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Abstract. The assembly of neural circuits during development endows the brain with the ability to perceive the
environment, control motor output, and perform higher cognitive functions. Failure to assemble proper neural circuits
may result in neurodevelopmental disorders including intellectual disability and autism spectrum disorders. Epigenetic
mechanisms, and in particular chromatin remodeling, are potent regulators of neuronal connectivity. Here, we review
recent studies highlighting the essential role of the ATP- dependent nucleosomal remodeling and deacetylase (NuRD)
complex in epigenetic programming of neurons to drive neural circuit assembly and organism behavior.

Introduction

How are newly-born neurons programmed to assemble
into circuits endowing organisms with complex behavior?
Neuronal integration into early networks is thought
to be largely genetically hardwired. Large numbers of
genes turn on and off in temporally and spatially precise
patterns in the developing mammalian brain (Hanchate et
al, 2015; Telley et al., 2016) to create an intricate program
of neuronal differentiation, from neuronal polarization to
synaptogenesis and refinement (de la Torre-Ubieta and
Bonni, 2011).

Besides transcription factors, chromatin enzymes are
powerful regulators of gene expression (Ho and Crabtree,
2010; Narlikar et al, 2013). Chromatin enzymes interact
with and modify nucleosomes, which organize genomic
DNA to fit into a cell nudleus. Each nucleosome is comprised
of a histone octamer and can be remodeled or covalently
modified at histone tails to control gene expression.
Nucleosome remodeling encompasses a wide range of
activities including alterations of positioning of nucleosomes
relative to each other and relationship of DNA to histone
proteins as well as the exchange of histone subunit variants
at promoters, enhancers, and gene bodies (Maze et al,, 2014;
Rhee et al,, 2014; Weber and Henikoff, 2014).

The mechanisms and functions of epigenetic control
of neural circuit assembly and coding are just beginning
to be understood. In two recent studies, Yamada et al. and
Yang et al. have discovered chromatin mechanisms that are
critical for the assembly and refinement of neural circuits
and hence learning and memory in the brain (Yamada et al,,
2014; Yang et al,, 2016).

The NuRD Complex Deploys Distinct Chromatin
Mechanisms to Regulate Gene Expression

Among chromatin enzymes, the nucleosome remodeling
and deacetylase (NuRD) complex uniquely harbors two
enzymatic activities in vitro, the removal of acetyl groups
from histones at lysine residues and remodeling of
nucleosomes in an ATP-dependent manner (Xue et al,
1998). However, the in vivo function of the NuRD complex
at the tens of thousands of genes encoded in the genome
has remained a mystery.

Because the NuRD complex is highly expressed in the
brain (Yamada et al.,, 2014), Yang et al. characterized the
occupancy of the core NuRD subunit Chd4 across the
genome in the mouse cerebellum (Yang et al., 2016). The
NuRD complex occupies 25,000 genomic loci representing
promoters and enhancers of actively transcribed genes in
thebrain (Yang et al., 2016). Changes in the epigenome and
transcriptome have been profiled upon knockout of Chd4
in the cerebellum of mice using 72 datasets generated
in these studies. These datasets include chromatin
immunoprecipitation followed by massive parallel
sequencing (ChIP-Seq) of histone modifications, histone
proteins, and chromatin enzymes, genome-wide profiling
of transcripts (RNA-Seq), and purification of translating
mRNAs from synchronously developing neurons (Sync-
TRAP-Seq) (Yamada et al., 2014; Yang et al., 2016).

Strikingly, intersection of these datasets has revealed
that the NuRD complex regulates two distinct classes of
genes via different chromatin mechanisms. The NuRD
complex decommissions promoters and enhancers of a
small group of ~200 developmentally regulated genes
by removing the active histone modifications H3 lysine
9, 14, and 27 acetylation (Yamada et al.,, 2014; Yang et al,,
2016). These histone tail alterations lead to the chronic
silencing of developmentally regulated genes, including
the transcription factor Nhlh1 and RNA-binding protein
Elav]2 in the cerebellum (Figure 1, panel A, right). These
findings are consistent with the functions of the NuRD
complex in other developmental roles in mammals
including the control of embryonic stem (ES) cell
differentiation, somatic cell reprogramming, and immune
cell fate specification (Fujita et al., 2004; Kaji et al., 2006;
Rais et al., 2013; Whyte et al,, 2012; Yildirim et al,, 2011;
Yoshida et al., 2008).

On a much larger group of over 1000 genes, the
NuRD complex deposits the histone variant H2A.z at
promoters, thus altering the composition of nucleosomes
(Yang et al., 2016). However, the NuRD complex fails to
alter histone modifications at these genes. This group of
NuRD-regulated genes is enriched for stimuli-responsive
genes that are expressed in the developing and adult
cerebellum. When neurons are stimulated, H2A.z is
loaded at the promoters of neuronal activity-dependent
genes after cessation of stimulation. The NuRD complex
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Figure 1. (A) The NuRD complex deploys distinct epigenetic mechanisms to inhibit gene expression in the brain in vivo. (B)
Epigenetic silencing of gene expression drives granule neuron dendrite pruning and presynaptic differentiation. (C) Proper
structural and functional connectivity is necessary for sensorimotor coding in the cerebellum and procedural learning in mice.

specifically deposits H2A.z at promoters upon stimuli
shutoff to rapidly inactivate activity-dependent genes
(Figure 1, panel A, left). Notably, H2A.z eviction at
immediate early gene promoters has also been observed
in response to sensory experience in the hippocampus
(Zovkic et al, 2014). Although the mechanisms that
mediate the induction of activity-dependent genes have
been the subject of intense scrutiny (Ebert et al., 2013;
Madabhushi et al., 2015; Qiu and Ghosh, 2008; West and
Greenberg, 2011), the molecular underpinnings of the
shutoff of activity-dependent transcription had remained
largely unexplored. The elucidation of the NuRD/H2A .z
chromatin remodeling pathway suggests that epigenetic
mechanisms play an active role in the shutoff of gene
expression in the brain following neuronal activity and
that shutoff is not simply achieved by turning off
transcriptional activation mechanisms. It will be important
in the future to determine the role of the NuRD complex in
shutoff of actively transcribed genes in response to other
extrinsic cues besides neuronal activity in the brain as well
as outside the nervous system.

The identification of a novel link between the NuRD
complex and histone variant H2A.z sheds light on the
roles and mechanisms of these two major epigenetic
factors. An important question that remains to be
addressed is how the NuRD complex deposits H2A.z at
the promoters of actively transcribed genes in the brain.
The SWR and INOS80 chromatin remodeling enzymes
have been implicated in the deposition and eviction of
H2A.z in chromatin in yeast and embryonic stem cells
(Mizuguchi et al, 2004; Papamichos-Chronakis et al.,
2011; Weber and Henikoff, 2014), though their roles in the
brain remain poorly understood. It will be interesting to
assess whether the NuRD complex coordinates its H2A.z
depositing activity with the SWR or INO80 complex in the
control of signal-dependent transcription.

The NuRD Complex Controls Neural Coding and
Procedural Learning

NuRD repression of genes implicated in neuronal
signaling and development suggests that this chromatin
remodeling complex may shapeneural circuitarchitecture.
Granule neurons of the rodent cerebellum represent an
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ideal system for the study of neuronal integration into
circuits (Kim et al., 2009; Konishi et al., 2004; Shalizi et
al,, 2006; Yang et al., 2009). Newly born granule neurons
transiently form exuberant dendrites and then prune
them until ~4 dendrites remain (Yang et al., 2016). At the
other end of granule neurons, presynaptic boutons form
along axons throughout development (Yamada et al,
2014). Conditional knockout of the NuRD complex in
granule neurons impairs presynaptic bouton formation
as well as elimination of excess dendrites (Figure 1,
panel B) (Yamada et al, 2014; Yang et al, 2016). An
RNA interference (RNAi) screen identified the NuRD
developmentally-silenced genes Nhlhl and Elavl2 as
playing a critical role downstream of the NuRD complex
in the control of presynaptic differentiation. By contrast,
expression of the NuRD-regulated activity-dependent
genes c-Fos, Fosl2, and Nr4al phenocopies the NuRD
knockout-dependent dendrite pruning phenotype. Thus,
the NuRD complex controls the structural maturation
of granule neuron afferent and efferent connections via
activity-dependent genes and developmentally-regulated
genes, respectively.

Granule neurons receive sensorimotor inputs from
mossy fibers and relay this neural code to Purkinje cells.
Mature granule neurons have 4 dendrites, which is
optimal for lossless, sparse encoding of sensorimotor
information (Billings etal., 2014). To determine how NuRD
control of dendrite pruning impacts the neural coding of
granule neurons, a large population of over 700 granule
neurons were subjected to in vivo two-photon calcium
imaging in awake, behaving mice. Remarkably, upon
Chd4 knockout, an increased number of granule neurons
are responsive to sensorimotor stimuli (Figure 1, panel C)
(Yang et al., 2016). These findings suggest that the NuRD
complex ensures sparse coding in the cerebellum. In other
experiments, Chd4 conditional knockout mice also have
reduced synaptic neurotransmission between granule
neurons and Purkinje cells, consistent with the decrease in
presynaptic boutons along granule neuron axons (Figure
1, panel C) (Yamada et al., 2014). Together, these studies
reveal that the NuRD complex drives granule neuron
maturation and proper integration into neural circuits in
the developing cerebellum.

How do these impairments in cerebellar circuitry
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impact organism behavior? The cerebellum performs
computations necessary for motor coordination and
subconscious, “procedural” learning such as playing a
piano. Strikingly, Chd4 conditional knockout mice have
profound defects in procedural learning tasks including
delay eyeblink conditioning, a classic associative learning
paradigm, and the accelerating rotarod assay, a test of
motor skill learning (Yang et al, 2016). These deficits
are specific to learning and memory, because Chd4
conditional knockout mice have little or no effect on motor
coordination (Yang et al., 2016).

These studies have uncovered novel epigenetic
mechanisms that mediate the rapid shutoff of activity
genes and the chronic silencing of developmental genes in
the brain to thereby control neural circuit architecture and
procedural learning in mice (Figure 1). These findings bear
significant implications for our understanding of the role
of gene regulation in brain circuitry. Although it has been
long appreciated that activity-induced genes undergo
rapid and robust shutoff, the biological consequences
of the shutoff of activity-dependent genes remained
unknown. Studies of the NuRD chromatin remodeling
complex suggest that the epigenetic-dependent shutoff
of activity-dependent transcription is essential for the
maturation of granule neuron dendrite arbors in the
developing cerebellum and consequently in the control of
neural circuit activity in response to sensorimotor signals.
It will be interesting in future studies to determine the role
of shutoff of activity-dependent transcription in circuit
assembly and function in other regions of the developing
brain as well as in neuronal plasticity in the adult brain.

Deregulation of chromatin remodeling enzyme
function may contribute to the pathogenesis of diverse
diseases including neurodevelopmental disorders of
cognition and epilepsy in the nervous system (Neale et
al,, 2012; ORoak et al., 2012; Ronan et al., 2013; Talkowski
et al., 2012). Mutations of NuRD complex subunits have
been found in intellectual disability and autism (Cukier
et al, 2010, Hamdan et al., 2014, Weiss et al., 2016;
Willemsen et al., 2013). It will be interesting in future
studies to determine whether impairment of NuRD-
dependent shutoff of activity genes and chronic silencing
of developmental genes and consequent deregulation of
circuit architecture and sensorimotor encoding influences
the pathogenesis of brain disorders of cognition.
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