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Abstract

The BAF (mammalian SWI/SNF) complexes are a family of multi-subunit ATP-dependent 

chromatin remodelers that use ATP hydrolysis to alter chromatin structure. Distinct BAF complex 

compositions are possible through combinatorial assembly of homologous subunit families and 

can serve non-redundant functions. In mammalian neural development, developmental stage-

specific BAF assemblies are found in ES cells, neural progenitors and postmitotic neurons. In 

particular, the neural progenitor-specific BAF complexes are essential for controlling the kinetics 

and mode of neural progenitor cell division, while neuronal BAF function is necessary for the 

maturation of postmitotic neuronal phenotypes as well as long-term memory formation. The 

microRNA-mediated mechanism for transitioning from npBAF to nBAF complexes is instructive 

for the neuronal fate and can even convert fibroblasts into neurons. The high frequency of BAF 

subunit mutations in neurological disorders underscores the rate-determining role of BAF 

complexes in neural development, homeostasis and plasticity.
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INTRODUCTION

Putting together a stable yet versatile network such as the mammalian central nervous 

system poses a formidable developmental challenge. While all neurons must acquire a 

common set of properties, such as the ability to form synapses and fire action potentials, 

there is a tremendous degree of additional specialization in each of the thousands of 

neuronal subtypes differing in size, shape, location and neurotransmitter phenotypes 

(Killackey et al., 1989; Wise and Jones, 1977). Moreover, remarkable architectural integrity 

is required both at the cellular and system-wide level over the course of the animal’s 

lifetime; yet the system must retain the ability to reshape some of its connections based on 

experience so that learning can occur (Kandel, 2012; Engert and Bonhoeffer, 1999).
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How is our genetic information utilized to achieve this feat? In part, it involves the 

hierarchical regulation of gene expression programs in which a small number of lineage-

specifying master transcription factors activate or repress a large number of downstream 

targets (Weintraub, 1993; Nutt et al., 1999; Stoykova et al., 2000; Boyer et al., 2005). 

However, these concerted changes in gene expression profile must occur within the physical 

dimensions of the cell’s 5-micron nucleus that necessitates extraordinary compaction of 

DNA. The two billion base pairs of the human genome would total two meters in length if 

extended, but in the nucleus they are packaged around histone octamers and further 

compacted to form chromatin (Kornberg, 1974). The degree of compaction is not uniform 

across all chromatin loci, and while ‘open’ (euchromatic) regions are accessible to nuclear 

factors, ‘closed’ or repressed (heterochromatic) regions are unable to be activated. Thus, 

there must be dynamic interplay between chromatin regulation and the actions of other 

nuclear factors throughout development.

Three main epigenetic mechanisms cooperate to regulate the state of the chromatin 

(Bernstein et al., 2007; Hargreaves and Crabtree, 2011): DNA methylation on the cytosine 

residues of CpG dinucleotides; covalent modifications of histone tails; and ATP-dependent 

chromatin remodeling which utilizes the energy of ATP hydrolysis to move or exchange 

nucleosomes. In this review, we focus on a family of multimeric ATP-dependent chromatin 

remodeling complexes called BAF (BRG1/BRM-associated factors), also known as 

mammalian SWI/SNF (mSWI/SNF) for their limited similarity to the yeast SWI/SNF 

complex. BAF complexes have emerged at the forefront of human neurological diseases 

following recent discoveries which implicate BAF subunit mutations in syndromic and non-

syndromic intellectual disability (Santen et al., 2013, 2012; Tsurusaki et al., 2013, 2012; 

Hoyer et al., 2012; Halgren et al., 2012; Van Houdt et al., 2012; Backx et al., 2011; 

Wieczorek et al., 2013), sporadic autism (Neale et al., 2012; O’Roak et al., 2012), 

schizophrenia (Loe-Mie et al., 2010; Koga et al., 2009) and amyotrophic lateral sclerosis 

(Chesi et al., 2013). These important findings from human genetics indicate that BAF 

complexes make rate-limiting contributions to the establishment of the diversity, stability 

and plasticity found in our nervous system.

We begin by describing the emergence of mammalian BAF complexes, then look at specific 

BAF assemblies found during neural development, starting with pluripotent stem cells from 

which cells of all three embryonic germ layers are derived. Finally, we will examine recent 

evidence for the role of BAF complexes in human neurological disorders.

Evolution from the yeast SWI/SNF complex to mammalian BAF complexes 

[caps]

The subunits of the yeast SWI/SNF complex were first discovered in genetic screens for 

their requirement for mating type switching and the use of sucrose as a nutrient source 

(Neigeborn and Carlson, 1984; Stern et al., 1984). In addition to the ATPase subunit, SWI2/

SNF2, the yeast complex includes SWI1/ADR6, SWI3, SNF5 and SNF6 (Cairns et al., 

1994), and has an activating role in transcription through chromatin regulation (Table I) 

(Peterson and Herskowitz, 1992; Hirschhorn et al., 1992; Laurent et al., 1991; Laurent and 

Carlson, 1992). A homologous complex in Drosophila was also discovered from screens for 
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suppressors of Polycomb mutations that cause homeotic transformations (Tamkun et al., 

1992; Elfring et al., 1994). In flies, the core ATPase subunit is a homolog of the yeast SWI2/

SNF2, called Brahma (BRM), and the complex is termed the Brahma-associated protein 

(BAP) complex (Table 1).

In human, the DEAD/H helicase family of 29 genes codes for homologs of the yeast SWI2/

SNF2, and are involved in a diverse range of functions that pertain to the chromatin 

including DNA replication and repair, transcriptional initiation and elongation, mRNA 

splicing and gene silencing (Hargreaves and Crabtree, 2011; Yoo and Crabtree, 2009). 

Several members also serve as core subunits in ATP-dependent chromatin remodeling 

complexes of which there are 4 families: BAF (which uses BRG1 or hBRM), INO80/SWR1 

(which uses hINO80, hDomino or SRCAP), ISWI (which uses hSNF2H or hSNF2L) and 

CHD (which uses CHD1 through CHD9).

The 2-megadalton mammalian BAF complexes consist of at least 15 subunits, five of which 

have homologs in the yeast SWI/SNF (BRG1/BRM, BAF155/170, BAF60, BAF53, BAF47) 

(Figure 1, Table I). However, the mamm alian BAF has diverged significantly from the 

yeast counterpart, losing some subunits while gaining novel core subunit families including 

BAF250a/b (ARID1a/b), BAF45a/b/c/d, BAF57, β-actin, BRD7, BRD9 and SS18/CREST; 

of note, BAF250a/b are the most frequently mutated BAF subunits in human malignancy 

and neurological disorders (Ho et al., 2009b; Kadoch et al., 2013). Furthermore, while the 

yeast SWI/SNF has an exclusively activating role, BAF complexes can both activate or 

repress their genomic targets (Boyer et al., 2005; Ho et al., 2009a, 2011). Thus, the 

mammalian BAF complexes only have limited similarities with the yeast SWI/SNF 

complex. The changes in subunit composition correspond to the emergence of 

multicellularity, and even later changes correspond to the development of complex nervous 

systems; the later evolutionary point is reflected in their frequent implication in neurologic 

disease.

Another distinct feature of BAF complexes is the existence of alternative subunits for many 

of the positions within the complex. Only one of the homologous subunits can be 

incorporated at each of the polymorphic positions, such that there are hundreds of 

theoretically possible assemblies of BAF. The subunits are not freely exchanged and are 

stably associated with the complex even in highly denaturing conditions in vitro (Zhao et al., 

1998; Kadoch et al., 2013). As we will discuss, each unique composition can translate to a 

specific biological meaning which can be instructive for a particular cell fate. Distinct BAF 

assemblies have been found in a number of tissues (de la Serna et al., 2001; Ohkawa et al., 

2006; Cvekl and Duncan, 2007; Xiong et al., 2013; Li et al., 2013; Yu et al., 2013; Lickert et 

al., 2004; Lessard et al., 2007; Olave et al., 2002) and it is possible that many more cell 

types have chromatin remodeling mechanisms tailored to their specific needs.

ES cell-specific BAF (esBAF) complexes (caps)

Embryonic stem (ES) cells are derived from the inner cell mass (ICM) of the pre-

implantation embryo and maintain unlimited self-renewal capacity and multi-lineage 

differentiation potential. A suite of transcription factors and chromatin regulators are critical 

Son and Crabtree Page 3

Am J Med Genet C Semin Med Genet. Author manuscript; available in PMC 2015 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for achieving the chromatin landscape in ES cells which remains poised for differentiation 

without losing pluripotency. An ES cell-specific assembly of BAF, called esBAF, is 

characterized by the presence of BRG1, BAF250a, BAF60a/b and BAF155, while excluding 

BRM, BAF250b, BAF60c and BAF170 at the variable positions (Ho et al., 2009b; Kaeser et 

al., 2008; Kidder et al., 2009) (Figure 1).

esBAF in stem cell self-renewal and pluripotency

The peri-implantation lethal phenotype of mice lacking Brg1, BAF155 or BAF47 indicates 

that esBAF has an essential role in early embryonic development (Bultman et al., 2000; Kim 

et al., 2001; Klochendler-Yeivin et al., 2000). Cre-mediated deletion of Brg1 impairs self-

renewal of cultured ES cells but not mouse embryonic fibroblasts (MEFs) (Ho et al., 2009b) 

or glial cells (Lessard et al., 2007). Brg1-deleted ES cells first lose proliferative capacity 

and, after several passages, lose the expression of ES cell markers Oct4, Sox2 and Nanog; 

they are also defective in forming ectodermal and mesodermal lineages during spontaneous 

differentiation, indicating a loss of pluripotency.

The specific configuration of subunits in esBAF is crucial for the ES cell state. Brm, the 

alternative ATPase subunit, is not found in esBAF and does not compensate for the absence 

of Brg1 (Bultman et al., 2000); moreover, Brm−/− mice are viable despite being slightly 

larger than normal (Reyes et al., 1998). Similarly, the esBAF component BAF155 and its 

homolog BAF170 do not have redundant roles in ES cells. Knockdown of BAF155 in ES 

cells causes defects similar to Brg1 knockdown, with decreased proliferation followed by 

loss of Oct4 and increased cell death (Ho et al., 2009b). This phenotype is rescued by 

overexpressing BAF155 but not BAF170. In addition, BAF170-expressing ES cells do not 

contribute efficiently to teratoma formation in vivo, indicating that forced assembly of 

BAF170-containing BAF complexes in ES cells is detrimental to pluripotency.

esBAF, LIF/STAT3 signaling and opposition of Polycomb

Murine ES cells require leukemia inhibitory factor (LIF) signaling, which leads to 

phosphorylation and nuclear localization of the transcription factor STAT3 (Matsuda et al., 

1999; Niwa et al., 1998). The genome-wide binding sites of STAT3 overlap extensively 

with Brg1 occupancy (Ho et al., 2009a), and the transcriptional changes caused by LIF 

withdrawal and acute Brg1 deletion are highly similar (Ho et al., 2011). This is in contrast to 

Oct4 (Loh et al., 2006; Masui et al., 2007) and Sox2 (Shao et al., 1999) whose targets also 

overlap with Brg1 binding sites but do not show consistent transcriptional co-regulation. 

Although there is no detectable physical interaction between STAT3 and Brg1, Brg1 

knockout abolishes STAT3 binding at over 80% of sites; these sites become more resistant 

to DNase I digestion (Ho et al., 2011) indicative of a more ‘closed’ chromatin state 

(Dorschner et al., 2004). Creating accessibility at genomic sites may be a key function of the 

esBAF complex, and 80% of BRG1 target sites in ES cells are indeed DNase I 

hypersensitive (Schnetz et al., 2010).

One histone modification which is significantly altered in Brg1-knockout ES cells is histone 

H3 lysine-27 trimethylation (H3K27me3) (Ho et al., 2011), which is a repressive mark 

deposited by Polycomb repressive complex 2 (PRC2). Many Brg1-dependent STAT3 
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targets, as well as genes that are co-activated by Brg1 and Oct4 or Sox2, gain aberrant 

H3K27me3 upon Brg1 deletion, even though PRC2 components are not upregulated and the 

overall level of H3K27me3 remains constant. The ectopic H3K27me3 domains are localized 

near promoters and transcription start sites (TSSs) where Brg1 peaks are normally located, 

suggesting a direct opposition between BAF and PRC2. Consistent with their functional 

antagonism, the genome-wide binding of Brg1 is largely mutually exclusive with Suz12, a 

PRC2 component (Ho et al., 2009a), and the ectopic H3K27me3 marks in Brg1-deleted cells 

can be suppressed by knockdown of Suz12 (Ho et al., 2011). This antagonistic relationship is 

conserved in flies, where homeotic transformations caused by PcG mutations can be 

suppressed by compensating trithorax mutations (Tamkun et al., 1992; Elfring et al., 1994; 

Kennison and Tamkun, 1988). However, the interaction seems more complex in mammals: 

importantly, BAF synergizes with Polycomb at all four Hox loci in ES cells to prevent 

precocious differentiation (Ho et al., 2011). Nevertheless, one of the key functions of esBAF 

is to maintain the accessibility of actively transcribed genes by preventing the formation of 

Polycomb repressive domains in the ES cell genome.

Neural progenitor BAF (npBAF) complexes

The development of the brain follows a stereotyped pattern beginning with the expansion of 

neuroepithelial cells, which go on to form distinct pools of progenitors in a number of 

anatomical locations (Chenn and McConnell, 1995). In the cortex, most γ-aminobutyric acid 

(GABA)-producing local inhibitory neurons arise in the ventral telencephalon and migrate 

long distances to the dorsal cortex (Wonders and Anderson, 2006). On the other hand, 

excitatory projection neurons, which are glutamatergic and project to other cortical areas as 

well as subcortical targets, originate from the dorsal telencephalon in the germinal zone 

lining the ventricles, called the ventricular zone (VZ) (Hendelman, 1991). Radial glial cells 

(RGs) are bipolar neural precursors whose cell body resides in the VZ; they are bona fide 

neural stem cells (NSCs) in that they can divide symmetrically to self-renew or 

asymmetrically to produce more differentiated progeny (Götz and Huttner, 2005; Kriegstein 

et al., 2006). Initially, RGs generate neurons directly (‘direct neurogenesis’), but begin 

producing a second population of neural precursors called intermediate progenitors (IPs) 

around E13.5 (Hendelman, 1991). The late phase of corticogenesis is dominated by an 

expansion of the pool of RG-derived IPs in the subventricular zone (SVZ) which undergo 

limited rounds of division to produce neurons (‘indirect neurogenesis’).

Since the number of precursors and their mode of division critically influence final cortical 

size and complexity, the neural precursor state is a focal point for regulation in brain 

development. Neural precursors must downregulate the pluripotency gene network 

promoted in ES cells while remaining proliferative; they must also suppress the neuronal 

differentiation program until mitotic exit. The chromatin landscape associated with this 

particular state requires the neural progenitor-specific BAF (npBAF) complex (Lessard et 

al., 2007). In contrast to esBAF, npBAF can have alternative subunits at a number of 

positions, including either Brg1 or Brm as the core ATPase; either BAF250a or BAF250b; 

and either a homodimer of BAF155 or a heterodimer of BAF155 and BAF170 (Figure 1). 

Three of the subunits which are unchanged during neural induction – BAF53a, SS18 and 

BAF45a/d – are also important for specifying the undifferentiated, proliferative state of the 
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progenitors; as we will discuss, these three positions later undergo switching around the time 

of mitotic exit, such that the postmitotic neuronal BAF (nBAF) contains BAF53b, CREST 

and BAF45b/c, at those positions, respectively.

npBAF in neural progenitor self-renewal

Similar to the role of esBAF in ES cells, components of the nBAF complex have a critical 

role in the self-renewal of neural progenitors. Mice heterozygous for Brg1 or BAF155 have 

defects in neural tube closure, indicative of insufficient cell numbers (Bultman et al., 2000; 

Kim et al., 2001). The rate-limiting role of BAF in progenitor division is evolutionarily 

conserved: in C. elegans, the asymmetric division of NSCs requires psa-1 and psa-4 

(homologs of BRG1 and BAF155, respectively) (Sawa et al., 2000). Deleting Brg1 

specifically in Nestin+ murine NSCs causes reduced proliferation and subsequent depletion 

of the neural progenitor pool; these mice die perinatally and exhibit thinning of the cortex 

and midbrain, as well as near-complete absence of the cerebellum (Matsumoto et al., 2006; 

Lessard et al., 2007; Zhan et al., 2011). Interestingly, even though the total number of 

GFAP+ astrocytes is reduced in the Nestin::Brg1−/− animals, the astrocytes themselves are 

not impaired in their ability to divide, indicating that the effect on proliferation is specific to 

the multipotent progenitors. At the transcriptional level, Brg1-containing npBAF complexes 

activate Notch signaling pathway components to promote NSC proliferation, while 

repressing genes involved in Sonig Hedgehog (Shh) signaling which plays a vital role in 

neural patterning (Lessard et al., 2007; Rowitch et al., 1999; Chiang et al., 1996).

As would be expected, genetic perturbations of the three npBAF-specific subunits, BAF53a, 

BAF45a/d and SS18, also cause proliferation defects in NSCs. Knockdown of either 

BAF45a or BAF53a, or both, in E13.5 cortical cultures reduces the rate of BrdU 

incorporation without affecting cell survival or terminal differentiation (Lessard et al., 

2007). Interestingly, while ES cells tolerate knockdown of SS18 to 20% of wild-type protein 

level, NSCs fail to self-renew when SS18 is decreased by only 20% (Staahl et al., 2013), 

indicating their heightened sensitivity to the levels of this subunit. Consistent with this, 

SS18+/− embryos are able to implant but die between E8.5 and E9.5 (de Bruijn et al., 2006). 

Importantly, perturbing neuron-specific subunits which are highly homologous to the 

npBAF subunits does not cause the same phenotype in NSCs. While overexpression of 

BAF45a causes a 2- to 4-fold increase in the number of cycling cortical and cerebellar 

progenitors at E14.5, ectopic BAF45b expression has no discernable effect (Lessard et al., 

2007). Conversely, knockdown of BAF45a, but not BAF45b, leads to a reduced number of 

proliferative neural progenitors in the same neurogenic regions of the brain. This functional 

discrepancy stems from the N-terminal domain and the Krüpple zinc finger domain which 

are highly divergent between the two homologs: deleting either domain from BAF45a 

prevents its enhancement of progenitor proliferation, but deleting the C-terminal double 

PHD domain, which is more conserved between BAF45a and BAF45b, does not have a 

significant effect.

BAF170 in the specification of layer identity

The timing of neurogenic division is indicative of the laminar identity of the newborn 

cortical neuron. Neurons born in the dorsal VZ migrate in an inside-out fashion starting 
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around E12.5, first to deep cortical layers (in the order: layers VI, V, and IV) on successive 

days and finally to the upper layers (II/III) around E15.5 (Arlotta et al., 2005). While direct 

neurogenesis from RGs produces deep-layer neurons during early corticogenesis, indirect 

neurogenesis via production of IPs contributes most to the neurons in the upper layer 

(Pontious et al., 2007). Pax6 is a master regulator of dorsal telencephalic fate (Muzio et al., 

2002; Schuurmans et al., 2004; Stoykova et al., 2000; Toresson et al., 2000; Yun et al., 

2001), but also has a role in regulating the kinetics of progenitor cell division (Quinn et al., 

2007); in particular, Pax6-null mice display a specific thinning of the upper cortical layers 

due to premature asymmetrical cell division of the progenitors (Estivill-Torrus et al., 2002). 

BAF has been shown to interact with Pax6 to regulate the decision between direct and 

indirect neurogenesis (Tuoc et al., 2013). Specifically, BAF170-containing npBAF complex 

restricts indirect neurogenesis during the early phase by recruiting the transcriptional 

repressor REST to Pax6 targets (Tuoc et al., 2013; Battaglioli et al., 2002). Notably, the 

amino acid sequences of BAF170 and BAF155 diverge the most in the C-terminal region, 

and it is the C-terminus of BAF170 that is required for its interaction with REST in vitro. 

The loss of BAF170 in Emx1+ cortical progenitors has the opposite effect from Pax6 

deletion and causes an abnormal expansion of IPs and a bias toward upper-layer identities, 

while BAF170 overexpression causes a phenotype similar to the Pax6-null with a depletion 

of upper-layer neurons (Tuoc et al., 2013). Thus, specific assemblies of npBAF determine 

the size as well as composition of the cortex.

Neuronal BAF (nBAF) complexes

At the final neurogenic cell division, a shift in BAF composition occurs at three subunit 

positions: BAF53a is switched for BAF53b, SS18 for CREST, and BAF45a/d for BAF45b/c 

(Wu et al., 2007; Olave et al., 2002) (Figure 1). Immunostaining in the developing 

embryonic spinal cord reveals a clear boundary between the Ki67+ proliferative zone which 

expresses npBAF subunits, and the β-Tubulin-III+ postmitotic zone which expresses the 

homologous neuronal BAF (nBAF) subunits (Lessard et al., 2007; Staahl et al., 2013). The 

nBAF-specific subunits are not found in any other cell type examined to date and are thus 

exclusively involved in remodeling the postmitotic neuronal chromatin. Deletion of the 

nBAF-specific subunits affects differentiated neurons, in contrast to npBAF subunits whose 

disruption affects the progenitor population.

nBAF in dendritic morphogenesis

Functional nBAF complexes have an essential role in dendritic morphogenesis, a process 

which is critical for the proper integration of postmitotic neurons into their appropriate 

circuitry (Jan and Jan, 2003; Whitford et al., 2002). This is conserved in flies, where 

perturbation of BAP55, BRM, BAF60 or SNR1 (fly homologs of BAF53a/b, BRM, BAF60c 

and BAF47) results in PNS dendritic morphogenesis defects (Parrish et al., 2006); in 

addition, the loss of BAP55 produces a highly specific, fully penetrant retargeting phenotype 

in Drosophila olfactory projection neurons and can be rescued by expressing the human 

BAF53A or BAF53B (Tea and Luo, 2011). Deletion of ham-3 (homolog of BAF60) in C. 

elegans, on the other hand, disrupts axon pathfinding in a specific subset of serotonergic 

neurons (Weinberg et al., 2013).
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In mice, BAF53b deletion results in perinatal lethality owing to a failure to nurse, and only 

one in ten survive to adulthood with hyperactivity phenotypes (Lessard et al., 2007; Wu et 

al., 2007). Interestingly, the brain of BAF53b−/− mice at postnatal day 0 (P0) does not differ 

appreciatively from wild-type in its size and complexity, indicating that intrinsic, activity-

independent dendritogenesis is not affected (Wu et al., 2007). However, ex vivo cultures of 

BAF53b−/− hippocampal and cortical neurons reveal a striking deficit in the ability to 

elaborate dendritic processes following KCl stimulation. This phenotype can be rescued by 

the introduction of wild-type BAF53b, but not its homolog, BAF53a. BAF53a and BAF53b 

belong to the family of actin-related proteins (Arps) and contain actin folds with four 

distinct subdomains, the most divergent of which is subdomain 2. Remarkably, chimeric 

BAF53a containing the actin fold subdomain 2 of BAF53b was able to rescue the dendritic 

outgrowth phenotype of BAF53b-null, demonstrating that functional specificity is conferred 

by the structural divergence between homologous subunits.

Refinement of dendrites occurs in response to stimulation which causes Ca2+ influx through 

voltage-sensitive Ca2+ channels and activates downstream signaling pathways. As a result, 

local cytoskeletal rearrangements are triggered, as well as transcription-dependent global 

dendritic remodeling. The latter mechanism involves a number of transcriptional factors 

including cAMP-responsive element binding protein (CREB), CREB-binding protein (CBP) 

and NeuroD (Redmond et al., 2002). The nBAF component CREST is a calcium-sensitive 

transcriptional coactivator which itself does not bind DNA but interacts with CREB to 

actuate transcriptional outcome (Aizawa et al., 2004). While CREST-null mice are viable, 

they exhibit dendritic defects in the cortex and the hippocampus similar to a BAF53b-null 

(Aizawa et al., 2004). The proper localization of the CREST-containing nBAF complex at 

key target promoters, including Ephexin1, requires BAF53b, although BAF53b is not 

necessary for the assembly of nBAF (Wu et al., 2007).

Bcl11b in neuronal subtype maturation

A recent proteomic study has uncovered Bcl11b (also known as Ctip2) to be a novel, 

dedicated subunit of BAF which stably associates with the complex even in denaturing 

conditions (Kadoch et al., 2013). Bcl11b is a zing-finger domain transcription factor critical 

in several developmental paradigms, including T cell development (Wakabayashi et al., 

2003; Albu et al., 2007, 2011; Ikawa et al., 2010) and odontogenesis (Golonzhka et al., 

2009). During neural development, Bcl11b has critical roles in consolidating the subtype 

identities of postmitotic neurons in multiple localized regions.

In the developing neocortex, Bcl11b is strongly expressed across layer V in subcerebral 

projection neurons as well as weakly in layer VI corticothalamic neurons (Arlotta et al., 

2005), and specifies their respective laminar identities. Layer V subcerebral neurons are 

early-born neurons (E12.5-E14.5) which project to targets caudal to the cerebrum, including 

the brainstem and spinal cord (Killackey et al., 1989; Glickstein et al., 1985; Molnár and 

Cheung, 2006; Wise and Jones, 1977). Bcl11b deletion affects the later stages of subcerebral 

axonal outgrowth and refinement, including fasciculation, pathfinding and pruning. In 

particular, Bcl11b is haploinsufficient for axonal pruning in corticospinal neurons, a subtype 

of subcerebral neurons that project to the spinal cord (Arlotta et al., 2005). Similarly, in the 
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striatum, Bcl11b is exclusively expressed in postmitotic medium spiny neurons (MSNs) and 

is required for their maturation, including the expression of MSN markers and organization 

into patches (Arlotta et al., 2008).

Bcl11b deletion also affects the maturation of vomeronasal sensory neurons (VSNs) which 

detect pheromones and project to the olfactory bulb (OB) (Dulac and Axel, 1995; Herrada 

and Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997). In Bcl11b−/− 

mice, VSN precursors are produced normally and terminal differentiation is induced, but the 

immature VSNs display increased apoptosis, reduced axonal outgrowth and mistargeting to 

incorrect regions in the OB, leading to abnormal layer structure in the anterior olfactory bulb 

(AOB) (Enomoto et al., 2011). Transcriptionally, Bcl11b is necessary for activating the 

vomeronasal receptor genes V1r and V2r, as well as Big2/Contactin4, an axonal guidance 

molecule in the olfactory system. Bcl11b also has a role in finer subtype specification of 

VSNs, regulating the fate decision between basal and apical VSNs.

During pre- and postnatal hippocampal development, Bcl11b expression is again restricted 

to postmitotic granule neurons and excluded from the dividing progenitors in the 

subgranular zone (SGZ) of the dentate gyrus (Simon et al., 2012). In the Bcl11b-null brain, 

newborn neurons have reduced calbindin 1 (Calb1) expression, are no longer confined to the 

innermost compartment of the granule cell layer (GCL) and have shorter dendrites than 

wild-type, reminiscent of the dendritic outgrowth phenotype seen in BAF53b−/− 

hippocampal neurons in vitro (Wu et al., 2007). Intriguingly, there is a severe reduction in 

the size and cell number of the dentate gyrus in the absence of Bcl11b due to a decrease in 

BrdU+ progenitors without increased apoptosis (Simon et al., 2012); given the exclusion of 

Bcl11b from the progenitors in the SGZ in wild-type animals, this suggests indirect 

mechanisms are at work. It will be of interest to examine whether Bcl11b-containing BAF 

complexes cooperate with subtype-specific transcription factors to target distinct chromatin 

loci for activation or repression in each neuronal type.

BAF53b in learning and memory

Formation of long-term memory is the basis for learned behavior in higher organisms. The 

cellular correlate of long-term memory is long-term potentiation (LTP), which requires 

transcription and cytoskeletal rearrangements downstream of activity-triggered Ca2+ 

signaling (Kandel, 2012). Epigenetic mechanisms have important roles in LTP, the most 

well-studied examples being histone modifications and DNA methylation (Alarcón et al., 

2004; Cohen-Armon et al., 2004). The contribution of chromatin remodeling to memory 

formation remains largely unexplored, but a recent study provides evidence that the nBAF 

complexes have a role in this process (Vogel-Ciernia et al., 2013). Mice heterozygous for 

BAF53b, as well as mice expressing dominant negative form of BAF53b (BAF53ΔHD) in 

Camk2a+ forebrain excitatory neurons, have abnormal spine morphology and impaired 

synaptic plasticity. While the short-term memory of the mice is normal, they have deficits in 

various facets of long-term memory including object location, object recognition and 

contextual fear. Consistent with this, hippocampal slices from BAF53ΔHD-expressing 

animals exhibit short-term potentiation (STP) but are unable to consolidate LTP. RNA-seq 

analysis of the dorsal hippocampus reveals that BAF53b+/− mice misregulate a variety of 
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genes following object location memory training as compared to wild-type, including genes 

involved in transcriptional regulation, neurogenesis and chromatin modification, as well as 

those involved in cytoskeletal rearrangements and postsynaptic density. The role of nBAF in 

the adult CNS may be the basis for the pathogenicity of BAF subunit mutations in 

psychiatric disorders (Loe-Mie et al., 2010; Koga et al., 2009; Neale et al., 2012; O’Roak et 

al., 2012; Nord et al., 2011).

Regulation of BAF complex switching during neural development and 

reprogramming (caps)

The switching of npBAF subunits with nBAF subunits at mitotic exit is mediated by a triple-

negative genetic circuitry involving non-coding micro-RNAs (miRNAs) (Figure 1) (Yoo et 

al., 2009). miRNAs achieve repression of their target genes by binding to transcripts and 

inhibiting translation or causing mRNA degradation (Lewis et al., 2005). The 3′ untranslated 

region (UTR) of BAF53a contains binding sites for miR-9* and miR-124, two neurogenic 

miRNAs which are abundant in neural tissue (Krichevsky et al., 2006; Lagos-Quintana et 

al., 2002; Cao et al., 2007; Makeyev et al., 2007; Visvanathan et al., 2007). The miRNAs are 

in turn subject to regulation by REST (Conaco et al., 2006), the transcriptional repressor 

which prevents neuronal gene expression in non-neuronal cells by binding to repressive 

element 1 (RE-1) on target genes and recruiting other repressors including CoREST and 

mSin3A (Grimes et al., 2000; Lunyak et al., 2002; Ballas et al., 2005; Chen et al., 1998; 

Chong et al., 1995).

In neural progenitors, REST-mediated repression of miR-9* and miR-124 maintains 

BAF53a expression (Yoo et al., 2009). Forced expression of the miRNAs in Nestin+ neural 

progenitors leads to loss of BAF53a and impaired proliferation, consistent with the 

requirement for the BAF53a subunit in progenitor cell division (Lessard et al., 2007). On the 

other hand, REST is repressed in postmitotic neurons by the unliganded retinoic acid 

receptor (RAR) repressor complex (Ballas et al., 2005); this allows miR-9* and miR-124 to 

be expressed and as a result, BAF53a is targeted for repression by the miRNAs (Yoo et al., 

2009). Mutating the miRNA binding sites on the BAF53a 3′ UTR leads to persistent 

BAF53a expression and reciprocal downregulation of BAF53b in β-Tubulin-III+ neurons, 

indicating that BAF53a antagonizes BAF53b gene activation. Prolonged expression of 

npBAF subunits, including SS18, is inhibitory to dendritogenesis, albeit being insufficient to 

reactivate cell cycle in postmitotic neurons (Staahl et al., 2013; Yoo et al., 2009). The SS18 

gene also contains putative miR-9* and miR-124 binding sites, but it is unclear whether the 

same regulatory mechanism governs the switch from SS18 to CREST at this subunit 

position.

This conserved mechanism of neuronal differentiation is not only necessary but instructive 

for the neuronal fate, allowing reprogramming from an unrelated lineage to postmitotic 

induced neurons (iNs) (Yoo et al., 2011). Expressing miR-9* and miR-124 in fibroblasts 

induces a cell fate conversion to functional neurons. The miRNA-overexpressing fibroblasts 

exit the cell cycle within one week, and while the starting cells express BAF53a, the 

resulting iNs robustly express the nBAF-specific subunits, BAF53b, BAF45b/c and CREST 

(Yoo et al., 2011; Staahl et al., 2013), indicating that the nBAF complex is operational. The 
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efficiency of conversion is enhanced when the neurogenic transcription factor NEUROD2 is 

expressed in combination with the miRNAs, demonstrating their functional synergy. 

Unlikely many other lineages which are specified by master transcription factors 

(Weintraub, 1993; Davis et al., 1987; Nutt et al., 1999), a master regulator transcription 

factor for the diverse neuronal fates has not yet emerged. Intriguingly, the two neurogenic 

miRNAs as well as the nBAF-specific subunits are found throughout the CNS and are 

exclusive to the neuronal lineage (Yoo et al., 2009; Wu et al., 2007). Given the instructive 

capacity, it is tempting to speculate that the miRNA-nBAF regulatory network defines a 

universal ground state of the neuronal chromatin, which then requires patterning by subtype-

specific transcription factors for maturation.

BAF complexes in adult neurogenesis (caps)

After embryonic development, neurogenesis ceases in most regions of the CNS. The 

subependymal zone (SEZ) in the lateral walls of the lateral ventricles is one of the two 

neurogenic niches in the adult brain, and supplies new neurons to the olfactory bulb (OB) 

(Luskin, 1993; Lois and Alvarez-Buylla, 1994) as well as glia to the cortex and corpus 

callosum (Menn et al., 2006) throughout life. Adult NSCs have similar properties to 

embryonic NSCs and are thought to arise from the latter (Ahlenius et al., 2009). The precise 

composition of BAF complexes in adult NSCs is unknown, but Brg1 has been shown to 

suppress non-neuronal fates in this context while, intriguingly, not affecting self-renewal. 

The interaction between Pax6 and the Brg1-containing BAF complex is essential for 

specifying the neurogenic fate of adult NSCs in the SEZ (Ninkovic et al., 2013): ablation of 

either Pax6 or Brg1 diverts adult NSCs from the neuronal lineage to the ependymal or glial 

lineages. Gene expression profiling of Brg1-deleted SEZ and OB shows misregulation of 

genes involved in cell cycle, neurogenesis, axonogenesis and synaptic transmission. 

Surprisingly, Brm is unable to compensate for Brg1 in adult NSCs despite being expressed 

at high levels. The interaction of BAF with Pax6 seems functionally specific: forced 

neurogenesis by Pax6 expression in SEZ-derived neurospheres requires a catalytically active 

form of Brg1, whereas overexpression of another neurogenic transcription factor, Ngn2, 

efficiently generates neurons in the absence of Brg1 (Ninkovic et al., 2013). Therefore, the 

interaction between Pax6 and BAF, which also regulates embryonic neural progenitor 

division (Tuoc et al., 2013), may have been repurposed for adult neurogenesis in the SEZ.

BAF complexes in neurological disorders

Given the far-reaching contributions of BAF complexes during neural development and 

beyond, it is not surprising that mutations targeting their subunits perturb normal brain 

function. With the advent of next-generation sequencing, a host of BAF mutations have been 

discovered in human neurological disorders ranging from syndromic and non-syndromic 

intellectual disability to psychiatric conditions and neurodegenerative disease (Figure 2).

Intellectual disability

It is estimated that between 2–3% of the general population have a form of intellectual 

disability (ID), and the vast majority of those are thought to have genetic causes (Ropers, 

2010). Interestingly, mutations in BAF250B, the largest BAF subunit, have emerged as an 
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important factor in non-familial ID. It has been known that rare de novo deletions or 

translocations involving the BAF250B (ARID1B) gene in chromosomal region 6q are 

associated with microcephaly, growth delay and frequent agenesis of the corpus callosum 

(AgCC) (Pirola et al., 1998; Narahara et al., 1991; Sukumar et al., 1999; Hopkin et al., 1997; 

Oliveira-Duarte et al., 1990; Rivas et al., 1986; Meng et al., 1992; Valtat et al., 1992; 

Nagamani et al., 2009; Backx et al., 2011). More recently, high-resolution molecular 

karyotyping and next-generation trio sequencing studies have identified additional 

chromosomal legions involving the BAF250B gene as well as truncating BAF250B 

mutations in sporadic ID patients with similar clinical features as above (Hoyer et al., 2012; 

Halgren et al., 2012); in one of the studies, inactivating BAF250B deletions were found in 

8/887 (0.9%) of the patient cohort (Hoyer et al., 2012), making it the single most frequently 

mutated gene in idiopathic ID. All BAF250B legions are predicted to abolish wild-type 

protein expression; as outlined below, this is a recurrent theme in neurologic disorders and 

indicates a dosage-sensitive role of BAF250B in the CNS.

Coffin-Siris syndrome

A series of exome sequencing studies have uncovered dominant de novo BAF mutations in 

patients with Coffin-Siris syndrome (CSS), a rare congenital disorder with microcephaly, 

AgCC, moderate-to-profound ID, developmental delay, coarse facial features, hypoplasia of 

the fifth fingernails and/or toenails and multiple organ abnormalities (Tsurusaki et al., 2013, 

2012; Santen et al., 2012, 2013; Wieczorek et al., 2013). In each of the large-scale studies, 

between 41–87% of the subjects were positive for BAF mutations. A combined total of 106 

lesions have been reported in five subunits: BAF250A (8/106, 7.5%), BAF250B (72/106, 

6.8%), BRG1 (12/106, 11.3%), BAF47 (12/106, 11.3%) and BAF57 (3/106, 2.8%)

Similar to in sporadic ID, all but one BAF250B mutations in CSS lead to truncation of the 

polypeptide (Figure 2); it is likely that unknown genetic factors contribute to the exact 

phenotypic outcome in patients with BAF250B mutations. All mutations in the homologous 

BAF250A gene are also nonsense or frameshift mutations, and are found in a smaller number 

of CSS patients who appear to present with greater disease severity than do BAF250B 

patients. The two homologous subunits, also known as ARID1A/B, contain the DNA-

binding AT-rich interaction domains (ARID domains) and can have opposing roles in cell 

cycle through specific interactions with the E2F family of transcription factors (Nagl et al., 

2007). Both homologs are found mutated in a wide variety of human malignancies, with 

BAF250A being more highly mutated than BAF250B (Kadoch et al., 2013; Ronan et al., 

2013). Interestingly, a Drosophila RNAi screen for regulators of the neuroblast fate revealed 

that knockdown of Brahma, Moira and Osa (homologs of BRM, BAF47 and BAF250, 

respectively) results in the generation of extra neuroblasts at the expense of differentiated 

neurons (Neumüller et al., 2011); Osa was subsequently shown to control the progression of 

neural differentiation program and prevent tumorigenesis by regulating the number of 

progenitor divisions (Eroglu et al., 2014). The prevalence of BAF250A/B mutations prompts 

a greater understanding of how they function in the mammalian CNS.

CSS mutations in BRG1, the core ATPase, are either missense or in-frame deletions. They 

are located near the HSA domain and in the ATPase domain that contains an ATP-binding 
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region and a helicase region (Figure 2). The absence of truncating mutations indicates that 

these mutations do not lead to complete loss of function similar to the null allele in Brg1 

heterozygous knockout mice which display severe neural tube closure defects (Lessard et 

al., 2007). Rather, these CSS mutations may produce BRG1 that can be incorporated into 

BAF complexes which could then exhibit impaired or altered activity and act dominantly 

over the wild-type BRG1-containing complexes.

BAF47, also known as INI1 and SNF5, is a known tumor suppressor whose biallelic 

inactivation is responsible for ~100% of the cases of malignant rhabdoid tumor (MRT), an 

aggressive childhood tumor in soft tissues (Biegel et al., 2002). While the cancer mutations 

in BAF47 are inactivating and lead to loss of heterozygosity, de novo BAF47 mutations 

found in CSS patients are not truncating and act in a genetically dominant manner. The CSS 

mutations are exclusively located in the positively charged lysine or arginine residues in the 

hydrophilic C-terminus of BAF47 (Figure 2) (Tsurusaki et al., 2013, 2012; Santen et al., 

2013). One recurrent in-frame deletion (p.Lys364del) is found in 9 unrelated patients, 

suggesting a critical role for this residue in the function of BAF47 within the CNS.

Most recently, de novo SOX11 mutations have been found in two CSS patients with mild 

phenotypes (Tsurusaki et al., 2014). SOX11 is a transcription factor that is targeted by the 

Pax6-BAF interaction in adult NSCs (Ninkovic et al., 2013). This suggests that a functional 

network emanating from BAF governs aspects of CSS pathology. It will be interesting to see 

if the host of CSS mutations can be experimentally linked to specific molecular and cellular 

phenotypes downstream of BAF malfunction, such as insufficient progenitor expansion 

(which could cause microcephaly), defects in the maturation of callosal projection neurons 

(which could cause AgCC) and misregulation of the Hedgehog signaling pathway (which 

could cause digit malformations).

Nicolaides-Baraitser syndrome

De novo missense mutations in the alternative ATPase subunit BRM are causal for 

Nicolaides-Baraitser syndrome (NCBRS), a developmental disorder closely related to CSS. 

NCBRS patients have severe ID, microcephaly, seizures, stunted growth and sparse hair 

(Nicolaides and Baraitser, 1993); they exhibit enlarged interphalangeal joints rather than 

hypoplasia of fifth fingernails seen in CSS patients (Sousa et al., 2009). Van Houdt and 

colleagues found BRM missense mutations in 36/44 (82%) patients with NCBRS (Van 

Houdt et al., 2012), and additional missense and in-frame deletion mutations were 

discovered by other groups (Figure 2) (Wolff et al., 2012; Wieczorek et al., 2013; Santen et 

al., 2013). Interestingly, Wieczorek and colleagues also found 3 truncating mutations in 

BAF250B and a C-terminal mutation in BAF47 (p.Arg366Cys) (Wieczorek et al., 2013). 

Similar to the BRG1 mutations in CSS, most BRM mutations are located in the conserved 

ATPase domain, particularly in the ATP-binding region and the helicase region; this 

suggests that these missense mutations alter the activity of the ATPase and lead to gain-of-

function or dominant negative effects. Given the overall patterns of subunit mutations in 

CSS and NCBRS, the BAF47 mutation in one NCBRS patient is unusual and may reflect the 

extensive overlap of clinical features between the two disorders.
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Autism spectrum disorder and schizophrenia

Autism spectrum disorder (ASD) is a developmental condition found in as much as 1% of 

all children. It is characterized by impaired social and language skills as well as repetitive 

behavior and narrow range of interests. The genetic etiology of ASD is highly heterogenous, 

with copy-number variations (CNVs) playing an important role (Szatmari et al., 2007; 

Glessner et al., 2009; Guilmatre et al., 2009; Pinto et al., 2008; Sebat et al., 2007; Weiss et 

al., 2008). Exome sequencing studies have begun to uncover a highly interconnected 

network of ASD risk factors centered around DYRK1A, CHD8 (a chromatin remodeling 

enzyme) and Wnt/β-catenin signaling (Neale et al., 2012; O’Roak et al., 2012). A small but 

significant number of BAF-related mutations have been found in non-familial ASD, 

including a splice site mutation in BAF170; one missense mutation each in BAF155, 

BAF180 and REST; and a truncating mutation and a microdeletion in BAF250B (Figure 2) 

(Nord et al., 2011; O’Roak et al., 2012; Neale et al., 2012).

Schizophrenia (SZ) is a mental disorder affecting 0.3–0.7% of the population during their 

lifetime (van Os and Kapur, 2009). Typically having a post-adolescent onset, SZ is 

characterized by paranoia, confused speech and thought, delusions, hallucinations and social 

withdrawal. In a study of single-nucleotide polymorphisms (SNPs) in SZ, Koga and 

colleagues identified a missense mutation and two intronic mutations in BRM (Figure 2) 

(Koga et al., 2009). The missense mutation (p.Asp1546Glu) lowers the nuclear localization 

efficiency of BRM. Brm−/− mice display impaired social interaction and prepulse inhibition, 

and the gene expression changes in their prefrontal cortex is correlated with those seen in the 

postmortem prefrontal cortices of SZ patients. In addition, a BRM-centered interaction 

network involves 8 other SZ-associated genes (Loe-Mie et al., 2010), supporting the role of 

BRM perturbation in SZ.

The BAF components implicated in ASD and SZ play vital roles in npBAF/nBAF 

complexes and their switching at mitotic exit; thus, the above mutations may adversely 

impact multiple stages of development. Notably, synaptic dysfunction is a hallmark of many 

psychiatric disorders (Zoghbi, 2003) and ASD/SZ-associated BAF mutations are consistent 

with the important role of the nBAF complexes in the maturation of neurites and synaptic 

plasticity (Wu et al., 2007; Vogel-Ciernia et al., 2013).

Amyotrophic lateral sclerosis

De novo mutations in the nBAF subunit CREST has been found in a trio sequencing study 

of sporadic amyotrophic lateral sclerosis (ALS) (Chesi et al., 2013). ALS is a fatal late-onset 

neurodegenerative disease in which specific death of motor neurons causes progressive 

paralysis and death (Rowland and Shneider, 2001). From 47 ALS patients, one missense 

mutation (p.Ile123Met) and one nonsense mutation (p.Gln388*) in CREST have been found. 

These mutations may warrant further investigation since CREST function is important for 

neuronal maturation (Aizawa et al., 2004; Wu et al., 2007; Staahl et al., 2013); intriguingly, 

the nonsense mutation lies in the C-terminal end of the protein required for binding CBP 

(Aizawa et al., 2004).
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BAF-Polycomb opposition in human disease

Oncogenic transformation can be caused by the imbalance between the opposing functions 

of BAF and Polycomb, for instance, at the Ink4a locus in rhabdoid tumor (Wilson et al., 

2010) and at the Sox2 locus in synovial sarcoma (Kadoch and Crabtree, 2013). It is possible 

that a direct mechanistic link also exists between the two chromatin regulators in human 

neurological disorders. To this end, it is worth noting that mutations in EZH2 cause 

Weaver’s syndrome (Gibson et al., 2012; Tatton-Brown et al., 2013; Tatton-brown et al., 

2011), a developmental disorder which presents with macrocephaly, in contrast to the 

microcephalic phenotype seen in BAF-related neurodevelopmental disorders. Polycomb 

inhibits Wnt signaling to antagonize the neurogenic fate of neural precursors (Hirabayashi et 

al., 2009), while BAF complexes have been shown to interact directly with β-catenin to 

activate Wnt target genes in a colon carcinoma cell line (Barker et al., 2001). Thus, one of 

the rate-limiting regulatory mechanisms in neural development and homeostasis may be the 

opposition between BAF and Polycomb complexes.

Summary and outlook

Once thought to be simply permissive, mammalian BAF complexes have critical functions 

in multiple aspects of neural development. The specific BAF assemblies found in ES cells, 

neural progenitors and postmitotic neurons have non-redundant functions which stem from 

structural divergence within closely related homologous subunit families. The npBAF 

complex is essential for controlling the kinetics and mode of neural progenitor cell division; 

in particular, it regulates the generation of upper-layer cortical neurons which have co-

emerged with the expansion of the SVZ in recent mammalian brain evolution (Aboitiz et al., 

2003; Marin-Padilla, 1992). On the other hand, nBAF function is necessary for the mature 

phenotypes of postmitotic neurons such as the refinement of axons and dendrites, and for 

determining the finer subtypes of several classes of neurons including deep-layer cortical 

neurons and hippocampal neurons. Surprisingly, the conserved mechanism for transitioning 

from npBAF to nBAF is instructive for the neuronal fate even in unrelated lineages, and 

may be a universal determinant of the core neuronal identity. Furthermore, BAF is essential 

for the plasticity of the adult brain and contributes to hippocampal LTP as well as adult 

neurogenesis; thus, BAF complexes are critical not only for the initial wiring of neural 

circuitry but also in maintaining and reshaping the connections based on the experience of 

the organism. The large number of BAF mutations in cognitive disorders prompts a deeper 

inquiry into the role BAF in brain development and function, particularly with regard to 

subunits with frequent or recurrent patterns of mutation, such as BAF250B and BAF47.

The precise biophysical mechanism of ATP-dependent chromatin remodelers is not well 

understood; however, loosening heterochromatic loci across the genome appears to be a 

critical function of BAF. This is achieved at least in part by antagonizing the repressive 

Polycomb complexes and facilitating the removal of H3K27me3 – a conserved regulatory 

interaction which co-emerged with multicellularity. The accessibility thus created by BAF 

allows other nuclear factors that interact with BAF, such as STAT3, Pax6 and REST, to bind 

their genomic targets and regulate downstream genes in a context-dependent manner. The 

composite surfaces created by the assembly of cell type-specific subunit combinations may 
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dictate the versatility of BAF interactions. Of note, BAF also cooperates with lineage-

specifying transcription factors during the differentiation of oligodendrocytes and Schwann 

cells (Limpert et al., 2013; Marathe et al., 2013), which are the glial cells responsible for 

myelinating axons in the CNS and PNS, respectively.

While rodent studies have informed much of what we know about human neural 

development, the human brain has undergone tremendous evolution particularly in the 

neocortex, with a concomitant increase in the complexity of precursor-progeny 

relationships. For instance, a small subset of human GABAergic interneurons originates 

from precursors whose final mitotic division takes place in the dorsal telencephalon (Letinic 

et al., 2002). An even more striking difference in the human is a massive expansion of a 

novel population of RGs, termed outer RGs (oRGs), which lack the apical process of 

ventricular RGs (vRGs) and reside in the outser SVZ (oSVZ) (Hansen et al., 2010; Fietz et 

al., 2010; Wang et al., 2011). Although oRGs do not undergo the highly stereotyped 

interkinetic nuclear movement (INM) of vRGs during mitosis (Noctor et al., 2004), instead 

exhibiting mitotic somal translocation (MST) (LaMonica et al., 2013), the two RG 

populations display similar cycling kinetics. Understanding how BAF contributes to the 

regulation of this novel population of progenitors may shed light on the emergence of 

human-specific cognitive traits and their disruption in disease states.
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Figure 1. BAF complex assemblies in neural development
Distinct BAF compositions exist in ES cells (esBAF), neural progenitors (npBAF) and 

postmitotic neurons (nBAF). Each complex serves critical context-dependent functions by 

interacting with a unique set of cellular factors. During mitotic exit, miR-9* and miR-124 

mediate switching at three subunit positions (highlighted in red and orange in esBAF/

npBAF and nBAF, respectively).
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Figure 2. Most commonly mutated BAF subunits in human cognitive disorders
Dominant de novo BAF subunit mutations have been found in Coffin-Siris syndrome (CSS), 

Nicolaides-Baraitser syndrome (NCBRS), sporadic intellectual disability (ID), autism 

spectrum disorder (ASD), schizophrenia (SZ) and Kleefstra syndrome. Mutations in 

BAF250A and BAF250B lead to truncated proteins, indicating that haploinsufficiency of 

these subunits causes disease. Mutations in the BRG1 and BRM ATPases as well as BAF57 

and BAF47 are missense mutations or in-frame deletions, suggesting gain-of-function or 

dominant negative mechanisms. Microdeletions or translocations are not included. Data 

taken from the following studies: Hoyer et al. (2012); Kleefstra T. Am J Hum Genet (2012); 

Koga et al. (2009); Nord et al. (2011); Santen et al. (2012, 2013); Tsurusaki et al. (2012, 

2013); Van Houdt et al. (2012); Wieczorek et al. (2013); Wolff et al. (2011).
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Table 1
BAF complex subunit nomenclature and conservation in yeast and fly

The subunits are organized into families and presented in the order of decreasing protein size. For the 

mammalian subunits, the names used in this review are highlighted in bold. Adapted from Tang, Yoo & 

Crabtree, Curr Opinion Genet & Dev (2013).

BAF Aliases SMARC nomenclature SWI/SNF (S. cerevisiae) BAP (D. Melanogaster)

BAF250a ARID1A - Osa/eyelid

BAF250b ARID1B -

BAF200 ARID2 - BAP170

BAF190a BRG1/SNF2β SMARCA4 SWI2

BAF190b BRM/SNF2α SMARCA2 Brahma

BAF180 PBRM1 - BAP180

BAF170 SMARCC2 SWI3 Moira

BAF155 SMARCC1

BAF100a Bcl11a/Ctip1 - CG9650

BAF100b Bcl11b/Ctip2 -

BAF60a SMARCD1 SWP73 BAP60

BAF60b SMARCD2

BAF60c SMARCD3

BAF57 SMARCE1 - Dalao/BAP111

BAF55a SS18 - -

BAF55b CREST/SS18L - -

β-actin - Actin 5C

BAF53a ACTL6A ARP7, APR9 BAP55

BAF53b ACTL6B

BAF47 hSNF5/INI1 SMARCB1 SNF5 SNR1

BAF45a PHF10 - SAYP

BAF45b DPF1 - D4

BAF45c DPF3 -

BAF45d DPF2 -

BAF40a Bcl7a - Bcl7-like

BAF40b Bcl7b -

BAF40c Bcl7c -

Brd7 - CG7154

Brd9 -
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