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Abstract

The development of the vertebrate nervous system requires a switch of ATP-dependent chromatin
remodeling mechanisms, which occures by substituting subunits within these complexes near cell
cycle exit. This switching involves a triple negative genetic circuitry in which REST represses
miR-9 and miR-124, which in turn repress BAF53a, which in turn repress the homologous neuron-
specific BAF53b. Recapitulation of this microRNA/chromatin switch in human fibroblasts
converts them to neurons. The genes involved in this fate-determining chromatin switch play
genetically dominant roles in several human neurologic diseases suggesting that they are rate-
limiting for aspects of human neural development. We review how this switch in ATP-dependent
chromatin complexes might interface with traditional ideas about neural determination and
reprogramming.

Introduction

The discovery that mutation of a single homeotic gene could convert one body part to
another in Drosophila Melanogaster opened the possibility that tissues could be
interconverted in other species [1-5]. Later the discovery of myoD [6] demonstrated that
even late in development, tissues could be interconverted if one gained an understanding of
the genes that operate at the pinnacle of a development circuitry. Presently, the direct
conversion of many cell types has been accomplished. The route to these accomplishments
have come from either systematic screens to find the factors that have the ability to convert
one tissue to another [7-9] or through detailed delineation of pathways of development.
Often the two approaches are not entirely separate and studies of direct conversion provide
an understanding of a biologic process. The focus of this review illustrates how the
understanding of a mechanism underlying an aspect of the development of the nervous
system lead to a method of converting human fibroblasts to neurons.

A microRNA-Chromatin Switch Underlying Neural Development

Neurons have features not found in any other cell type. Perhaps over a thousand subtypes of
neurons are generated, each with common features such as the ability to extend axons,
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dendrites and form synapses between each other. Another unique feature is their
extraordinary morphologic stability, which is the basis of stable, long-term memory. These
unique features lead us to look for an epigenetic state that would characterize neurons as
opposed to other cell types. Purification of ATP-dependent chromatin remodeling
complexes led to the realization that neurons from adult brains do indeed have a chromatin
remodeling complex that is not found in any other cell type, which we named nBAF for its
neural specific subunits (BAF53b, BAF45b/c and CREST) and the fact that it contains either
the Brg or Brm ATPases [10]. These neuronal specific complexes appear near cell cycle exit
in the mammalian nervous system and additional purification studies revealed that neural
progenitors also have a npBAF complex with a specific subunit composition not found to
date in any other cell type. Finally, purification of the complexes from pluripotent ES cells
revealed that they also have a unique subunit composition not found to date in any other cell
type [11]. The separate complexes apparently reflect a developmental series of epigenetic
stages required for pluriopotency, neural multipotency and finally the differentiated state of
post mitotic neurons. The transitition between these complexes is illustrated in Figure 1. Six
of 15 subunits of these complexes have homologues in the yeast SWI/SNF complex and
when we initially purified the complexes we called them mSWI/SNF [12,13] for what we
took to be the mammalian form of the yeast SWI/SNF complex. However, upon further
purification and cloning we found that 9 of the subunits do not have homologues in yeast
SWI/SNF and that substantial evolutionary differences exist that apparently reflect the
changing strategies of chromatin regulation over the past 1.5 billion years. These changes
include multicellularity and the need to repress the majority of genes, DNA methylation,
polycomb mediated repression and also the need to compact the mammalian genome by
several hundred-fold more than the yeast genome is compacted. Additionally, the changes in
BAF chromatin remodeling complexes appear to reflect the need for a complex nervous
system, since the neural specific subunits appear in fish or possibly even later (Table 1).

The developmental transition between the npBAF and nBAF complexes appears to occur by
a triple negative genetic circuit, in which REST represses two microRNAs, miR-9* and
miR-124, which in turn repress BAF53a (Fig. 1a) [14]. The microRNAs bind to three
sequences in the 3'UTR of BAF53a resulting in its repression. Interestingly, the microRNAs
are first expressed in the last progenitor divisions along the ventricular surface of the
growing neural tube [15-17]. The removal of BAF53a somehow results in the rapid
activation of BAF53b, which is essential for dendritic morphogenesis and synapogenesis
[18,19]. While we are beginning to know something of the mechanism underlying the switch
of BAF53a-to-BAF53b [14], we know much less of the mechanisms underlying the other
switches that result in assembly of nBAF complexes. Pointing to an instructive role in neural
development, recent genetic screens in flys have shown that BAF53 is capable of directing
the dendritic targeting specificity of olfactory neurons [20]. Indeed it was the only gene
found in this demanding screen that gave rise to perfect retargeting, a robust phenotype with
nearly 100% penetrance.

At nearly the same developmental time that BAF53a switches to BAF53b in the nBAF
complex, SS18 (BAF55a) is replaced with CREST (BAF55b) [21](Fig. 1a). CREST is
expressed only in neurons [22] and like BAF53b is required for dendritic morphogenesis and
perhaps other aspects of post mitotic neural function [22]. Also, like BAF53b, CREST is
expressed in all post mitotic neurons thus far examined, consistent with its broad function in
promoting fundamental characteristics of post-mitotic neurons rather than a single neural
subtype. Interestingly SS18, which occupies the position of CREST in neural progenitor
complexes (npBAF) is an oncogene that is translocated to the SSX locus resulting in the
formation of a specialized oncogenic complex, ssBAF [23]. The mechanism of oncogenesis
gives important clues as to how these complexes might reprogram fibroblasts to neurons and
will be described below.
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The third switching subunit is encoded by a family of genes, BAF45a, b, c, d. (Fig. 1a).
npBAF complexes have either BAF45a or BAF45d at this position. BAF45b/c takes the
place of BAF45a as neural progenitor approach their final mitotic divisions [21,24]. This is
followed shortly by the replacement of BAF45b in many of the nBAF complexes. However,
at this point we do not know if different types of neurons switch BAF45a for BAF45b and
other types of cells switch BAF45a for BAF45c reflecting cell type specific regulation. The
other possibility is that within the same cell both switches are made perhaps reflecting
different functions at different genetic loci.

The Specificity of the Neural Progenitor (npBAF) Complex

BAF complexes found in ES cells are characterized by the presence of BAF155 but not
BAF170, Brg but not Brm [11]. esBAF complexes also contain BAF60a and BAF60b, but
do not express BAF60c, which appears in neural progenitors [25]. Interestingly, BAF250b,
which is commonly mutated in human neurologic diseases [26—28] also appears as ES cells
differentiate into neurons [21]. BAF60 was recently shown to be essential for a program of
serotonergic neuron development that regulates axon pathfinding, cellular migration and all
steps in the enzymatic pathway of serotonin synthesis (Fig. 1b) [29]. These studies point to a
programmatic and instructive function in controlling the formation of a specific type of post
mitotic neuron in C elegans. The function of ham-3 (cBAF60) is not redundant with the
closely related BAF60 subunit (swsn-2.2) in C elegans (Table 1). Thus it appears that the
extraordinary specificity of the ham-3 phenotype, much in the same way as nBAF compelx,
is an emergent feature of the polymorphic complex most likely based on a function provided
by the composite surface of ham-3 with its neighboring subunits. In mammals BAF60c has
been shown to be a specific subunit of neural progenitor npBAF complexes [25]. The recent
discoveries of specific subunit assemblies and that highly specific programmatic events such
as olfactory neuron target selection, serotonerigic neuron generation and axonal targeting are
under the control of specific subunits (BAF53 and BAF60, respectively) has contributed to a
conceptual change in the chromatin remodeling field. Until recently chromatin remodeling
complexes were thought to play non-specific permissive functions such as helping RNA
polymerase bind to the promoters of most genes in a fairly indiscriminant way.

Reconstituting the microRNA Chromatin Switch Converts Human
Fibroblasts to Neurons

During the course of defining the genetic circuitry underlying the npBAF to nBAF switch
[14] we noted that expression of the miR-9/9* and miR-124 in a variety of cell types
resulted in their assuming neuronal morphologies [30]. Indeed, mouse and human fibroblasts
readily began to take on neuronal characteristics when the two microRNAs were ectopically
expressed. The converted cells expressed a wide variety of neuronal genes including those
encoding ion channels and synaptic vesicle components and even made synaptic vesicles
that could take up and release their components upon depolarization [30]. Addition of
NeuroD, which had been found in the frog by Weintraub and colleagues [31] for its ability
to expand the field of neural fate determination in frog embryo increased the frequency of
conversion but did not drive the neurons to maturity and the development of repetitive
action potentials. However, the pioneering studies of Wernig and colleagues were published
at this time [32,33] showing that three factors could convert fibroblasts to neurons in the
mouse. In agreement with their results, we found that two of these factors (ASCL1 and
MYTLL) in conjuction with NeuroD2 were sufficient to help the microRNAS obtain
effective conversion to mature neurons producing repetitive action potentials [30].

The combination of miR-9/9*, miR-124 (expressed on a single vector) with additional
neural factors, was quite robust in that it could induce the formation of neurons from skin
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fibroblasts of older human individuals and was somewhat more rapid than the fibroblast-to-
neuron conversion resulting from the actions of the 3 transcription factors. Interestingly,
conversion of human fibroblasts was substantially more effective with the microRNA mix
than conversion of murine fibroblasts. Since the opposite is true for conversion with 3
transcription factors, this observation may reflect fundamental differences in the underlying
genetic circuitry involved. Interestingly, we found that conversion of human fibroblasts to
neurons was slower than the conversion of murine fibroblasts, an observation that several
groups have made.

Another feature that appears to be characteristic of the microRNA-mediated conversion is
the range of neuron types obtained. For example, we found that both excitatory and
inhibitory neurons appeared in about equal numbers [30]. This contrasted with methods of
preparing neurons either from ES cells or using transcription factors, which produced rather
a large population of excitatory neurons [32—34]. Further studies have revealed other rarer
types of neurons appear in the cultures and their abundance can be increased by adding back
specific transcription factors characteristic of a specific lineage [35].

Genetically Dominant Mutations in BAF Subunits Underlying Several
Neurologic Diseases

Within the past year many exome sequencing studies have found mutations in BAF subunits
that cause or contribute to human neurologic diseases. Many of these mutations appear to
produce null alleles by premature stop codons from either nonsense mutations or frame-
shifts in the amino-terminus of the gene (Table 2). The neurologic diseases are remarkably
diverse and include syndromic and non-syndromic mental retardation [26-28,36-38],
including disorders such as Nicolaides-Baraitser and Coffin-Siris syndromes where most of
the patients have mutations in one of 7 BAF subunits (Fig 2). However, mutations in the
nBAF subunit CREST are found in ALS [39], a disease that is due to motor neuron
degeneration. Also, 4 subunits (BAF180, BAF170, BAF155 and Brm) and REST were
found to be mutated in autism, and two subunits in schizophrenia [40-43]. Again, many of
these mutations are present on only one allele and appear to be genetically dominant (Table
2).

Genetic dominance can have several underlying mechanisms, however genetic dominance
often points to a rate-limiting role for a step in a pathway. The aspects of neurogenesis
where BAF subunits might be dosage-sensitive and perhaps rate-limiting are unknown.
However, the presence of microcephally in many of the syndromic intellectual disability
diseases caused by dominant BAF subunit mutations suggests a dosage sensitive role in
neuronal proliferation or survival. Another process that appears to be affected by BAF
subunit mutations in worms, flys and mice has been dendritic morphogenesis and targeting
and at least one study has found that CREST mutations found in ALS produce defective
dendritic morphogenesis [39]. Interestingly, expression of the alternative npBAF subunit,
SS18 in post mitotic neurons produces rather similar dendritic outgrowth defects as the ALS
mutations indicating that timing of the inactivation of SS18 might also lead to neurologic
defects [21]. Although speculative at this point, the genetic dominance of BAF subunit
mutations in human neural development is consistent with an instructive role and might
contribute to the ability of recapitulating the microRNA-chromatin switch to produce
neurons from fibroblasts.
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The ability to produce different types of neurons using the microRNA-chromatin switch
may be a reflection of the normal developmental roles of these complexes. While the
transcription factors that have been used for reprogramming are expressed in isolated and
selected populations of post mitotic neurons, we find that BAF53b, BAF45b, BAF45c and
CREST are expressed in all types of post mitotic neurons. In addition, these genes have
functions in promoting fundamental aspects of neuronal maturation such as dendritogenesis
[18], synaptogenesis [19] and neurotransmitter production [29]. Thus we feel that the role of
the microRNA-chromatin switch might be to provide a base state that is then acted upon by
neuronal transcription factors expressed more narrowly, which then drive the cell to a
specific identity and the ability to produce repetitive action potentials and other features of
mature neurons.

Additional evidence that the apparent instructive roles of the microRNA-chromatin switch
are related to the establishment of a neural specific epigenetic state comes from the role of
BAF complexes in development. Early studies in Drosophila demonstrated that the BAP
complex subunit, Brm opposed polycomb-mediated repression of homeotic genes [44]. Brm
is the ATPase of the fly BAF or BAP complex (also called dSWI/SNF). Genome wide
studies in murine ES cells using conditional deletion of Brg (one of two Brm homologues in
mammals) lead to rapid accumulation of H3K27Me3 over genes that are targets of
pluripotency-signaling pathways such as STAT3 and BMP [45]. These results suggested that
nBAF complexes might oppose polycomb, which places the H3K27Me3 mark and these
complexes play a fundamental role in maintaining epigenetic states necessary to allow
critical signals to engage their targets. Further evidence for this mode of action was obtained
when STAT3 was mapped across the ES cell genome after Brg deletion. Remarkably, BAF
function was necessary for STAT3 to bind to 2000 of 2400 of its sites after LIF treatment
[45]. Additionally, in the absence of BAF function, STAT3 often went to incorrect sites.
Thus esBAF complexes are necessary to allow this critical pluripotency signaling pathway
to access its correct binding sites. This observation raises the question of whether nBAF
complexes direct transcription factors functioning at the terminus of ubiquitious signaling
pathways to sites used in neurons? Supporting this role was the observation that BAF
complexes are also able to help replace polycomb function and repress nearby genes [45].

Another observation that bears upon the mechanism of neuronal conversion comes from a
malignancy where the npBAF subunit, SS18 is translocated to the SSX gene [46]. This
translocation produces an inframe fusion that precisely substitutes the C-terminal 9 amino
acids of SS18 for 78 amino acids of SSX. The fusion protein enters BAF complexes evicting
BAF47, but the remaining complex is intact. Remarkably, this retargets the complex to
many neurogenic genes and importantly activates the Sox2 gene, which drives the
proliferation of the malignancy [23]. The mechanism by which the ssSBAF complex activates
Sox 2 is the eviction of polycomb over the Sox2 locus, thereby reversing H3K27Me3-
mediated repression.

The studies mentioned above suggest that the essential feature of the switch from esBAF to
npBAF to nBAF is the ability of the specific complex to be retargeted to different loci
reversing H3K27me3-mediated repression. We propose that this might have two effects.
First, it would allow signaling pathways in use in fibroblasts to divert their output to
neuronal loci, thereby activating neuronal genes as in the case of the SS18-SSX fusion
proteins. Second, it would provide continuity to the differentiated state by virtue of the fact
that polycomb-mediated repression spreads both along the chromosome and over cellular
generations by binding the mark that it produces [47]. While this senario is consistent with
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the dominant and possibly rate-limiting role of nBAF complexes in human neural
development (Table 2) additional experimental evidence is necessary to support these
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Figure 1. Roles of BAF complexes and their subunit switching during vertebrate neural
development

la. A triple negative genetic circuitry regulation of microRNA/chromatin switch underlying
vertebrate neural development. As cells progress from pluripotent ES cells to neural
progenitors to neurons, BAF complexes switch subunits and assume new functions. In
neural progenitors, REST represses miR-9/9* and miR-124 to release their inhibitory effect
on BAF53a expression. The subunit compostions shown are based on the criteria that each
subunit is dedicated to the complex, stable to 2.5 M urea and not exchangable during the
course of density centrifugation analysis. Note the large number of domains that bind
histone modifications or DNA. Not all domains are shown. 1b. BAF60 (ham-3) and its role
in the generation and function of a specific neuronal cell type. A specific serotonergic
neuron known as the hermaphrodite specific neuron (HSN), requires BAF60 for migration,
all steps in serotonin synthesis and axonal pathfinding.
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Figure 2. BAF subunit mutationsin human neurologic diseases indicate dosage-sensitive rolesin

human neural development

Dosage sensitivity is likely to reflect a rate limiting step in neural development and may help

explain why recapitulating the microRNA-chromatin switch can reprogram human

fibroblasts to neurons. Missense mutations in BAF subunits also imply gain-of-function or
dominant-negative effects in neurologic diseases.
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Table 2

BAF complexes subunit mutations in neurologic diseases
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SMARCAZ2/Brm (BAF complex) Coffin-Siris syndrome, partial deletion, missense, in Tsurusaki, Y., N. Chromatin
Nicolaides-Baraitser frame deletion, intronic Okamoto, et al. (2012). remodeling
syndrome, alteration Nat Genet. complex
Schizophrenia Wolff D ea al. (2012) ATPase

Mol Syndromol.
Van Houdt, J. K., B. A.
Nowakowska, et al.
(2012). Nat Genet;
Koga, M., H. Ishiguro,
etal. (2009). Human
molecular genetics.
Loe-Mie, Y., A. M.
Lepagnol-Bestel, et al.
(2010). Human
molecular genetics
SMARCAA4/Brg (BAF complex) Coffin-Siris syndrome Missense, inframe deletion Tsurusaki, Y., N. Chromatin
Okamoto, et al. (2012). remodeling
Nat Genet. complex
ATPase

SMARCB1/BAF47 (BAF complex) Coffin-Siris syndrome, In-frame deletion, missense, Tsurusaki, Y., N. Chromatin
Kleefstra syndrome Okamoto, et al. (2012). remodeling
phenotypic spectrum Nat Genet; Kleefstra, complex

T.,J. M. Kramer, et al. subunit
(2012). Am J Hum
Genet
SMARCC1/BAF155 (BAF complex) | Autism Missense Neale, B. M., Y. Kou, et | Chromatin
al. (2012). Nature. remodeling
complex
subunit
SMARCC2/BAF170 (BAF complex) | Autism Splice site mutation Neale, B. M., Y. Kou, et | Chromatin
al. (2012). Nature. remodeling
complex
subunit

PBRM/BAF180 (BAF complex) Autism missense O'Roak, B. J., L. Vives, Chromatin

etal. (2012). Nature. remodeling
complex
subunit

BAF57 (BAF complex) Coffin-Siris syndrome missense Tsurusaki, Y., N. Chromatin

Okamoto, et al. (2012). remodeling
Nat Genet; complex
subunit

Arid1A/BAF250A (BAF complex) Coffin-Siris syndrome Nonsense, frame shift Tsurusaki, Y., N. Chromatin

deletion Okamoto, et al. (2012). remodeling
Nat Genet; complex
subunit

Arid1B/BAF250B (BAF complex) Coffin-Siris syndrome, nonsense, missense, frame Tsurusaki, Y., N. Chromatin
Autism, Intellectual shift deletion, microdeletion Okamoto, et al. (2012). remodeling
Disability Nat Genet; complex

Santen, GWE., et al. subunit

(2012). Nat Genet.
O'Roak, B. J., L. Vives,
etal. (2012). Nature.
Hoyer, J. et al. (2012).
Am. J. Hum. Genet.

Nonsense mutations and frame-shift mutations in one allele of BAF subunits in human neurologic diseases that suggest dosage sensitivity and also
define critical residues for human neural development. Other missense and inframe shift mutations imply gain-of-function or dominant-negative

effects.
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