2+ neurons, Tbr1+ and Ctip2+ neurons are normally 

born in the dcKO_hGFAP-Cre cortex (Nguyen et al., 2018). Our immunohistological 

and quantitative analysis indicated significant disturbance in Ctip2+ L5 neuronal 

distribution in the P0 dcKO_hGFAP-Cre cortex as compared with control (Fig. 4.2G/H). 

Although, most of the Tbr1+ L6 neurons migrated out of the germinal zones and IZ, 

they appear to have over-migrated, making them locate in upper layer domains in the 

P0 dcKO_hGFAP-Cre cortex as compared with control (Fig. 4.2G/I).  

 

Together, these results strongly implicate the role of the BAF complex in orchestrating 

radial migration of cortical neurons and proper development of the cortex. However, 

just like in the dcKO_Emx1-Cre model, the migration phenotype in the dcKO_hGFAP-

Cre cortex co-exists with disruption in neural progenitor cell proliferation and 

differentiation consequent to BAF complex inactivation (Narayanan et al., 2015; 

Nguyen et al., 2018).  
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Figure 4.2 Cortical layer formation is improper in the absence of BAF complex due to loss of cell 
adhesion and glial fiber scaffolds: (A) Volcano plot showing genes downregulated and upregulated 
in the dcKO_hGFAP-Cre cortex. Examples of top altered genes are indicated. (B) Graph showing 
downregulation of selected gene category pathways mainly related to cell adhesion and polarity 
formation in the E17.5 dcKO_hGFAP-Cre cortex. (C) Sections of E17.5 control and dcKO_hGFAP-Cre 
cortex immunostained for the glial fiber protein Nestin and the cell adhesion protein α-Catenin. White 
rectangular inserts represent respective cortical arears comparatively selected for quantifications. (D, 
E) Simple (D) and grouped (E) bar charts showing quantification of Nestin and α-Catenin, respectively, 
in the E17.5 control and dcKO_hGFAP-Cre cortex. (F, G) Immunostaining with the lower and upper 
layer neuronal marker antibodies Ctip2 and Cux1, respectively, in the E17.5 (F) and P0 (G) control and 
dcKO_hGFAP-Cre cortex. White broken lines are approximate upper and lower boundaries of the deep 
(L5/6) and superficial (L2/3) cortical layers (F). Bins for neuronal distribution analysis are indicated in 
(G). (H, I) Bar charts showing quantitative distributions of deep layer neurons (Ctip2+ and Tbr1+) in the 
P0 control and dcKO_hGFAP-Cre cortical wall. Where shown, sections are counterstained with DAPI 
(blue). Unpaired Student’s t-test was used to test for statistical significance: *p < 0.05, **p < 0.005, ***p 
< 0.0005, ****p < 0.00005; ns, not significant; n = 3; Scale bars: = 100 µm and 50 µm in overview and 
zoomed images, respectively. Results are presented as mean ± SD. Abbreviations: Intracortical (IC), 
Apical surface (AS). 

 
 

4.3.3 Neuron-specific ablation of BAF complex caused delay in migration of 

upper layer neurons and perturbed cortical morphogenesis 

Even though compared with the dcKO_Emx1-Cre model the dcKO_hGFAP-Cre cortex 

is relatively more preserved and allowed us to more clearly examine the consequence 

of BAF complex deletion in neural progenitors (npBAF) on neuronal migration, we still 

have remarkable reduction in corticogenesis in the dcKO_hGFAP-Cre forebrain (Fig. 

4.2G). Moreover, compared with lower L6 and L5 neurons (Fig. 2G), upper or 

superficial layer (L2–4) neuron generation is severely reduced in the postnatal 

dcKO_hGFAP-Cre cortex (Nguyen et al., 2018)). Therefore, to mainly restrict the 

phenotypic effect of BAF complex ablation to postmitotic neurons and preclude 

disturbance of neurogenesis, we resorted to the Nex-Cre line (Goebbels et al., 2006). 

This approach of manipulating the expression/function of BAF complex was expected 

to afford investigation of cortical neuronal migration with minimal interference in 

progenitor proliferation and differentiation. We generated the dcKO_Nex-Cre mouse 

line in which BAF155 and BAF170 (BAF complex) is deleted exclusively in the principal 
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neurons generated in the cortex from E10.5 onwards (Fig. S1; (Goebbels et al., 2006)), 

although a few residual BAF subunits can be seen later in the mutant cortex (Fig. S4.2). 

 

Characterization of the migration phenotype in the dcKO_Nex-Cre cortex was mainly 

done at early postnatal stages P1 and P6, as majority of projection neurons reach their 

final destination by then. Generally, the Nex-Cre-mediated BAF complex mutagenesis 

in the P1 dcKO_Nex-Cre cortex moderately impacted cortical size (Fig. 4.3A/B). To 

identify subtle migration defects, we performed fluorescence in situ hybridization 

(FISH) experiment in which the P1 dcKO_Nex-Cre and control cortex were riboprobed 

with the layer specific markers TC, Etv, Rorβ, and Ndnf which label the cortical layers 

6, 5, 4, 1, respectively. Based on distribution of the aforementioned FISH probe signals, 

it was observed that the P1 dcKO_Nex-Cre cortical neurons were mis-distributed: 

making the cortical layers to appear amorphous as compared with the clearly 

delineated corresponding layers in the control cortex (Fig. 4.3A). Because the Ndnf-

marked Layer 1 neurons are Cajal-Retzius cell which migrate tangentially into the 

cortex from other cortical areas like the hem (Bielle, Franck et al., 2005), they are 

presumably not affected by the Nex-Cre-mediated ablation of BAF complex 

expression; hence they displayed no disturbance in their laminar distribution in the P1 

mutant cortex compared to control (Fig. 4.3A).  

 

At the protein level, our immunohistochemical analysis showed that loss of BAF 

complex led to an impressive delay in the migration of Cux1+ upper layer neurons in 

the P1 dcKO_Nex-Cre cortex compared with control. Our bin analysis revealed 

significant number of Cux1+ neurons lagging in their radial migratory trajectories due 

to BAF complex inactivity (Fig. 4.3B/C). Interestingly, although the abnormal migration 

of upper (Cux1+) layer neurons in the P1 dcKO_Nex-Cre mildly persists in the P6 
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dcKO_Nex-Cre cortex compared with control, the effect of the delayed migration 

greatly manifested as marked reduction in cortical size and structure of the P6 

dcKO_Nex-Cre forebrain compared with control (Fig. S4.3A–E).   

 

Consistent with the observed phenotype, we identified relevant abnormal alterations in 

gene expression levels in the P1 dcKO_Nex-Cre cortex. We found in our RNA-seq 

analysis that almost equal number of genes were downregulated (1167) and 

upregulated (1168) in the P1 dcKO_Nex-Cre cortex compare with control (Fig. 4.3D). 

Notably, some of the top downregulated genes include those that are associated with 

migration neurons (Fig. 4.3D). Also, our gene ontology analysis indicated 

downregulation of several cell differentiation-related pathways in the P1 dcKO_Nex-

Cre cortex (Fig. 4.3E). Specifically, we noticed that genes that are key for cytoskeletal 

remodeling needed for dendritic arborization and stability, and axonogenesis 

(Urbanska et al., 2008; Koleske, 2013) were downregulated in the BAF-deficient cortex 

(Fig. 4.3F).  

 

To support the possible implication for defective neuronal differentiation in the 

dcKO_Nex-Cre cortical phenotype, we examined axonogenesis of upper layer neurons 

as a proxy for abnormal neuronal differentiation of dcKO_Nex-Cre neurons. Normally, 

it is the trailing process of migrating upper layer neuron that grows out as the axon to 

form of the corpus callosum. Strikingly, we found malformation (agenesis) of the corpus 

callosum as reveal by L1 immunostaining in rostral and caudal sections of the P6 

dcKO_Nex-Cre cortex (Control vs dcKO_Nex-Cre in Fig. S4.3E). Thus, axonal 

formation and/or pathfinding is disturbed in neurons lacking BAF complex. Generally, 

neuronal differentiation is disturbed in the absence of BAF (SWI/SNF) complex or 

some of its subunits (Wu et al., 2007; John et al., 2012; Weinberg et al., 2013; Nguyen 
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et al., 2018), and previous studies also showed that olfactory sensory neurons cannot 

form axons in the absence of BAF complex (Bachmann et al., 2016). Moreover, it is a 

possible phenomenon that perturbation of neuronal migration, especially of upper layer 

neurons, can cause loss of cortical interhemispheric connection (Boitard et al., 2015; 

Bocchi et al., 2017). 

 

Altogether, we have shown that exclusive deletion of BAF complex in postmitotic 

neurons perturbs neuronal differentiation program that can lead to improper formation 

of neuronal processes necessary for oriented-neuronal migration and development of 

the mammalian cortical structure. 
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Figure 4.3 Neuron-specific deletion of BAF complex alters neuronal differentiation programs 
leading to defective neuronal migration: (A) Micrographs showing fluorescence in situ hybridization 
in the P1 control and dcKO_Nex-Cre cortex stained with the layer specific RNA probes TC, Etv, Rorβ, 
and Ndnf to reveal cortical layers 6, 5, 4, and 1, respectively. (B) Micrographs showing immunostaining 
of the P1 control and dcKO_Nex-Cre cortex with Cux1 antibodies to mainly mark layer 2/3 neurons. (C) 
Bar chart showing quantitative distribution of Cux1+ neurons in the P1 control and dcKO_hGFAP-Cre 
cortical wall. (D) Volcano plot show genes downregulated and upregulated in the P1 dcKO_Nex-Cre 
cortex compared with control. Examples of top altered genes are highlighted in red. (E) Gene ontology 
analysis showing differentiation-related pathways altered in the P1 dcKO_Nex-Cre cortex. (F) Chart 
showing specific neuronal differentiation- and polarization-related genes with reduced expression in the 
P1 dcKO_Nex-Cre cortex. Where shown, sections are counterstained with DAPI (blue). Unpaired 
Student’s t-test was used to test for statistical significance: *p < 0.05, **p < 0.005; n = 6; Scale bar = 100 

µm. Results are presented as mean ± SD.  

 

4.3.4 Knockdown of BAF155 and BAF170 in cortical progenitors revealed 

impairment of oriented-neuronal migration and neurite formation 

In order to refine the presentation of cortical neuron migration phenotype due to loss 

of BAF complex so as to identify any alteration of the cellular dynamics involved, we 

employed in utero electroporation technique (Fig. 4.4A). This focal ablation strategy 

afforded sparse loss of the BAF complex in selected cortical neurons, thus making the 

resultant migration phenotype more conspicuous. To achieve this, we electroporated 

the mouse cortex double floxed for BAF155 and BAF170 with a control plasmids 

pCIG2-ires-eGFP (CAG-eGFP/GFP-only) or pCIG2-Cre-ires-eGFP (CAG-Cre-eGFP) 

plasmids into the E14.5 cortex (Fig. 4.4A). Because the CAG-Cre is active in all cell 

types, we essentially mimicked loss of BAF complex under the Emx1- or hGFAP-Cre 

promoters as achieved in the dcKO_Emx1-Cre and dcKO_hGFAP-Cre cortical models 

(Fig. 4.1, Fig. 4.2). The electroporated embryos were allowed to develop until E17.5 

and the cortical tissues collected for immunohistological analyses. 

 

By means of GFP immunostaining, we were able to track the progress of transfected 

migrating cortical neurons from the Pax6-marked VZ to the CP. Interestingly, we found 

that the GFP-only transfected neurons migrated in discernable radial profiles, whereas 

the CAG_Cre+GFP positive neurons displayed apparent lateral dispersion and less 
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obvious radial trajectories (Fig. 4.4B). Also, we observed formation and fasciculation 

of the axons of the GFP-only transfected neurons, whereas the CAG_Cre+GFP 

transfected neurons failed to show noticeable axonogenesis; signifing possible 

differentiation incompetence in the neurons lacking BAF155 and BAF170 (Fig. 4.4B). 

This can be linked to abnormal RG cell fiber-neuron contact or adhesion which can 

disrupt axon formation and orientation during locomotion (Xu et al., 2015). 

 

At higher magnification, it was evident that glial fiber-dependent (radial) migration of 

cortical neurons was disrupted following loss of BAF155 and BAF170. Compared with 

control, the BAF complex mutant (i.e. CAG_Cre-treated) neurons, presumably 

multipolar neurons, appeared to have accumulated in the lower regions of the cortical 

wall namely the Pax6-labeled VZ, SVZ, and IZ, making the upper and lower aspects of 

the CP less populated with successfully migrated and/or properly migrating neurons 

(Fig. 4.4C/D). We identified that the cortical neurons without functional BAF complex 

were mis-oriented with respect to their normal radial alignment and also exhibited 

abnormal polarities. This was revealed in our immunohistological examination of the 

Golgi apparatus localization and leading process length of the actively migrating 

neuron in the middle and upper IZ (Fig. 4.4E/F). The BAF complex-ablated bipolar 

neuron has its GM130+ Golgi located close to the nucleus and with reduced estimated 

leading process length compared with control neurons in the upper IZ (p-value = 

0.0032, Mann Whitney Test; Fig. 4.4F–H). This likely underpined the decreased 

proportion of migrating neurons facing the pia, a proxy for proper radial migration, in 

mutants (CAG_Cre+GFP-transfected neurons) compared with control (GFP-only-

transfected neurons) (Fig. 4.4J) and gives reason to the abnormal radial migration seen 

in the BAF complex knockdown condition (Fig. 4.4C/D).  
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In further support of our assertion of defective directed-neuronal migration when BAF 

complex is inactivated in neurons, we observed reduced engagement of Nestin+ glial 

fibers by the CAG_Cre+GFP positive migrating neurons compared with the GFP-only 

positive neurons in the upper IZ and lower CP (Fig. 4.4I). In other words, based on 

neuron-glial fiber proximation (i.e. GFP and Nestin signal colocalization), whereas 

more than 80% of the control migrating neurons depend on or use the glial fiber 

scaffolds to radially migrate, far less proportion (16%) of CAG_Cre+GFP positive 

neurons seem to use glial fibers for migration (Fig. 4.4I/K). Moreover, given the role of 

adhesion molecules in radial migration (Solecki, 2012), we inferred from the loss of cell 

adhesion in the developing cortex due to deletion of BAF155 and BAF170 (Fig. 4.1B–

F; Fig. 4.2A–E) that it is possible the CAG_Cre+GFP positive neurons improperly 

attach to glial fibers or not at all because of loss of glial fiber and adhesion proteins 

leading to possible abolishment of normal radial migration (Fig. 4.4l/L). 

 

In all, the reduced use of glial fibers for migration by the BAF complex-ablated cortical 

neurons and their dysregulated Golgi-dependent polarization and transformation, may 

have contributed to the loss of radial orientation. These deficiencies may have 

implications for possible sluggish neuronal motility and mis-guidance leading to stalling 

of neuronal trekking in the developing cortex (Fig. 4.4C/D/L). 
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Figure 4.4 Migrating neurons without BAF complex exhibit abnormal polarity and radial mis-
guidance: (A) Illustration of in utero electroporation technique used to achieve knockdown of BAF155 
and BAF170. It shows a representative embryo in the uterine horn double floxed for BAF155 and 
BAF170 (BAF155fl/fl, BAF170fl/fl) that is being injected in the brain with plasmid of interest and 
electroporated at E14.5, and the brain tissue harvested at E17.5. (B) Immunohistochemical micrographs 
showing overview of Pax6 (to mark the germinal zones) and GFP staining in the E17.5 cortex 
(BAF155fl/fl, BAF170fl/fl) electroporated with control (GFP-only) or CAG-Cre+GFP plasmids. (C) 
Micrographs showing the electroporated cortical areas at higher magnification with Pax6 and GFP 
immunostaining in the control and CAG-Cre+GFP plasmid-injected E17.5 cortex. Approximate cortical 
regions are shown. (D) Bar chart showing distribution of GFP+ neurons in the various cortical regions in 
the E17.5 control and CAG-Cre+GFP plasmid-injected E17.5 cortex. (E) Images showing the E17.5 
control and mutant cortical middle intermediate zone with GFP and GM130 staining which marks the 
Golgi apparatus. (F–H) Micrographs with GFP and GM130 staining (F) and illustration (G) showing 
estimation of the leading process (LP) length of control and BAF complex mutant cortical neurons in the 
lower cortical plate graphically compared in (H). (I) Images of the E17.5 control and mutant upper 
intermediate zone and lower cortical plate immunostained with GFP and Nestin antibodies to reveal 
neuron-glial fiber colocalization. Inserts (a, b, c and d) and arrow heads indicate examples of neurons 
migration with or without (abnormally with) glial fiber guide. (J) Bar chart showing the proportion of GFP+ 
neurons with their Golgi-leading process axis oriented towards the pia in the E17.5 GFP-only and CAG-
Cre+GFP-electroporated cortical upper intermediate zone. (K) Pie chart depicting the quantification of 
the proportion of GFP+ control and BAF complex mutant neurons with or without glial fiber guide in the 
upper intermediate zone and lower cortical plate. (L) Graphical summary of the abnormal neuronal 
migration due to BAF complex deletion in neural progenitors as compared with control. Solid curved 
arrow indicates normal transition and broken curved arrow denotes truncation/protraction of transition. 
Where shown, sections are counterstained with DAPI (blue). Vertical arrows point in the direction of the 
pia. Red cross denotes deletion or loss. Unpaired Student’s t-test was used to test for statistical 
significance: *p < 0.05, ***p < 0.0005; n = 4, Selected 25 and 17 control and mutant GFP+ uIZ neurons 
for leading process length estimation, respectively; Scale bars: = 100 µm and 50 µm in overview and 
zoomed images, respectively. Results are presented as mean ± SD. Abbreviations: Ventricular zone 
(VZ), Subventricular zone (SVZ), (lower/middle/upper) Intermediate zone (l/m/uIZ), lower/upper cortical 
plate (l/uCP), Marginal zone (MZ), Neuron (N), Bipolar neuron (BN), Multipolar neuron (MN), Radial glial 
cell (RGC), Adhesion protein (AdP), Neural progenitor BAF complex (npBAF).  

 
 

4.3.5 BAF complex-deficient migrating cortical neurons display defective 

multipolar-to-bipolar transition leading to abnormal migration 

Applying the same logic and advantage of using the dcKO_Nex-Cre line over the 

dcKO_Emx1- and hGFAP-Cre lines, we neuron-specifically knocked-down BAF155 

and BAF170 in the E14.5 cortex using a NeuroD-Cre-ires-GFP plasmid in another in 

utero electroporation experiment. Thus, the NeuroD-Cre-mediated inactivation of BAF 

complex in nascent cortical neurons increased the specificity of the related effect on 

radial migration of neuron as compared with the CAG-Cre model.  

 

Examination of GFP immunostaining in two sets of E17.5 cortices (double floxed for 

BAF155/BAF170) electroporated with control (NeuroD-GFP) and NeuroD-Cre-ires-
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GFP plasmids at E14.5 revealed marked disruption of radial neuronal migration (Fig. 

4.5A). Although the Pax6-stained VZ in the cortex transfected with NeuroD-GFP or 

NeuroD-Cre-ires-GFP plasmids is devoid of GFP+ cells, the IZ and lower (l) CP of the 

NeuroD-Cre-ires-GFP electroporated cortex is filled with more GFP+ cells compared 

with the control cortex (Fig. 4.5A/B). However, as an indication of successful radial 

migration, the control upper (u) CP is seen to be filled with significantly more GFP+ 

cells as compared with the uCP of NeuroD-Cre-ires-GFP treated cortex (Fig. 4.5A/B).  

 

One of the critical cellular processes during radial migration of cortical neuron is the 

transient transformation from multipolar to bipolar morphology which occurs in the 

upper IZ (Nadarajah et al., 2001; Noctor et al., 2004). The function of the multipolar 

phase is not clearly known, albeit some believe directional cues are collected by the 

many temporary neurites of the neurons at this stage (Mizutani, 2018). The bipolar 

structure on the other hand is suited for the glial fiber attachment and subsequent 

active locomotion to the CP (Nadarajah et al., 2001; Noctor et al., 2004). This 

information evoked our interest in examining the morphological integrity of migrating 

neurons lacking BAF complex. We sampled and grouped the diverse forms of 

migrating neurons in electroporated regions of the cortical wall into three morphological 

categories: unipolar/bipolar, multipolar, and non-polar (undefined) neurons (Fig. 4.5C). 

Our statistical quantification revealed significantly less proportion of bipolar or unipolar 

neurons in the NeuroD-Cre-ires-GFP electroporated cortical area compared with the 

NeuroD-GFP electroporated cortical area. However, we found more multipolar neurons 

in the NeuroD-Cre-ires-GFP electroporated cortex compared with the cortical area 

electroporated with NeuroD-GFP plasmid (Fig. 4.5D). Strikingly, we also found more 

so-called nonpolar neurons in the NeuroD-Cre-ires-GFP treated cortex, particularly in 
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the CP, as compared with that in the control cortex. Such nonpolar neurons displayed 

undefined structural forms (Fig 4.5A/D). 

 

Based on these observations and as schematized in Figure 5D, our findings implicate 

the BAF complex in the regulation of multipolar-to-bipolar transition of cortical neurons 

during radial migration. As such, in the event of BAF complex dysfunction (NeuroD-

Cre-ires-GFP condition), this neuronal morphology conversion is hindered, leading to 

accumulation of multipolar neurons in the IZ at the expenses of bipolar neurons in the 

CP (Fig 4.5A/D/E). Moreover, even if it occurs, the morphologic transformation of the 

NeuroD-Cre-ires-GFP plasmid-transfected neurons is abnormal and resulted in the 

formation of non-polar neurons (Fig. 5A/C/D) or aberrantly polar neurons as displayed 

by neurons with CAG-Cre-mdiated BAF complex deletion (Fig. 4.4F/H). Thus, it is 

conceivable that the NeuroD-Cre-ires-GFP electroporated neurons undergo 

unconventional or complicated migration other than the desirable radial (glial-guided) 

migration that is prerequisite for correct laminar formation in the developing cortex (Fig. 

4.5E).  

 

Together, we identified the BAF complex to also regulate the glial fiber-independent 

process of multipolar-to-bipolar neuronal morphology transition which is a rate-

determining phase in the process of radial migration permissive for correct 

establishment of the various cortical layers, especially upper layers, during forebrain 

development. 

 



 

120 

 

 

 
Figure 4.5 BAF complex regulates multipolar-to-bipolar neuronal morphology transition during 
radial migration: (A) Micrographs showing Pax6 and GFP immunostaining in the E17.5 cortex 
(BAF155fl/fl, BAF170fl/fl) electroporated with control (NeuroD-GFP) or Cre (NeuroD-Cre-ires-GFP) 
plasmids. Approximate cortical regions are shown. (B) Bar chart showing percentage distribution of 
GFP+ neurons in the various cortical regions in the E17.5 control and NeuroD-Cre-ires-GFP plasmid-
injected E17.5 cortex. (C) Images showing representative morphological groupings of the migrating 
neurons with or without BAF complex in the E17.5 control or mutant cortex. (D) Composite bar graph 
showing the quantitative proportions of the various categories of neuronal morphologies in the E17.5 
cortical areas electroporated with control or Cre plasmids. (E) Graphical summary of the abnormal 
neuronal migration due to BAF complex deletion in neurons as compared with control. Solid curved 
arrow indicates normal transition, broken straight arrows denote abnormal transition, and red crossed 
lines indicate blockage. Unpaired Student’s t-test was used to test for statistical significance: **p < 0.005, 
***p < 0.0005; ns, not significant; n = 4; Scale bar: = 50 µm. Results are presented as mean ± SD. 
Abbreviations: Ventricular zone (VZ), Subventricular zone (SVZ), Intermediate zone (IZ), Lower/upper 
cortical plate (l/uCP), Marginal zone (MZ), Neuron (N), Unipolar/Bipolar neuron (U/BN), Multipolar 
neuron (MN), Radial glial cell (RGC), Adhesion protein (AdP), Neuronal BAF complex (nBAF). 
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4.3.6 BAF complex may repress WNT signaling to permit neuronal migration and 

cortical lamination  

In order to identify possible molecular factors or mechanism(s) that mediate BAF 

complex influence on radial migration of cortical neurons, we screened the results of 

our molecular assays in the BAF complex mutant and control developing cortex. Some 

major signaling pathways were identified to be upregulated in the BAF155 and BAF 

170 dcKO developing cortex namely: the Bone morphogenetic proteins (BMP), 

NOTCH, Sonic hedgehog (SHH) and the Wingless/Int (WNT) pathways (summarized 

in Fig. 6A). Interestingly, all the aforementioned signaling pathways have been 

implicated in neuronal migration regulation during brain development (Hashimoto-Torii 

et al., 2008; Boitard et al., 2015; Bocchi et al., 2017; Martinez-Chavez et al., 2018; 

Saxena et al., 2018). In particular, dynamic regulation of WNT signaling was reported 

to be necessary for multipolar-to-bipolar morphology transition during radial migration 

of cortical neurons (Boitard et al., 2015). Of note, unlike the other signaling pathways, 

the WNT pathway was upregulated in all our dcKO models (asterisked in Fig. 6A). This 

made us to consider the WNT pathway as a potential molecular candidate for our 

rescue experiment.   

 

Following a gene ontology analysis in the E17.5 dcKO_hGFAP-Cre cortex, we found 

many WNT pathways to be upregulated as compared with control ((Nguyen et al., 

2018)). We then proceeded with designing a generalizable rescue experimental 

paradigm that can plausibly be extrapolated to the other BAF complex mutant cortical 

models with increased WNT activity generated in the study. Given that the 

dcKO_Emx1-Cre cortex was unfit for clearly visualizing neuronal migration dynamics 

because of massive cortical atrophy (Fig. 4.1A), and the migration phenotype in the 
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dcKO_Nex-Cre cortex is milder at later postnatal stages (Fig. S4.3E), we choose the 

dcKO_hGFAP-Cre cortex for our rescue experiment.  

 

To perform the rescue experiment, we employed the in vivo chemical inhibition 

approach to downregulate (knockdown) the upregulated WNT signaling in the 

developing dcKO_hGFAP-Cre cortex. This was achieved with the chemical ICG-001, 

a small molecule capable of interfering with CREB-binding protein (CBP) and β-catenin 

complexing during WNT signaling, leading to inhibition of the pathway and its related 

downstream molecular and cellular effects (Emami et al., 2004; Teo et al., 2005; Wiese 

et al., 2017). Mice pregnant with dcKO_hGFAP-Cre embryos were intraperitoneally 

injected with daily dose of ICG-001 from E11.5 to E16.5 and the brains were harvested 

for histological analysis at E17.5 (Fig. 4.6B). Immunostaining with Ctip2 and Cux1 

antibodies revealed partial rescue of radial neuronal migration and formation of deep 

and superficial cortical layers in the WNT inhibitor (WNTi)-treated dcKO_hGFAP-Cre 

cortex compared with the dcKO_hGFAP-Cre without WNTi pharmacological treatment 

(Fig. 4.6C/D). Our bin analysis showed that the apparent crowding of Ctip2+ lower 

layer neurons and Cux1+ upper layer neurons in the dcKO_hGFAP-Cre lower cortical 

wall region significantly resolved due to migration of many of such neurons to 

populated their designated laminae in the CP upon downregulation of WNT signaling 

(Fig. 4.6C–F). We also observed more preserved RG fibers and increased expression 

of apical and intracortical α-Catenin (cell adhesion) in the WNTi-treated dcKO_hGFAP-

Cre cortex compared with dcKO_hGFAP-Cre (Fig. 4.6G–J). Probably, WNT inhibition 

in the dcKO_hGFAP-Cre cortex afforded maintenance of glial fibers and cell adhesion, 

and normalization of multipolar-to-bipolar neuronal morphology transition which 

promoted correct radial migration (Fig. 4.7). 
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In all, we show that the BAF complex is a critical regulator of the glial fiber-dependent 

and independent aspects of radial migration of cortical neurons through modulation of 

WNT signaling activity in the developing mouse forebrain to allow proper lamination 

during cortical layer patterning.  

 

Figure 4.6 BAF complex modulates WNT signaling to drive cortical lamination: (A) Illustration 
showing the major signaling pathways upregulated in the developing cortex due to loss of BAF complex. 
Asterisks are used to highlight the WNT signaling pathway being the one upregulated in all our 
conditional knockout cortical models. (B) Illustration of the scheduled intraperitoneal injection of 
pregnant mouse carrying dcKO_hGFAP-Cre embryos with the WNT inhibitor (WNTi) ICG001. (C, D) 
Immunomicrographs showing Ctip2+ (C) and Cux1+ (D) neuronal distribution partially rescued in the 
E17.5 dcKO_hGFAP-Cre cortex following WNTi treatment compared with the dcKO_hGFAP-Cre 
without ICG001 treatment and control cortex. (E, F) Bar graphs showing quantitative bin analyses of the 
Ctip2+ (E) and Cux1+ (F) neuronal distribution rescue in the E17.5 dcKO_hGFAP-Cre and WNT 
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inhibitor-treated dcKO_hGFAP-Cre cortex compared with control. (G) Immunomicrographs showing 
Nestin staining with and without Ctip2+ neuronal distribution background in the E17.5 control, 
dcKO_hGFAP-Cre and dcKO_hGFAP-Cre with WNT inhibitor treatment cortex. (H) Bar chart indicating 
quantification of Nestin+ glial fiber partial rescue in the WNT inhibitor-treated dcKO_hGFAP-Cre cortex 
compared with the dcKO_hGFAP-Cre and control cortex. (I) Images showing intracortical (IC) and apical 
surface (AS) expression of α-Catenin in the E17.5 control, dcKO_hGFAP-Cre and dcKO_hGFAP-Cre 
with WNT inhibitor treatment cortex. (J) Graphical representation of the quantification of α-Catenin 
expression following WNT inhibition in the dcKO_hGFAP-Cre cortex compared with dcKO_hGFAP-Cre 
without WNT inhibitor treatment and control cortex. White rectangular inserts represent respective 
cortical arears comparatively selected for quantifications. One-way ANOVA followed by Bonferroni post-
hoc analysis and unpaired Student’s t-test were used to test for statistical significance: *p < 0.05, **p < 
0.005, ***p < 0.0005; ns, not significant; n = 4–6; Scale bar: = 50 µm. Results are presented as mean ± 
SD. 

 

 

Figure 4.7 Schematic synopsis of how BAF complex mainly influences radial neuronal migration: 
(a) Schema showing the normal course of radial neuronal migration in the developing wild-type cortex. 
The parent cortical neural progenitor that generates majority of excitatory neurons is the radial glia cell 
(RGC). It is typically anchored at the ventricular surface by adhesion proteins (AdP) and extends a long 
slender fiber that traverses the marginal zone (MZ) to be anchored at the pial surface. The fiber acts as 
scaffold that supports the radially migrating neuron. After the RGC gives rise to a newborn neuron in the 
ventricular zone (VZ), the young postmitotic neuron usually attaches to the parent glial fiber and quickly 
migrates into the border between the subventricular (SVZ) and intermediate zones (IZ), where it acquires 
a multipolar neuronal (MN) identity and briefly stops migration to receive spatiotemporal molecular cues 
for further migration. The MN then switches to bipolar neuron (BP) and re-attaches to the glial fiber 
migrate into the cortical plate (CP). In the CP, the migrating neuron detaches from the glial fiber to under 
somal translocation leading to its correct laminar placement and to become mature neuron (N). The VZ 
normal expression levels of WNT signaling is indicate by very light shade of red. (b) Schema showing 
that loss of BAF complex in neural progenitors (npBAF) causes loss of AdP and glial fiber, disturbance 
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of MN-to-BN transition, and increase in WNT signaling activity in the VZ, indicate in deep red. These 
alterations result in accumulation of young neurons and MNs, leading to abnormal migration and loss of 
cortical laminar. (c) Picture showing outcome of rescue experiment following inhibition of the increased 
WNT signaling in the BAF complex mutant (dcKO_hGFAP-Cre) cortex. WNT inhibition with the chemical 
ICG001 led to substantial preservation of glial fiber and adhesion proteins leading to partial rescue of 
radial neuronal migration and cortical lamination. Red cross denotes deletion or loss.  

 
 

4.4 Discussion 

4.4.1 BAF complex orchestrates cortical lamination and morphogenesis via 

regulating neuron migration in the developing cortex  

Laminar patterning during cortical development is fundamental to the formation of 

functional cortical areas during development of the cerebral cortex. Neuronal migration 

is pivotal to cortical lamination and formation, and its dysregulation can render the 

cortex malformed with several resultant neurodevelopmental disorders (Valiente & 

Marin, 2010; Evsyukova et al., 2013; Silva et al., 2019). Therefore, factors that regulate 

migration of cortical neurons have been of interest to many neurobiologists over the 

years. 

 

In this study, we identified the ATP-dependent chromatin remodeling BAF complex to 

play instructional roles during radial migration of cortical neurons. We essentially 

inactivated the BAF complex in neurogenic cortical progenitors or in nascent 

postmitotic cortical neurons prior to commencement of radial migration. This was 

carried out using three different mouse cortex models, two of which the BAF complex 

was inactivated in cortical progenitors at early and later cortical development stages to 

produce the dcKO_Emx1-Cre and dcKO_hGFAP-Cre, respectively. Abrogation of the 

BAF complex just after generation of postmitotic cortical neurons was achieved in the 

dcKO_Nex-Cre model. Thus the dcKO_Nex-Cre model offered the advantage of 

precluding the impact of abnormal proliferation and neurogenesis seen/reported in the 
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dcKO_Emx1-Cre and dcKO_hGFAP-Cre cortical models (Narayanan et al., 2015; 

Nguyen et al., 2018). In principle, given that the composition and functional 

characteristics of the BAF complex in neural progenitors (npBAF) is different from that 

found in neurons (nBAF) (Lessard et al., 2007; Wu et al., 2007; Staahl et al., 2013; 

Bachmann et al., 2016), to a large extent, we were able to dissect the significance of 

BAF complexes in orchestrating neuronal migration during cortical histogenesis. 

 

By temporally and cell-type specifically inactivating the BAF complex in the developing 

cortex, we found that the resultant mutant neurons are incapable of normal migration. 

As a result, the BAF complex-ablated developing cortex is improperly laminated; 

showing both upper and lower layer neuron misplacement in the cortical wall. The 

defective neuronal migration phenotype was severest and morphogenically most 

impactful in the dcKO_Emx1-Cre cortex followed by the dcKO_hGFAP-Cre cortex. 

This may be as a result of concurrent disturbance of neurogenesis due to deletion of 

BAF complex in the early or late cortical neural stem/progenitor cells. Indeed, neural 

progenitor cell proliferation and differentiation are fettered in the absence of optimal 

BAF complex function (Narayanan et al., 2015; Nguyen et al., 2018). On the other 

hand, the migration phenotype in the dcKO_Nex-Cre cortex was mild and mainly 

presented as delayed locomotion of upper layer neurons because they are late-born 

and make the longest radial journey. This reduced impact may have resulted from the 

relative stability of the BAF complex in postmitotic neurons probably because of their 

non-dividing nature and the non-requirement of subunit recomposition of the nBAF 

therein (Lessard et al., 2007; Wu et al., 2007). As such, although majority of the BAF 

subunits are lost, we found some subunit remnants in the P1 dcKO_Nex-Cre cortex 

(Fig. S4.2).  
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Typically, abnormal neuronal migration calls forth several other neurodevelopmental 

perturbations (Valiente & Marin, 2010; Evsyukova et al., 2013). In our case, we found 

that the defective cortical neuronal migration may, in part, underscore the loss of 

neuronal morphology in the BAF complex mutant cortex which culminated in 

diminished corticogenesis (Fig. S4.3; Fig. S4.4). At least, in terms of differentiation, 

some BAF complex subunits have been reported to be essential for axonogenesis, 

dendritogenesis, and spine formation during cortical neuron maturation (Reviewed in 

(Sokpor et al., 2017). It is conceivable that in the absence of such differentiation-

promoting BAF complex subunits, the mutant developing cortex may attempt to make 

compensation via alternative schemes leading to increased expression of genes that 

encourage neuronal maturation such as Robo3 as seen in our RNA-seq results (Fig. 

4.3D; (Friocourt & Chedotal, 2017)). Such developmental rescue effort was however 

not sufficient to forestall dysgenesis of the cortex as the cortical size is reduced and 

the corpus callosum is malformed in the BAF complex mutant forebrain. 

 

While it is true that there is a choreography of several ATP-dependent chromatin 

remodeling factors or complexes at gene enhancers and promoters that sculpt the 

epigenetic environment, many of them perform unsubstituted roles that conferring 

some functional specificity during cortical development (Sokpor et al., 2018). For 

instance, whereas it is not known for the other chromatin remodeling factors, the BAF 

complex antagonizes the polycomb repressor complex (Ho et al., 2011; Kadoch et al., 

2017). As a result, in the absence of BAF complex, the polycomb complex is 

hyperactive, leading to augmented installation of the repressive mark H3K27me2/3 on 

gene bodies with a transcription-silencing effect in the developing forebrain 

(Narayanan et al., 2015; Nguyen et al., 2016; Nguyen et al., 2018). It is in this direction 
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that we found in this study specific migration-related genes to be switched off in the 

BAF complex-deficient developing cortex. Another reason that consolidates the 

specific link of BAF complex dysfunction to the observed neuronal migration problem 

is that, it is only under the condition of entire BAF complex ablation that we disturb 

cortical neuron migration. Single deletion of BAF155 or BAF170 did not yield any 

noticeable neuronal migration anomaly in the developing cortex (Tuoc et al., 2013; 

Narayanan et al., 2018). That notwithstanding, a previous study reported defective 

neuronal migration following deletion of Ctip1 (BAF100a), a variable subunit of the BAF 

complex (Wiegreffe et al., 2015). We argue, however, that BAF100a may act solitarily 

outside the BAF complex to control aspects of cortical neuron migration. Even though 

the defective migration caused by deletion of BAF155 and BAF170 is more complex 

and severer than that resulting from BAF100a ablation, it would be insightful to 

investigate the structural and functional integrity of the BAF100a-lacking BAF complex 

and how it may contribute to defective neuronal migration.  

 

4.4.2 Essential cellular mechanics in radial neuronal migration require BAF 

complex function 

Classically, in utero electroporation is a powerful in vivo technique use for gene 

manipulation to investigate cellular processes, including neuronal migration in the 

developing cortex (Saito & Nakatsuji, 2001; Tabata & Nakajima, 2001; Shimogori & 

Ogawa, 2008). We took advantage of this method to focally delete BAF complex in the 

developing cortex so as to detail the effect on cellular mechanisms during neuronal 

migration. To closely reproduce loss of BAF complex in cortical progenitors as 

achieved in the dcKO_Emx1-Cre and dcKO_hFGAP-Cre cortex, and in postmitotic 

neurons as in the dcKO_Nex-Cre cortex, we used the CAG- and NeuroD-Cre plasmid 
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to ablate BAF155 and BAF170 in selected cortical areas, respectively. By this means, 

we identified that key steps involved in glial fiber-guided cortical neuron migration go 

awry in the absence of BAF complex. Notably, we found that the BAF complex-deficient 

migrating neuron is unable to (properly) attach to and use glial fibers for locomotion. 

The observed reduction in neuronal-glial fiber interaction may partly be due to 

disturbance in cell adhesion to available glial fibers as revealed in our RNA-seq 

analyses of the dcKO_Emx1-Cre and dcKO_hFGAP-Cre cortex. Adhesion molecules 

such as catenins and cadherins, play central roles in the attachment of neurons to glial 

guides during locomotion (Solecki, 2012). Therefore, it has been recently shown that 

loss of adhesion proteins in the cortex, particularly α-Catenin, can perturb radial 

neuronal migration leading to cortical neurodevelopmental disturbances (Schmid et al., 

2014; Schaffer et al., 2018). This partly gives relevance to the link between loss of α-

Catenin in the BAF complex-inactivated cortex and contribution to the defective radial 

migration, and cortical mis-lamination phenotype reported in this study.  

 

Although not obviously revealed in our BAF complex knockdown investigation using in 

utero electroporation, it is conceivable that the reduced association of the BAF 

complex-lacking migrating cortical neurons with glial fibers may also emanate from the 

absolute loss of the glial fiber layouts needed for radial migration. At least, this is true 

for the dcKO_Emx1-Cre and dcKO_hFGAP-Cre cortex which display dramatic loss of 

glial fiber scaffolds due to ablation of BAF complex (Fig. 4.1D/E, Fig. 4.2C/D). 

Traditionally, nascent cortical neurons use their parent glial fibers to locomote to the 

CP to make well-patterned radial columns, cortical laminae, and functional areas 

defined in the cortex (Mountcastle, 1997; Noctor et al., 2001; Torii et al., 2009). 

Neuronal migration may stall or deviate in the absence of such proximal glial fiber guide 

which led to the accumulation of Ctip2+ and Cux1+ neurons in the lower cortical wall 
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of the dcKO_hGFAP-Cre cortex and perhaps in the germinal zones of the cortical area 

electroporated with CAG-Cre-GFP plasmid (Fig. 4.4C/D). Moreover, our observation 

indicates that the migrating BAF-ablated neurons may display protracted multipolar 

phase leading to their accumulation in the IZ and/or may undergo excessive tangential 

migration to find adjoining fibers for onward radial migration (Inoue et al., 2017). This 

can engender unnecessary lateral dispersion of the migrating neurons as apparent in 

our BAF complex knocked-down cortex (Fig. 4.4B). 

 

Adding to the complexity of how BAF complex regulates cortical neuron migration, we 

also identified its importance in controlling the multipolar-to-bipolar neuronal 

morphology switch during radial migration. This morphological transformation is critical 

for successful radial migration (Noctor et al., 2004; Ayala et al., 2007; Namba et al., 

2014) and its interference or dysregulation can stifle neuronal migration (La Fata et al., 

2014; Boitard et al., 2015; Chen et al., 2015; Barnat et al., 2017; Guo et al., 2017; 

Huang et al., 2017; Iwai et al., 2018; Kurabayashi et al., 2018; Ohtaka-Maruyama et 

al., 2018). The BAF complex-ablated cortical neurons may not be able to properly 

undergo multipolar-to-bipolar transition leading to accumulation of neurons at the 

multipolar stage and fewer successfully migrated neurons in the CP. We posit that 

neuronal polarization is fundamentally distorted in the absence of BAF complex. In 

support of this notion, we found downregulation of the cytoskeleton and related factors 

in the BAF complex-deleted cortex. More so, adhesion proteins like α-catenin which 

orchestrate the plastic linkage between the cell membrane and the internal 

cytoskeleton to afford cell (neuronal) structure remodeling (Drees et al., 2005; Desai 

et al., 2013), is lost in response to BAF complex inactivation in the developing cortex. 

Our investigation of Golgi apparatus localization, which can also indicate alteration in 

cell polarization, corroborates aberrant neuronal polarization and resultant disturbance 
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of multipolar-to-bipolar morphology conversion consequent to BAF complex deletion. 

A common consequence of improper neuronal polarization during migration is the 

disturbance of axonal and dendritic extension, which in our study were observed as 

truncation of leading process (future dendrite) length and drastic reduction in 

intercortical axonal connection in the BAF complex mutant cerebral cortex. 

 

Together, our investigations show that the BAF complex modulates contact guidance 

necessary for radial neuronal migration and cortical laminar formation. Key among 

them is that the BAF complex is essential for maintenance of RG fiber scaffolds, cell 

adhesion, and neuronal polarization that are indispensable for locomotion of cortical 

neurons and overall cortical ontology.   

 

4.4.3 BAF complex may suppress WNT signaling to drive cortical neuron 

migration 

Despite the mechanistic cellular intricacies involved in the regulation of cortical neuron 

migrations by the ATP-dependent chromatin remodeling BAF complex, we were 

determined to identify a unified molecular mechanism through which BAF complex acts 

to control radial neuronal migration and resultant cortical laminar formation in the 

developing brain. The challenge begun by screening for possible molecular candidates 

imputable to our BAF complex-induced neuronal migration phenotype. The WNT 

signaling pathway emerged as the most plausible candidate among a cacophony of 

factors altered in the BAF complex mutant cortex. Unlike other identified signaling 

pathways altered in the BAF mutant cortex, WNT signaling appeared elevated in all 

three dcKO models applied in the study. Moreover, the disturbance of WNT signaling 

and its effectors are known to cause abnormal neuronal migration (Poschl et al., 2013; 

Boitard et al., 2015; Bocchi et al., 2017). Admittedly, while WNT activity is markedly 
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increased in the dcKO_Emx1-Cre (see RNA-seq data sheet in (Narayanan et al., 

2015)) and dcKO_hFGAP-Cre cortex (this study; (Nguyen et al., 2018)), the 

dcKO_Nex-Cre cortex displayed mild elevation in WNT signaling probably due to 

alteration in indirect WNT signaling effectors, including Rspo2 (Fig. 4.3D; (Lebensohn 

& Rohatgi, 2018)). Perhaps, the perturbation in WNT signaling in the dcKO_Nex-Cre 

cortex was mild enough to have allowed some degree of cortical layer formation at 

later postnatal stages of cortical development, which was not the case in the 

dcKO_Emx1-Cre or dcKO_hFGAP-Cre cortex.  

 

By downregulating the increased WNT activity in the BAF mutant (dcKO_hFGAP-Cre) 

cortex, we were able to substantially obviate abnormal radial migration of neurons. The 

rescue also included re-emergence of glial fibers and at least the adhesion molecule, 

α-catenin. Thus, our rescue experiment showed that the BAF complex likely modulates 

WNT signaling to allow optimal establishment of the requisite molecular and cellular 

conditions for normal oriented neuronal migration and proper patterning of neocortical 

layers. The possible explanation for the WNT inhibition-mediated rescue of migration 

reported here is that BAF complex may repress WNT signaling in neurons en route to 

their laminae in the CP. In support of our hypothesis, it was previously shown that BAF 

complex can inhibit WNT/β-catenin signaling via its subunit BAF250b (Vasileiou et al., 

2015). It was also reported that WNT signaling is dynamically regulated to allow correct 

neuronal polarity formation and neuron-glial fiber engagement during radial migration 

(Boitard et al., 2015; Bocchi et al., 2017). When WNT signaling was ablated in the 

developing cortex, it resulted in delay of radial migration leading to reduction in 

interhemispheric connection and cortical size (Boitard et al., 2015; Bocchi et al., 2017)), 

a phenotype recapitulated in our dcKO_hGFAP-Cre and dcKO_Nex-Cre cortices. WNT 

signaling is indeed a formidable regulator of cortical development as it is reported to 
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regulate many aspects of brain development, including primary forebrain patterning, 

RG and neuronal precursor cell fate, cell adhesion and polarity formation, and cortical 

laminar patterning (Reviewed in (Harrison-Uy & Pleasure, 2012)). 

 

Altogether, this current study highlights the indispensability of the ATP-dependent 

chromatin remodeling BAF complex in the formation of cortical layers through 

regulating multiple aspects of radial neuronal migration in a WNT signaling dependent 

manner during mammalian cortical development. 

 

4.5 Material and Methods 

4.5.1 Animal handling and generation of transgenic mice  

We applied guidelines of the German Animal Protection Law in handling the animals. 

Floxed BAF155 (Choi et al., 2012), floxed BAF170 (Tuoc et al., 2013), Emx1-Cre 

(Gorski et al., 2002), hGFAP-Cre (Zhuo et al., 2001), and Nex-Cre (Goebbels et al., 

2006) were the transgenic mice used in the study. All animals were maintained in a 

C57BL6/J background.  

 

To eliminate BAF155 and BAF170 in early or late cortical progenitors, or projection 

neurons, we crossed mice carrying floxed BAF155 and BAF70 genes with the early 

progenitor-active Emx1-Cre (Gorski et al., 2002), late progenitor-active hGFAP-Cre 

(Zhuo et al., 2001) and neuron-specific Nex-Cre (Goebbels et al., 2006) mouse lines 

to generate dcKO_Emx1-Cre, dcKO_hGFAP-Cre, and dcKO_Nex-Cre cortical 

mutants, respectively. Heterozygous animals (BAF155fl/+, BAF170fl/+, Cre negative) 

were used as controls. Emx1-Cre mutants die before birth, hGFAP-Cre and Nex-Cre 

mutants survive early postnatal stages. 
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4.5.2 Plasmids  

The following plasmids were used in the study: pCIG2-ires-eGFP, pCIG2-Cre-ires-

eGFP (gift from Prof. Francois Guillemot, NIMR London; (Hand et al., 2005)), and 

NeuroD-Cre-ires-GFP, NeuroD-GFP (gift from Prof. Laurent Nguyen, University of 

Liège, CHU Sart Tilman, Liège, Belgium). 

 

4.5.3 Antibodies 

Commercially obtained monoclonal (mAb) and polyclonal (pAb) primary antibodies 

used in the study: CTIP2 rat pAb (1:200; Cat. ab18465; Abcam), Cux1 rabbit pAb (1:50; 

Cat. sc-13024, Santa Cruz), Brn2 goat pAb (1:100; Cat. sc-6029, Santa Cruz), GM130 

rat mAb (1:100; Cat. 610823; BD), L1 rat mAb (1:500; Cat. MAB5272; Chemicon), 

BAF170 rabbit pAb (1:100; Cat. HPA021213; Sigma), BAF60a mouse mAb (1:200; 

Cat. 611728; BD), BAF155 rabbit pAb (1:20; Cat. sc-10756; Santa Cruz), BRM rabbit 

pAb (1:200; Cat. ab15597; Abcam), BRG1 rabbit pAb (1:120; Cat. sc-10768X; Santa 

Cruz), BAF155 mouse mAb (1:100; Cat. sc-48350X; Santa Cruz), BAF250b mouse 

mAb (1:100; Cat. WH0057492M1; Sigma), Tbr1 rabbit pAb (1:300; Cat. ab31940; 

Abcam), HuCD mouse mAb (1:20; Cat. A21271; Invitrogen), α-Catenin rabbit pAb 

(1:200; Cat. C2081; Sigma), PAX6 mouse mAb (1:100; Developmental Studies 

Hybridoma Bank), Nestin mouse mAb (1:50; Cat. 611658, BD), PAX6 rabbit pAb 

(1:200; Cat. PRB-278P; Covance), GFP chicken pAb (1:500; Cat. ab13970; Abcam). 

Secondary antibodies used were Alexa 488-, Alexa 568-, Alexa 594- and Alexa 647-

conjugated IgG (various species, 1:400; Molecular Probes). 
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4.5.4 RNA sequencing 

RNA sequencing and analyses were performed as previously described in (Narayanan 

et al., 2015; Narayanan et al., 2018; Nguyen et al., 2018). 

 

4.5.5 Cortical size estimation 

We adopted some previously described cortical size measurement and analyses 

approaches (Bishop et al., 2003; Bishop et al., 2002; Sahara and O'Leary, 2009; Tuoc 

et al., 2013). Briefly, the dorsal view of mutant and control brains were 

photomicrographed in bright field with a Stereo microscope (Leica M205 FA). 

Quantitative comparison of estimated control and mutant cortical size was done by 

measuring the outlined cortical surface and demarcated anterioposterior axis (A/P) of 

the imaged brains using NIH ImageJ software. 

 

4.5.5 Immunohistology and in situ hybridization 

Immunostaining and in situ hybridization of cortical tissue were performed as 

previously described (Tuoc et al., 2013; Bachmann et al., 2016). 

 

4.5.6 Imaging and quantitative analysis 

Anatomically comparable stained coronal brain sections were imaged with confocal 

(TCS SP5, Leica) and/or fluorescence (Axio Imager M2, Zeiss; fitted with Neurolucida 

software, MBF Bioscience) microscopes. Further image processing was done with 

Adobe Photoshop program.  

 

Neuronal cell counting and distribution (bin analysis), and leading process length 

estimation were performed using NIH ImageJ software. Neuronal cells with nuclear or 
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cytoplasmic labeling for specific markers with or without DAPI background staining 

were counted in 4–6 structurally-matched control and mutant (dcKO) or electroporated 

cortical sections obtained from 3–4 biological replicates. Fluorescent signal intensity 

measurement in the form of mean pixel value estimation was used to quantified 

uncountable histological staining using NIH ImageJ software, as described previously 

(Narayanan et al., 2015; Tuoc and Stoykova, 2008). 

 

4.5.7 In utero electroporation 

In utero electroporation was done as previously described (Tabata & Nakajima, 2001; 

Tuoc & Stoykova, 2008; Tuoc et al., 2013). 

 

4.5.8 WNT inhibitor pharmacological treatment 

ICG001 (Tocris Bioscience, Cat. No. 4505), was dissolved in DMSO (vehicle). 

Pregnant mice received daily intraperitoneal injections of vehicle (150 μl), or ICG001 

(150 μl of a 1.0 mg/ml solution) from 11.5–16.5 days post coitum (d.p.c.). The brains 

of the treated embryos (control and mutant) were harvested and processed for 

histological analysis. 

 

4.5.9 Statistical analyses 

Statistical comparisons were carried out using Student’s t test and its non-parametric 

version (Mann Whitney Test), and one-way ANOVA followed by Bonferroni’s multiple 

comparison test where appropriate. The results are presented as means ± SEM. All 

details of statistical analyses for histological experiments are presented in Table S4. 
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4.9 Supplemental figures 

 

Figure S4.1: Picture showing schema depicting the generation of the double conditional knockout 
(dcKO) mice used in the study and the corresponding immunohistochemical micrographs indicating Cre 
recombinase activity at the specified cortical development stages. 
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Figure S4.2: Micrographs showing immunostaining of the various indicated BAF complex subunits in 

the P1 control cortex and relative depleted levels in the dcKO_Nex-Cre cortex.  Scale bar = 100 µm. 
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Figure S4.3 Loss of neuronal BAF complex causes cortical hypoplasia and corpus callosum 
defects: (A) Image showing overview of the P6 control and dcKO_Nex-Cre brain in bright field. The 
approximate area and anterioposterior dimension of one cortical hemisphere are demarcated with white 
dashed lines and black double-end arrows, respectively. (B, C) Bar charts showing quantitative 
comparison between the estimated cortical size (B) and anterioposterior distance (C) of the control and 
mutant brain. (D) Micrographs showing immunostaining of upper layer neurons and the corpus callosum 
in coronal sections of the P6 control and dcKO_Nex-Cre cortex with Cux1 and L1 antibodies, 
respectively. The right and left aspects of the corpus callosum are asterisked, and the midline corpus 
callosum thickness is indicated by white vertical line. Scale bars: 2 mm (in A) and 100 µm (in D). 
Abbreviations: Anterior pole (A), Posterior pole (P). 
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CHAPTER 5: General discussion 

5.1 Maintenance of BAF complex integrity is essential for optimal brain 

morphogenesis 

The BAF complex has been shown to be a phenomenal regulator of many cell 

biological processes during neurodevelopment. As a result, the mammalian forebrain 

receives a fair share of the mechanistic involvement of BAF complex during 

development (Sokpor et al., 2017). By means of partial or complete ablation of the BAF 

complex, we have been able to identify alterations in the epigenetic landscape which 

have consolidated our understanding of key mechanistic axes along which the BAF 

complex operates. Particularly, in the case of complete abolishment of the BAF 

complex function achieved via double deletion of the core BAF subunits 155 and 170 

during cortical development, our work in chapter one (Nguyen et al., 2016) and 

previous investigation (Narayanan et al., 2015) indicate changes in chromatin state 

which mainly does not support optimum gene expression programs needed for cortical 

development.  

 

Specifically, we unraveled that BAF155 and BAF170 are critical for the maintenance 

of the stability of the entire complex. Therefore, in their absence, the other BAF 

complex subunits disassemble or are aberrantly assembled leading to their targeting 

by the ubiquitin-proteasome machinery for degradation. As a result, there is a global 

elevation in the level of the heterochromatin histone methyl marks H3K27me2/3 in the 

developing BAF complex-deficient forebrain (Jung et al., 2012; Narayanan et al., 2015; 

Nguyen et al., 2016). The BAF complex normally works in opposition to the H3K27 

methylation complex (PRC2) to cooperatively modulate chromatin methylation 

schemes and maintain associated homeostasis (Ho et al., 2011; Kadoch et al., 2017). 
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In other words, whereas the BAF complex function frequently results in euchromatin 

(active chromatin) state with the help of the demethylase enzymes UTX (KDM6A) and 

JMJD3 (KDM6B), the H3K27 methyltransferase Ezh2 (a PRC2 subunit), promotes 

heterochromatin (inactive chromatin) state (Narayanan et al., 2015; Nguyen et al., 

2016). Hence, in the absence of BAF complex, the balance is tipped in favor of 

chromatin condensation which is generally associate with downregulation of gene 

expression and resultant developmental anomalies (Fig. 2.4; (Nguyen et al., 2016)).  

 

Interestingly, it became evident and more concrete from our recent study (Nguyen et 

al., 2018) that the effect of the distortions in the epigenetic milieu following deletion of 

BAF155 and BAF170 is bimodal in terms of gene expression as previously suggested 

(Narayanan et al., 2015). We found that loss of BAF complex causes the repression of 

a set of corticogenic genes while promoting the expression of other categories of genes 

required for late cortical development (Nguyen et al., 2018). Thus, not only 

transcription-repressing epigenetic histone methyl marks such as H3K27me3 

predominate in the absence of BAF complex, but also transcription-activating marks 

like H3K4me2. In effect, increased proliferation of neural progenitors and decreased 

neurogenic differentiation coexist in the BAF complex-inactive developing cortex 

leading to perturbations in cortical formation (Nguyen et al., 2018).  

 

The prominent expression of BAF complex in the mammalian central nervous system 

during development is indicative of its significance in regulating neural development, 

including ontology of the brain (Nguyen et al., 2016). This is partly supported by the 

existence of many syndromic and non-syndromic neurodevelopmental disorders 

traceable to malfunctioning of the BAF complex or its constituent subunit(s) during 

brain development (Sokpor et al., 2017). Our contribution towards elucidating the role 
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of BAF complex in forebrain development is basically captured in the idea that the 

stability, and therefore proper function of the BAF complex, is largely dependent on the 

co-functionality of it subunits BAF155 and BAF170. Thus, interference of this dual 

subunit functionality compromises the capacity of the BAF complex to orchestrate 

discrete neurodevelopmental processes involved in brain development.  

 

Nonetheless, it is worth mentioning that there are other ATP-dependent chromatin 

remodeling complexes other than the BAF complex that play prominent roles in cortical 

neurogenesis (Sokpor et al., 2018). Although none of these other chromatin regulators 

has yet been identified to control cortical patterning, it is not far-fetched to consider the 

possibility, given that some seem to slightly overlap in functionality compared to the 

BAF complex during cortical histogenesis (Sokpor et al., 2018). Further study is 

recommended to determine if and/or how the other chromatin remodelers contribute to 

cortical patterning, and how they operate in concert with the BAF complex to achieve 

a holistic epigenetic regulation of cortical formation during brain development. 

 

5.2 Featuring the chromatin remodeling BAF complex in the regulation of cortical 

patterning 

Proper patterning of the mammalian forebrain is important for the correct establishment 

of the various structural components and functional areas of the cortex. 

Regionalization of the dorsal aspect of the telencephalon results in the major 

demarcations in the cortex namely the medial, dorsal, and lateral aspects─where the 

medial cortex gives rise to the hippocampus and other archicortical structures and the 

dorsolateral cortex essentially become the neocortex. Cortical arealization on the other 

hand leads to the functional areal parcellation of the cortex to produce the motor cortex 

and the various sensory cortical areas (S1, A1, and V1). The inception of early cortical 
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regionalization is mainly triggered by morphogens released from the cortical 

organizers, including the cortical hem, whereas the areal maps of the cortex are 

basically formed under the control of transcription factors with gradient expression 

(O'Leary et al., 2007). Disturbance in secretion of the morphogen or mis-expression of 

the transcriptional factors involved in cortical patterning is linked to abnormal patterning 

of the cortex and related cortical dysfunction. However, how hierarchical regulatory 

events such as chromatin remodeling contribute to the orchestration of cortical 

patterning schemes are unknown.   

 

The study in chapter 3 unraveled an originative role for BAF complex in early patterning 

of the dorsal telencephalon. Briefly, we posit that the BAF complex is a modulator of 

dorsal telencephalic patterning through suppressing unwarranted expansion of the 

cortical hem. We have for the first time shown how specific chromatin remodeling 

activity translates into the proper subdivision of the dorsal telencephalon through the 

transactivation of key transcriptional programs know to instruct regional and areal 

patterning of the developing cortex. Cortical region patterning goes awry when the 

regulatory function of the BAF complex is excluded from the pool of mechanisms 

known to control forebrain patterning. The cortex is grossly misshapened when the 

BAF complex is deleted from the cortical primordium. Regionally, the BAF complex-

deficient cortex is not properly subdivided. The medial cortex predominates the cortical 

identity in the absence of BAF complex function. The abnormally patterned medial 

cortex however lack the hippocampal primordium. We attribute the cortical mis-

patterning to abnormal expansion of the cortical hem which is the organizer of medial 

cortical fate and maintains neocortical identity (Caronia-Brown et al., 2014). It means 

that, the expanded cortical hem loses its capacity to instruct progenitors in the adjoining 

cortical neuroepithelium to adopt the appropriate medial cortical fate. It is also likely 
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that the BAF complex mutant hem is not able to properly generate its cellular 

derivative(s).  It can therefore be inferred that the BAF complex maintains the functional 

integrity of the cortical hem via limiting its abnormal expansion. 

 

Mechanistically, we found that the BAF complex cooperates with the transcription 

factor LHX2 to cause proper delineation of the medial cortex from the neocortex. That 

is to say that the BAF complex may be a determinant of medial cortical identity, an idea 

partly supported by a recent study (Filatova et al., 2019). The exact mechanistic 

relationship between the BAF complex and LHX2 during regional patterning is however 

unclear, although our investigation so far indicates that BAF complex may potentiate 

the transcriptional activity of LHX2 but not necessarily at the gene level since Lhx2 is 

still expressed in the absence of BAF complex. Although, we did not find a direct 

interaction between BAF complex and Foxg1, an upstream regulator of Lhx2 during 

cortical patterning (Godbole et al., 2018), it is possible that a modulatory triad 

relationship may exist among them during regional patterning of the cortex.  

 

It is conceivable that the BAF complex is also involved in cortical arealization. This 

conception is founded on our observation that Pax6 expression and/or transactivation 

is under the control of BAF complex. As mentioned in chapter one, Pax6 dosage during 

cortical areal pattering is vital for the correct arealization of the cortex. Complete loss 

of Pax6 in the cortex causes abnormal expansion of the V1 cortical area at the expense 

of the size and location of other cortical areas. Even a partial reduction in the amount 

of Pax6 in the developing cortex of Yac-Pax6 transgenic mice (i.e., Pax6 

heterozygosity) resulted in slight enlargement of S1, albeit the other cortical areas 

remained unchanged (Zembrzycki et al., 2007). Meanwhile, Pax6 is also a gene target 

of LHX2 transcriptional activity (Hou et al., 2013). Therefore, it is plausible that BAF 
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complex directly or indirectly (via Lhx2 regulation) participates in the areal parcellation 

of the cortex into the various functional domains. 

 

Evolutionarily, it is expected that some factors that orchestrate developmental 

processes that confer ontological advancement in higher mammalian classes gain 

some form of functional refinement or upgrade to be able to execute ‘‘higher’’ 

developmental events. Although our investigation of the role of BAF complex in 

mediolateral cortical patterning was established in the rodent cortex, we found a 

plausible refined role for BAF complex in performing more sophisticated cortical 

patterning processes in the primate cortex. Unlike in the mouse dorsal telencephalon, 

the BAF complex subunits are expressed in a graded concentration in the primate-like 

Marmoset cortex, a characteristic which typifies the majority of morphogens and 

transcription factors reported to play important roles in brain patterning. We believe 

this observation is a core evodevo adaptive change in BAF complex function so that it 

is able to direct more robust cortical regionalization and arealization in the primate 

cortex. Further investigation into the exact role of BAF complex in regulating patterning 

of the primate cortex may reveal key mechanisms the can serve as crucial clues in the 

design of interventions aimed at mitigating some neurodevelopmental and 

neuropsychiatric abnormalities that afflict the brain due to BAF complex malfunction 

(Sokpor et al., 2017). 

 

5.3 Proper BAF complex-instructed neuronal migration is a blueprint for cortical 

lamination and formation 

The simple act of generating neurons in the cortical germinal zones is no guarantee 

for normal progression of corticogenesis. The neurons must move out of their site of 

production to settle in designated functional loci in the CP or other cortical areas. The 
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active movement of neurons leading to their correct positioning constitute the process 

of neuronal migration. As extensively covered in the introductory part of this write-up, 

excitatory cortical neurons mainly migrated radially to reside in the CP and they form 

the majority of neurons in the cortex. The remaining neurons, which were not our focus 

in the study presented in chapter 4, are mainly inhibitory neurons that migration 

tangentially from regions outside the cortex, say from the ganglionic eminences in the 

sub-pallium. Together, these major modes of neuronal migration are indispensable for 

neuronal organization in the cerebral cortex to permit optimal functionality. 

 

In the context of radial neuronal migration, we have shown that the BAF complex is 

required for, at least, glia fiber-dependent radial migration of excitatory neurons during 

active stages of neurogenesis and cortical expansion. BAF complex deprivation in the 

developing cortex had deleterious effect on cortical layer formation and morphogenesis 

of the entire mouse forebrain. The preliminary lead to identifying that the BAF complex 

may be a regulator of neuronal migration originated from our observation that the 

improperly patterned 13.5 Emx1-Cre BAF mutant dorsal telencephalon (presented in 

chapter 3) lacked critical factors needed for radial migration, including Cajal-Retzius 

cells which produce the glycoprotein Reelin needed for cortical lamination (Rice & 

Curran, 2001; Takiguchi-Hayashi et al., 2004; Bielle, F. et al., 2005; Liu et al., 2018). 

Subsequent investigations at more advanced cortical development stages, and under 

the conditions of BAF complex deletion in progenitors and exclusive in postmitotic 

neurons, lend clarity to how the BAF complex regulates radial migration of cortical 

neurons to afford proper layer formation in the developing cortex.  

 

The glia fiber grids with which neurons migrate radially to the CP are lost in the cortex 

lacking BAF complex. The reason for the fiber lost is likely as a result of abnormal cell 
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dynamics of RGs, leading to three possible mode of fiber loss: (i) instability and 

eventual degeneration of already formed fibers, (ii) inability of RG cells to elaborate 

their fibers, and/or (iii) abnormal delamination of RG cells from the adherens junction 

belt at the ventricular surface due to depletion of adherens junction factors, including 

α-Catenin (Xie et al., 2019). Interestingly, adherens junction molecules themselves are 

important regulators of neuronal migration. Because they aid adhesion of locomoting 

neurons to glia fibers, and their depletion frequently disturbs radial migration of 

neurons (Solecki, 2012).  

 

It is interesting that we found observable disturbance in the formation of the corpus 

callosum when the BAF complex was exclusively deleted in postmitotic neurons. We 

think that since such BAF complex mutant neurons, especially upper layer neurons 

whose axons mainly form the corpus callosum, delay in their migration, their axonal 

extension or formation (axonogenesis) is hampered. Thus, we strongly link the corpus 

callosum agenesis seen in the BAF complex mutant mouse or human brain (our current 

study; (Filatova et al., 2019)) to dysregulation of radial migration of affected neurons 

because it is during proper radial migration that the trailing process of the migrating 

neuron gets extended to form the future axon (Nadarajah et al., 2001; Noctor et al., 

2004).  

 

At the molecular level, we think that the increased WNT signaling is a major triggering 

factor of abnormal radial migration in the absence of BAF complex. Although the 

positive rescue of abnormal radial migration and cortical lamination by WNT signaling 

downregulation was achieved in the dcKO_hGFAP-Cre cortex, it is plausible that the 

same experimental rescue scheme applies to the other BAF complex mutant cortices 

since they also display increased WNT activity. That notwithstanding, restoration of 
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abnormal changes in the epigenome of the BAF mutant cortex can possibly reverse 

the radial migration perturbation and associated distortion in cortical layer formation 

therein. A specific promising approach in that regard may be to use alternative means 

of say keeping installation of heterochromatin marks at bay, which is achievable via 

overexpression of the demethylases UTX and JMJD3. The caveat, however, is that the 

regulation of radial migration is not due to the non-chromatin functions such as the 

recruitment of other cofactors implicated in the regulation of radial migration.  

 

Technically, neuronal migration can be considered as a late cortical patterning event 

which may already be programmed in neural progenitors and required for the so-called 

laminar patterning of the cortex. Indeed, several brain patterning factors, including 

WTNs, BMPs, FGFS and Gli3 (a component of the Shh cascade), have been reported 

to regulate migration of cortical neurons and hence laminar patterning development 

(Hashimoto-Torii et al., 2008; Boitard et al., 2015; Bocchi et al., 2017; Martinez-Chavez 

et al., 2018; Saxena et al., 2018). It implies that, by regulating neuronal migration, the 

BAF complex may simply be doing the work of what other cortical patterning factors 

do during brain development. Therefore, the BAF complex role in controlling radial 

migration may not necessarily be an isolated function but an addition to its multiplex 

functionality in regulating cortical patterning and development. Thus, our discovery of 

the BAF complex as a regulator of cortical laminar or structure formation via modulation 

of radial neuronal migration has extended the frontier of the role of chromatin 

remodelers in cortical development (Sokpor et al., 2017; Sokpor et al., 2018). 
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General Summary 

The brain is one of the complex organs designed under the control of a plethora of 

molecular and cellular regulatory mechanisms, including transcriptional and epigenetic 

pathways. Brain organogenesis proceeds in a stepwise manner involving both 

embryonic and postnatal cell biological processes. Such crucial processes include 

patterning, neurogenesis, and neuronal migration. Patterning of the brain ensures early 

regional subdivision of the telencephalon and functional areal sculpting of the cortex, 

neurogenesis is the process of neuronal production, and newly generated neurons 

migrate to their structural and functional maturation site in the cortex via the process 

of migration. The ATP-dependent chromatin remodeling BAF complex is one of the 

powerful epigenetic regulators of several aspects of brain development, although some 

of its functions thereof are only implicated and not clearly defined. How the BAF 

complex regulates patterning of the dorsal aspect of the telencephalon and radial glia 

fiber-dependent neuron migration are the main themes of this dissertation aimed at 

expanding the neurodevelopmental importance of the chromatin remodelers during 

cortical histogenesis.  

 

By adopting a conditional genetic manipulation scheme of deleting the two BAF 

complex scaffolding subunits BAF155 and BAF170, we were able to generate mouse 

mutants that lacked the expression of BAFs in the cortex. It was observed that early 

patterning of the dorsal telencephalon that leads to delineation of the midline 

telencephalic structures such as the hem and hippocampus from the dorsolateral 

telencephalon (neocortex) is perturbed in the absence of BAF complex. The BAF 

complex-deficient dorsal telencephalon displayed an expanded hem, no hippocampal 

primordium, and marked medialization of the ensuing cortex. The BAF complex was 

identified to cooperate with the transcription and patterning factor LHX2 to drive the 
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regional patterning of the dorsal telencephalon. Strikingly, neurons are utterly 

misplaced in the mis-patterned BAF complex-ablated dorsal telencephalon, raising the 

possibility of cortical laminar mis-patterning at later stages of forebrain development. 

Indeed, the late embryonic and early postnatal developing BAF complex mutant 

cortices are improperly laminated. Abnormal radial neuronal migration was identified 

to underscore the disturbed layer formation which specifically stemmed from the loss 

of radial glia fibers/scaffolds, depletion of cell adhesion, and sub-optimal neuronal 

polarization following deletion of BAF complex in neural progenitors and/or postmitotic 

neurons. Interestingly, the WNT signaling was shown to be modulated by the BAF 

complex to afford normal radial migration of cortical neurons. Altogether, these current 

investigations have provided insights into how the chromatin remodeling BAF complex 

contributes to cortical morphogenesis through regulating the regional subdivision of 

the dorsal telencephalon and neuronal placement during the cytoarchitectural 

organization of the cortex. Our current findings further clarify the multifaceted means 

by which the BAF complex regulates brain development and offers additional potential 

targets for therapeutic consideration in neurodevelopmental disorders imputable to 

malfunction of the BAF complex in the mammalian brain. 
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