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Abstract In the developing mammalian nervous system,
common progenitors integrate both cell extrinsic and intrinsic
regulatory programs to produce distinct neuronal and glial cell
types as development proceeds. This spatiotemporal restric-
tion of neural progenitor differentiation is enforced, in part, by
the dynamic reorganization of chromatin into repressive do-
mains by Polycomb repressive complexes, effectively limiting
the expression of fate-determining genes. Here, we review the
distinct roles that Polycomb repressive complexes play during
neurogenesis and gliogenesis, while also highlighting recent
work describing the molecular mechanisms that govern their
dynamic activity in neural development. Further investigation
of the way in which Polycomb complexes are regulated in
neural development will enable more precise manipulation of
neural progenitor differentiation facilitating the efficient gen-
eration of specific neuronal and glial cell types for many
biological applications.

Keywords Polycomb - Chromatin - Neurogenesis -
Gliogenesis - Epigenetic
Introduction

During development of the nervous system, developmental
potential is progressively restricted as pluripotent cells of the

This work was funded by grants from the NIH (GM66815), the March of
Dimes (FY13-413), and the Association for Research on Childhood
Cancer to K.K. and a Cell and Molecular Biology Training Grant
(GM007067) to M.C.

M. Corley - K. L. Kroll (P<)

Department of Developmental Biology, Washington University
School of Medicine, 320 McDonnell Sciences Building, Campus
Box 8103, 660 S. Euclid Avenue, St. Louis MO 63110, USA
e-mail: kkroll@wustl.edu

early embryo give rise to multi-potent progenitor cells, and as
these progenitors differentiate into neurons and glia. By def-
inition, this is an epigenetic phenomenon, whereby cells with
the same genome acquire and maintain distinct gene expres-
sion patterns that differentiate them with regard to form and
function. Mechanisms that reorganize chromatin structure
play an essential role in this process. The basic unit of chro-
matin is the nucleosome consisting of DNA wrapped around
core histones, which can be assembled together with non-
histone proteins into the complex topology of higher order
chromatin structures characteristic of eukaryotic genomes. In
its simplest form, the topological arrangement of chromatin
partitions the genome into sterically open (euchromatic) and
compact (heterochromatic) compartments promoting or
inhibiting transcriptional initiation and elongation leading to
the patterning of gene expression in the cell (Armstrong 2012;
Olynik and Rastegar 2012; Wutz 2013).

Multipotent stem and progenitor cells have a distinct chro-
matin structure that facilitates their maintenance of develop-
mental plasticity. In the pluripotent “ground” state of embry-
onic stem cells (ESCs, derived from the inner cell mass of the
early embryo), chromatin is decondensed and histone proteins
are loosely bound, exhibiting hyperdynamic exchange rates
(Meshorer et al. 2006; Meshorer 2007). During differentia-
tion, histone exchange becomes less dynamic, and the chro-
matin becomes more condensed as foci of heterochromatin
form and spread (Meshorer et al. 2006; Meshorer 2007). The
exact placement and organization of heterochromatin con-
strains the competence of a cell by limiting the gene programs
available for transcription (Francastel et al. 2000; Arney and
Fisher 2004; Bernstein et al. 2007; Campos and Reinberg
2009; Zhou et al. 2011). Understanding the way that hetero-
chromatin is successively patterned in different progenitors is
therefore essential for comprehension of (1) how cell fate is
controlled during development and (2) how it may be modi-
fied ex vivo for experimental and therapeutic purposes.
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A number of different regulatory mechanisms have been
described that contribute to the formation and dynamic rear-
rangement of heterochromatin during neural development.
These include enzymatic machineries that methylate DNA
or covalently modify the amino-terminal tails of histone pro-
teins after translation, namely by acetylating, ubiquitylating,
phosphorylating, or methylating specific residues (Campos
and Reinberg 2009; Zhou et al. 2011). Many of these modi-
fications are well correlated with specific biological functions,
including transcriptional activation, repression, and enhancer
activity. Whereas the exact consequences of the various post-
translation modifications (PTMs) of histone tails is an area of
active research, they generally influence transcription by al-
tering nucleosome compaction or mobility, and by modulating
the recruitment of non-histone effector proteins (Taverna et al.
2007; Yun et al. 2011; Zhou et al. 2011).

Efforts to unravel the way in which the chromatin state is
regulated during development have been complicated by the
fact that many chromatin-modifying proteins are expressed in
multiple cell and tissue types. Even within a single cell line-
age, these chromatin modifiers can act with temporal speci-
ficity, targeting distinct suites of genes during each develop-
mental transition. Therefore, a major current challenge lies in
understanding the means by which such spatially and tempo-
rally controlled targeting of chromatin modifiers is achieved
during development. Here, we will address some of the key
histone modification state changes that accompany mamma-
lian neurogenesis and gliogenesis, focusing in particular on
temporally distinct roles that the Polycomb repressor com-
plexes play in these processes and on recent advances in
research aimed at unraveling the long-standing enigma of
how these complexes recognize different genomic targets in
different neural cell lineages.

Regulation of developmental gene expression
by Polycomb and trithorax proteins

Among the most well characterized chromatin modifiers are
the Trithorax group (TrxG) and Polycomb group (PcG)
proteins. TrxG and PcG proteins were originally discovered
in Drosophila melanogaster as multimeric protein com-
plexes that work in opposition respectively to activate or
repress Hox gene expression (Schuettengruber et al. 2007).
TrxG protein complexes are likewise critical activators of
gene expression in mammals in which they catalyze
trimethylation of histone 3 lysine 4 (H3K4me3) at promoters
to stimulate active transcription. The enzymatic ortholog of
Drosophila TrxG in mammals is variable and can include
mixed lineage leukemia (MLL) proteins 1-4, SetlA, and
SetlB, all of which bind additional activating proteins to
form the multi-subunit MLL1-4 and SetlA/B complexes
(Schuettengruber et al. 2011).
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In contrast, repression of many developmental loci is me-
diated by the activity of PcG protein complexes. PcG-
mediated repression of developmental genes directly antago-
nizes TrxG-mediated gene activation, preventing ectopic ex-
pression of genes associated with alternative lineages
(Margueron and Reinberg 2011; Simon and Kingston 2013).
The diverse proteins that contribute to PcG-mediated tran-
scriptional regulation are traditionally subdivided into two
complexes, Polycomb repressive complex 1 (PRC1) and
Polycomb repressive complex 2 (PRC2), on the basis of their
associated enzymatic activity. Mammalian PRC2 consists of
three core subunits that are essential for proper catalytic ac-
tivity and gene repression in vivo: enhancer of zeste 2 (Ezh2)
or its homolog Ezhl, embryonic ectoderm development
(Eed), and suppressor of zeste 12 (Suzl2). Ezh2 and Ezhl
contain a conserved SET domain capable of catalyzing the
mono-, di-, and tri-methylation of H3K27 (Margueron et al.
2008; Shen et al. 2008). Trimethylation of histone H3 lysine
27 (H3K27me3) is the most well characterized histone PTM
catalyzed by PRC2, and this mark plays a crucial role in the
establishment of facultative heterochromatin throughout de-
velopment (Cao et al. 2002; Czermin et al. 2002; Kuzmichev
et al. 2002; Kirmizis et al. 2004).

The deposition of H3K27me3 by PRC2 promotes the
recruitment of a second Polycomb complex, PRC1, at a subset
of'targeted loci characterized by longer tracts of GC-rich DNA
(Ku et al. 2008). PRC1 complexes are considerably more
heterogeneous in composition than PRC2 (for a review, see
Simon and Kingston 2013) and are discussed in some detail
below. However, all mammalian PRC1 complexes include a
homolog of the Drosophila Ring protein, which catalyzes the
mono-ubiquitylation of lysine 119 of histone H2A
(H2AK119ub). Whereas the exact consequences of
H2AK119ub are not clear, PRC1 is thought to inhibit gene
expression through a number of mechanisms, including by
impairing transcriptional elongation, increasing chromatin
compaction, decreasing nucleosome turnover, and modifying
higher order chromatin structure (Simon and Kingston 2013).

Some vertebrates, including mammals and zebrafish, have
been shown to utilize an additional mechanism of gene regu-
lation involving combinatorial TrxG and PcG activity (Voigt
et al. 2013). In stem and progenitor cells, genes that promote
cell-type-specific fate acquisition and differentiation are re-
pressed in a readily reversible manner through the co-
modification of their promoters with both the “active”
H3K4me3 and “repressive” H3K27me3 modifications
(Azuara et al. 2006; Bernstein et al. 2006; Pan et al. 2007).
The promoters of many key developmental regulatory genes
are regulated by this “bivalent” histone modification signa-
ture, which maintains their expression in a restrained interme-
diary state characterized by extremely low levels of transcrip-
tion (Bernstein et al. 2006; Pan et al. 2007; Zhao et al. 2007).
This bivalent state resolves into sets of loci that are either
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activated or more stably repressed, depending on the lineage
specified for a given progenitor (Mikkelsen et al. 2007; Alder
et al. 2010). Thus, bivalent promoters appear to be poised to
enable rapid expression once a specific lineage is selected, a
process that might involve the loading of a stalled form of
RNA polymerase II that could facilitate swift activation as
differentiation is initiated (Brookes et al. 2012).

Dynamic Polycomb activity regulates the differentiation
of neural stem cells in vitro

Bivalency is not restricted to ESCs but is found in other
multipotent cell populations, including multipotent neural
and glial progenitor cells (Mohn et al. 2008; Cui et al. 2009;
Xie et al. 2013; Zhu et al. 2013). Formation of lineage-
restricted progenitors during development involves both the
loss and de novo acquisition of bivalently modified loci: some
existing PcG targets are resolved to completely active or
inactive states, whereas PcG complexes also relocate to new
progenitor-specific targets that might be expressed in the
subsequent stage of differentiation (Mohn et al. 2008). For
instance, as pluripotent ESCs undergo neural fate specifica-
tion, bivalent developmental genes that must be activated in
neural progenitors lose the repressive H3K27me3 modifica-
tion to become actively transcribed (Burgold et al. 2008;
Mohn et al. 2008). This process is mediated, at least in part,
by the Jmjd3 H3K27me3 demethylase, whose ability to facil-
itate the activation of neural-progenitor-associated genes such
as Nestin is indispensable for neural fate acquisition (Burgold
et al. 2008). Other activities also contribute to alleviating
Polycomb-mediated gene repression during neural specifica-
tion. For example, Zuotin-related factor 1 (Zrfl) was recently
found to be required for the chromatin displacement of PRC1
to activate neural genes such as Pax6 during neural cell
specification (Aloia et al. 2014).

Once specified, neural progenitors are restrained from fur-
ther differentiation by Polycomb-mediated repression of genes
associated with neuronal or glial differentiation. This involves
both the maintenance of bivalent domains originally established
in ESCs and the acquisition of new bivalent domains at previ-
ously unmarked genes in neural progenitors (Mohn et al. 2008;
see examples in Fig. 1). Successive recruitment of PcG com-
plexes to form new bivalent domains is therefore a recurring
process, one that is used by multiple progenitor cell types to
establish developmental potential by priming new groups of
genes for rapid expression or repression (Fig. 1).

During neurogenesis, a subset of progenitors activates
neuronal genes in response to external and internal cues,
whereas other progenitors maintain the repression of neuronal
genes and have the capacity to contribute to gliogenesis. As
neurogenesis is completed, and as gliogenesis subsequently
begins, these gliogenic progenitors resolve bivalent genes

with roles in astrocyte or, subsequently, oligodendrocyte dif-
ferentiation to an actively transcribed state. This process
appears to be particularly important for the specification of
oligodendrocyte precursor cells (OPCs), which maintain sub-
stantially elevated levels of Ezh2 in comparison with differ-
entiating neurons and astrocytes (Sher et al. 2008). Ectopic
expression of Ezh2 in differentiating neural progenitor cell
(NPCs) drives the formation of oligodendrocytes, while loss
of Ezh2 has the opposite effect. Ezh2 expression remains
high until late stages of oligodendrocyte differentiation, im-
plying a role for PRC2, not just in OPCs, but throughout the
multistep process of oligodendrocyte maturation (Sher et al.
2012). Indeed, analysis of the genome-wide distribution of
Ezh2 in cultured murine neural stem cells (NSCs) and pre-
mature oligodendrocytes (pOLs) indicates that pOLs retain
Ezh2 at a subset of targets involved in neuronal or astrocyte
fate acquisition, supporting the hypothesis that the varying
competence of the different progenitor cell populations is
determined by the Polycomb-mediated repression of distinct
targets.

Polycomb complexes regulate multiple distinct cell state
transitions in the developing nervous system

Although the directed differentiation of cultured ESCs and
neural progenitors has provided a tractable experimental mod-
el in which to dissect the molecular dynamics of chromatin
regulation by PcG protein complexes, in vitro models are
necessarily limited in their capacity to recapitulate the
in vivo dynamics of mammalian neural development. The
mammalian nervous system is among the most complex bio-
logical systems in existence. The human brain is composed of
billions of neuronal and glial cells of numerous subtypes, all
arranged in an intricate three-dimensional topology essential
for proper function. The formation of this system requires
multiple cell state transitions as progenitor pools proliferate,
migrate, differentiate, and integrate to form circuits. Below,
we review evidence demonstrating diverse roles for Polycomb
complexes throughout this process.

Polycomb complexes regulate cortical progenitor renewal
and differentiation

The mammalian nervous system begins its development as a
simple neuroepithelial sheet that will subsequently be orga-
nized along the dorsoventral and rostrocaudal axes through
complex interplay between extracellular morphogens with
asymmetric spatial distributions. Cells located at the rostral
extent of the neural plate will give rise to the brain, including
the cortex, whereas more caudally positioned cells will even-
tually form the spinal cord.
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Fig. 1 Changes in histone modification state accompany cell state tran-
sitions during neural development. a Pluripotent cells of the early embryo
(ICM inner cell mass) and embryonic stem cells (ESC) can differentiate
into multiple neuronal and glial cell types. This process involves cellular
transitions through distinct progenitor cell states. Micrographs show
human ESCs and their directed differentiation into Nestin-expressing
neural stem cells (NSC; green signal in cytoplasm, with blue
counterstaining of nuclei), beta-1lI-tubulin-expressing neurons, and glial
fibrillary acidic protein (GFAP)-expressing astrocytes (VPC neural pro-
genitor cell, OPC oligodendrocyte precursor cell). b Chromatin modifi-
cation state changes occur at lineage-specific genes during the transition

After neurulation, cells of the rostral neuroepithelium (i.e.,
the ventricular zone) undergo symmetric self-renewing divi-
sions to expand the neuroepithelial cell pool. At the beginning
of cortical neurogenesis, neuroepithelial cells become
multipotent neural progenitors called radial glial (RG) stem
cells. RG stem cells undergo asymmetric divisions to generate
additional RG stem cells and neurons, either directly or
through the production of fate-restricted basal progenitors that
leave the apical surface of the ventricular zone and move into
the subventricular zone (SVZ). Basal progenitors usually un-
dertake only a single symmetric division to generate two
neurons, although they can also undergo asymmetric divisions
to generate a basal progenitor and a neuron. This differentia-
tion program follows a stereotyped inside-to-out pattern to
generate the six layers of the cortex, with neurons located in
the deep layers of the cortex being produced prior to neurons
found in more superficial layers (Kriegstein and Alvarez-
Buylla 2009; Martynoga et al. 2012; Greig et al. 2013;
MuhChyi et al. 2013).

After its formation, the RG stem cell population must give
rise to a large number of different neuronal and glial cell types.
In addition to spatial information, which confers a dorsoven-
tral and rostrocaudal identity upon neuronal populations, tem-
poral information contributes to this diversity. Throughout the

@ Springer

of pluripotent ESCs into differentiated derivatives including neurons.
Hallmarks of this process include the acquisition of a bivalent modifica-
tion state by new sets of genes in each progenitor type. Bivalent genes are
silent but are primed for rapid expression as differentiation occurs. As a
progenitor cell differentiates, bivalent genes associated with the selected
lineage resolve into an active chromatin state, whereas genes associated
with alternative lineages adopt more stable heterochromatic configura-
tions (blue open arrows: transitions to a poised bivalent state, gray
arrows: transitions from a bivalent to an active [H3K4me3 only] state).
Examples for each type of gene are from Mohn et al. (2008)

central nervous system (CNS), NPCs produce subtypes of
neurons in a defined order before astrogliogenesis is initiated,
and astrocytes are formed before most oligodendrogenesis is
initiated (Walsh and Cepko 1992; Qian et al. 2000;
Hirabayashi and Gotoh 2005; Shen et al. 2006; Noctor et al.
2008; Costa et al. 2009).

Although secreted extracellular signals guide the patterning
of the developing cortex in vivo, clonal analyses of individual
murine NPCs indicate that cell intrinsic mechanisms also play
an instrumental role in controlling the differentiation potential
of these cells, progressively restricting their competence as
development proceeds. Neo-cortical progenitors generate
lower-layer neurons after fewer cell divisions than upper-
layer neurons, and progenitors from older mice exhibit a
reduced capacity to generate earlier-born neuronal subtypes
(Shen et al. 2006). Furthermore, experiments on mouse and
human NSCs have demonstrated that the temporal order in
which neural progenitors generate subtypes of neocortical
neurons in vivo is retained in vitro, implying that the progres-
sive cell-intrinsic restriction of neural progenitor competence
is a general feature of mammalian neural development (Eiraku
et al. 2008; Gaspard et al. 2008).

In addition to cortical neuron subtype specification, the
switch from neurogenesis to gliogenesis also appears to
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involve cell-intrinsic mechanisms. At the onset of the neuro-
genic phase, extracellular Wnt signaling initiates the expres-
sion of the transcription factors Neurogenin 1 and 2 (Ngn1/2),
which activate the expression of other neurogenesis-
promoting genes (Hirabayashi et al. 2004; Israsena et al.
2004). The transition from neurogenesis to gliogenesis in-
volves the activation of astrocytic genes such as glial fibrillary
acidic protein (GFAP) by the Jak-STAT signaling pathway,
signaling that is stimulated by extracellular signals including
ciliary neurotrophic factor (CNTF), leukemia inhibitory factor
(LIF), and bone morphogenetic protein 2 (BMP2; Johe et al.
1996; Bonni et al. 1997; Rajan and McKay 1998; Nakashima
et al. 1999; He et al. 2005; Hsich and Gage 2005; Shen et al.
2006; Yoshimatsu et al. 2006). However, despite the presence
of gliogenic cytokines during early corticogenesis, early cor-
tical progenitors do not generate glia (Uemura et al. 2002;
Derouet et al. 2004), and young cortical progenitors cultured
in vitro are less responsive to gliogenic cytokines than older
progenitors (He et al. 2005). Conversely, neurogenic Wnt
ligands continue to be expressed during astrogliogenesis, sug-
gesting the existence of a cell-intrinsic mechanism for regu-
lating the switch from neurogenic to gliogenic competence in
neural progenitors (Shimogori et al. 2004).

The processes that limit cellular competence in cortical
progenitors involve negative crosstalk between regulatory path-
ways. For example, Ngn1/2 blocks gliogenesis by sequestering
the coactivators CBP/p300 and Smadl, which are required to
promote transcriptional activation of glial genes such as GFAP
in response to pro-astrocytic STAT signaling (Sun et al. 2001).
However, a variety of epigenetic mechanisms have also been
implicated. In particular, mounting evidence suggests that the
Polycomb complexes form one of the key regulatory axes
responsible for the sequential limitation of the gliogenic and
neurogenic competence of neural progenitors in the developing
cortex. Ezh2 is highly expressed in neural progenitors but is
down-regulated during the differentiation of cortical neurons
(Pereira et al. 2010). Premature loss of Ezh2 from the start of
the neurogenic period (through conditional deletion from em-
bryonic day 9.5 [E9.5] in the mouse) accelerates neurogenesis
and neuronal differentiation, exhausting the apical and basal
progenitor pools and resulting in a thinned cortex (Pereira et al.
2010; Testa 2011). The accelerating effect of Ezh2 deletion is
not limited to neurogenic precursors but includes glial lineages,
as evinced by the drastically expedited appearance of mature
astrocytes in the mouse E16 ventricular zone (over 4 days
ahead of schedule; Pereira et al. 2010; Testa 2011).

In addition to limiting the onset of neural progenitor differ-
entiation, evidence exists that Polycomb activity regulates the
developmental transition from neurogenesis to
astrogliogenesis. Loss of Ezh2 or the PRC1 component
Ringlb at later stages of cortical development prolongs
neurogenesis, rather than accelerating it. This protracted neu-
rogenic phase occurs at the expense of astrogliogenesis, the

onset of which is delayed (Hirabayashi et al. 2009). Control of
the transition between the neurogenic versus the gliogenic
phase of development is exerted by the direct recruitment of
PcG complexes to the promoters of the Ngnl/2 genes, pro-
gressively inhibiting their expression as corticogenesis pro-
ceeds (Hirabayashi et al. 2009). Polycomb-mediated repres-
sion of neurogenic genes in turn facilitates activation of astro-
cytic genes such as GFAP, e.g., by alleviating the Neurogenin
sequestration of coactivators of the pro-astrocytic Stat3 tran-
scription factor (Sun et al. 2001).

Some data also suggest that Polycomb activity continues to
be important in later stages of cortical gliogenesis, as the
production of astrocytes gives way to oligodendrogenesis. In
the ventral telencephalon, the DIx1 and DIx2 transcription
factors are required both to produce inhibitory GABA (gam-
ma-aminobutyric acid)-ergic neurons and to repress oligoden-
drocyte formation promoted by Olig2 (Petryniak et al. 2007).
Repression of neurogenic DIx1/2 activity is therefore one
requirement for the developmental transition to
oligodendrogenesis. In adult NSCs, MLL activity maintains
DIx2 expression by antagonizing PcG-mediated repression
(Lim et al. 2009), whereas in the embryonic cortex, loss of
Polycomb activity (Ringlb) de-represses DIx2 (Hirabayashi
et al. 2009). These findings suggest that cell intrinsic regula-
tory mechanisms involving PcG also contribute in vivo to the
developmental transition to oligodendrogenesis.

Roles for Polycomb function beyond cortical neurogenesis
and gliogenesis

Beyond their functions as regulators of progenitor specifica-
tion in the embryonic cortex, PcG complexes continue to play
roles in adult neural progenitors and differentiated neurons. In
the adult, a subset of astrocytes in the SVZ acts as NSCs, with
a neurogenic competence that is lacking in other adult astro-
cytes. Recent work indicates that continued expression of
Ezh2 distinguishes these neurogenic astrocytes from their
glial-restricted counterparts. Specifically, Ezh2 controls the
neurogenic competence of adult SVZ-NSCs by repressing
the expression of Olig2 to permit neuronal differentiation,
while simultaneously preventing the activation of genes asso-
ciated with non-SVZ neuronal subtypes (Hwang et al. 2014).
PRCI also participates in the regulation of adult NSCs by
modulating proliferation and self-renewal. The PRC1 compo-
nent Bmil can maintain the proliferation and self-renewal of
adult NSCs and NPCs through the repression of the cell cycle
inhibitors p16Ink4a, p19Arf, and p21 (Molofsky et al. 2003,
2005; Bruggeman et al. 2005; Fasano et al. 2007, 2009;
Roman-Trufero et al. 2009). Accordingly, depletion of the
PRCI1 protein Ringlb from cultured adult olfactory bulb
NSCs impairs NSC proliferation and self-renewal (Roman-
Trufero et al. 2009).
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Finally, recent research has expanded the contexts in
which PcG complexes function to include terminally differ-
entiated neurons. During tangential migration of
precerebellar neurons and formation of connections with
the cortex, Ezh2-dependent regulation of transcriptional pro-
grams is required to maintain positional information to con-
trol topographic neuronal guidance and connectivity (Di
Meglio et al. 2013). Mouse knockout studies of Jmjd3, the
histone demethylase primarily responsible for the removal of
H3K27me3, further demonstrate the importance of the pre-
cise regulation of H3K27me3-dependent gene repression for
neuronal maintenance. Inactivation of Jmjd3 in the mouse
leads to perinatal lethality as a result of disrupted mainte-
nance of the pre-Botzinger complex (PBC), the pacemaker
of the respiratory rhythm generator (Burgold et al. 2012).
Specifically, whereas the early formation of the respiratory
rhythm generator is not affected by the loss of Jmjd3, the
maintenance of the PBC is perturbed, due to aberrant silenc-
ing of PBC-related genes. Among the genes dysregulated by
the loss of Jmjd3 are reelin, a glycoprotein involved in
neuronal migration, and Neph2, a transmembrane protein
with roles in synaptogenesis (Burgold et al. 2012). In differ-
entiated neurons, PRC2 also modulates neuronal activity-
dependent processes including dendritic arborization (Qi
et al. 2014). Together, these results support a continuing role
for PcG complexes as regulators of neural circuit formation
and maintenance, above and beyond their developmental
functions as regulators of neuronal and glial fate
specification.

Polycomb complexes regulate motor neuron subtype
specification in spinal cord

During the period of embryogenesis when patterning of the
rostral neural tube into the brain occurs, the caudal
neuroepithelium is also patterned as the neural plate closes
to form the spinal neural tube. The ventral region of the spinal
neural tube is colonized by a progenitor population that will
give rise to diverse subtypes of neurons, including motor
neurons (MN). Spinal MN progenitors are grouped into col-
umns on the basis of their rostocaudal location along the
neuraxis, which is established by the expression of region-
specific Hox transcription factors (Philippidou and Dasen
2013; Davis-Dusenbery et al. 2014). MN columns are com-
prised of sets of MNs arranged longitudinally along the
rostrocaudal axis of the spinal cord, and neurons of each
column project to distinct regions in the periphery. For ex-
ample, the preganglionic motor column is located at the
thoracic level of the neuraxis and contains visceral MNs that
innervate sympathetic ganglia, whereas MNs of the lateral
motor column span both the brachial and lumbar levels to
innervate the limbs.
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Hox gene expression in the spinal neural tube is patterned
in two phases. First, extracellular signals secreted from the
adjacent rostral somitic mesoderm and caudal presomitic me-
soderm create opposing morphogen gradients that establish
broad territories of Hox gene expression in proliferating spinal
progenitors (Philippidou and Dasen 2013; Davis-Dusenbery
et al. 2014). After spinal progenitors undergo their final mito-
sis, the boundaries of posterior Hox domains are further
refined by cross-repressive interactions between the transcrip-
tional programs originally induced by the various extracellular
signals, a process that is required to sharpen and maintain
expression borders.

Recent work has demonstrated the involvement of
Polycomb repressive complexes at both steps of spinal pro-
genitor differentiation. In one study, PRC2 was found to be
essential for the initial repression of Hox gene expression prior
to regionalization of spinal MNs by gradients of retinoic acid,
Wnt, and fibroblast growth factor, and for maintaining the
repression of alternative Hox codes after regionalization
(Mazzoni et al. 2013). Treatment of differentiating mouse
neural progenitors with retinoic acid results in the binding of
retinoic acid receptors to the Hox1-Hox5 genes, triggering the
rapid domain-wide clearance of PcG-dependent H3K27me3
repression to enable Hox gene activation and acquisition of
cervical spinal identity. Wnt and fibroblast growth factor
signals instead activate the expression of the Cdx2 transcrip-
tion factor, whose subsequent binding to the Hox1-Hox9
genes clears H3K27me3 from these domains to specify bra-
chial or thoracic spinal identity.

Polycomb also appears to be critical for the cross-
repressive refinement of Hox expression boundaries in post-
mitotic spinal neurons, with PRC1 exhibiting a dose-
dependent regulation of MN subtype differentiation (Golden
and Dasen 2012). Depletion of Bmil from the developing
spinal cord results in the de-repression of more posterior Hox
genes and alters MN fate, converting forelimb lateral motor
column MNs to a thoracic preganglionic motor column iden-
tity. Intriguingly, ectopic expression of Bmil at thoracic levels
has the opposite effect, converting preganglionic motor col-
umn MNs to a lateral motor column identity. The dose-
dependent roles of PRC1 in the developing spinal cord imply
that absolute levels of Polycomb activity are an important
determinant of its regulatory targets in this context.

Molecular mechanisms governing PcG protein activity
in neural development

The previous examples emphasize the multiple, temporally
distinct roles played by the PcG complexes in neural devel-
opment. Polycomb functions differ, not just between stem
cells of different types, but also within the same cell type at
different developmental stages. These observations imply the
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existence of molecular machinery capable of modifying the
cohort of genes targeted by Polycomb in response to intrinsic
and environmental cues. In Drosophila, specific DNA se-
quences called Polycomb response elements (PREs) recruit
PcG protein complexes to their targets. However, in verte-
brates, the isolation of response elements with similar func-
tionality to fly PREs has proven to be exceedingly difficult,
and no consensus motif for a DNA element capable of
recruiting PRC2 or PRC1 has been identified. In the absence
of a clear association between transcription factors and
Polycomb binding, several alternative mechanisms contribut-
ing to Polycomb complex recruitment have been proposed.
The complex biochemistry governing the general recruitment
of mammalian Polycomb complexes is outside the scope of
this review and has been described elsewhere (for an excellent
review, see Simon and Kingston 2013). Instead, we will focus
on the progress that has been made toward uncovering
context-specific mechanisms that govern Polycomb recruit-
ment specifically in the nervous system.

Several types of mechanisms for Polycomb recruitment
have been proposed. In general, these involve: (1) the role of
the chromatin environment and histone modification state in
Polycomb recruitment, (2) the ability of several proteins to
interact with either PRC2 or PRC1 complexes to mediate their
recruitment to specific target sites, or (3) the role of interac-
tions between Polycomb complexes and long non-coding
RNAs in Polycomb recruitment. In the sections below, we
discuss each of these potential recruitment mechanisms in
detail and describe their known or probable roles in PcG
complex recruitment during nervous system development.

Local chromatin environment influences activity of PRC2

Recently, the chromatin environment and histone modifica-
tion state have been shown to influence recruitment of PcG
complexes to and activity on chromatin. In addition to the
enzymatic subunit Ezh2, PRC2 complexes include the pro-
teins Eed and Suz12 in stoichiometric ratios, and both proteins
are required for effective enzymatic activity (Fig. 2a, b). The
latest research suggests that both Suz12 and Eed function as
adaptors that bind to and modify Ezh2 catalysis in response to
local chromatin cues.

Suz12 is a zinc-finger protein whose cumulative interac-
tions with Ezh2 and neighboring histones (via an amino-
terminal VEFS-BOX domain) can positively and negatively
regulate PRC2 activity (Schmitges et al. 2011; Chan et al.
2012; Ciferri et al. 2012; Yuan et al. 2012). The ability of
Suz12 to bind neighboring histone H3 confers upon PRC2 a
substantial preference for densely packed polynucleosomes
relative to dispersed substrates. Indeed, increased
polynucleosome density augments PRC2 catalysis up to 30-
fold over controls in vitro (Chan et al. 2012; Yuan et al. 2012).
Eed instead seems to be primarily involved in the feed-

forward of PRC2 activity via the ability of its WD40 f3-
propeller to recognize H3K27me3 and positively to stimulate
Ezh2 (Margueron et al. 2009; Xu et al. 2010). The addition of
K27me3-containing peptide to purified PRC2 complexes
in vitro results in an up to seven-fold increase in PRC2
catalytic activity, consistent with experiments demonstrating
the essential requirement of Eed for proper PRC2 function
(Montgomery et al. 2005; Margueron et al. 2009). The potent
allosteric activation of Ezh2 catalysis induced by EED binding
to H3K27me3 might explain why acetylation of H3K27 in-
hibits PRC2 activity, and accordingly, why the removal of
H3K27ac by the nucleosome remodeling and deacetylation
(NuRD) complex is essential for PRC2 recruitment during ES
differentiation (Tie et al. 2009; Pasini et al. 2010b; Reynolds
etal. 2012).

Given the considerable influence of the non-catalytic sub-
units of PRC2 on methyltransferase activity, PRC2 appears to
function as a complex holoenzyme, integrating the regulatory
inputs from the core subunits and other cofactors to sense the
local chromatin environment and adjust activity accordingly
(Margueron and Reinberg 2011; Ciferri et al. 2012). The
ability of PRC2 to sense the local chromatin environment
might also link PRC2 target selection in neural development
to the activities of other chromatin regulators with well-
described functions in neural differentiation, such as the
ATP-dependent BAF chromatin remodeling complexes
(Ronan et al. 2013; Narayanan and Tuoc 2014).

PRCI1 subunit composition confers cell-state-specific activity

Compared with PRC2, PRC1 complexes are highly heteroge-
neous in composition. “Canonical” PRC1 complexes have
four core subunit types, each of which can be represented by
several different PcG proteins: Cbx2/4/6/7/8, Ringla/b,
Pcgf1/2/3/4/5/6, and Ph1/2/3 (Fig. 2¢; Levine et al. 2002).
Canonical PRC1 complexes can be recruited to chromatin
through Cbx protein binding to PRC2-deposited H3K27me3
(Wang et al. 2004), although H3K27me3-independent
targeting of PRC1 complexes has also been documented.
Once chromatin-bound, the Ringla/b subunit ubiquitylates
H2A lysine 119 (H2AK119UD) (de Napoles et al. 2004; Cao
et al. 2005; Fig. 2a). This ubiquitylation event promotes gene
repression (Endoh et al. 2012) and can impair transcriptional
elongation (Stock et al. 2007). PRC1 can also repress gene
expression through Ringlb/Rnf2-mediated chromatin com-
paction (Francis et al. 2004; Eskeland et al. 2010; Endoh
et al. 2012).

Evidence suggests that subunit variants are not redundant,
but rather function in distinct complexes. For example, muta-
tion of the PRCI protein Ring1b results in embryonic lethality
during gastrulation (Voncken et al. 2003), whereas Ringla
mice are viable (de Napoles et al. 2004). Although the roles
of many of the PRC1 subunit variants in development remain
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uncharacterized, they presumably contribute to context-
specific functions of PRCI1 (Turner and Bracken 2013). For
instance, the replacement of Cbx7-containing PRC1 com-
plexes by Cbx2/4-containing PRC1 complexes has recently
been shown to mediate a transition from pluripotency to fate
acquisition (Morey et al. 2012; O'Loghlen et al. 2012). This
example illustrates the potential for variant subunits to endow
PRCI1 with cell-state-specific functions.

PRCI1 complexes also exist in non-canonical forms in
which the Cbx subunit is substituted for alternative proteins
(Fig. 2d; Garcia et al. 1999; Sanchez et al. 2007; Gao et al.
2012; Hisada et al. 2012; Junco et al. 2013). Notably, Pcgf-
Ringla/b complexes lacking a Cbx subunit can instead asso-
ciate with Rybp or its homolog Yaf2, in which case Rybp
stimulates Ringlb-mediated ubiquitylation of H2AK119 in a
PRC2/H3K27me3-independent manner (Gao et al. 2012;
Tavares et al. 2012).

Many PRC2 and PRC1 core subunits, variant subunits, and
associated recruitment factors or accessory proteins are
expressed in the developing nervous system. The Gene
Expression Database at the Mouse Genome Informatics
Resource catalogs published temporal and spatial expression
patterns of Polycomb protein expression reported to date for
the mouse nervous system (Fig. 3). Some Polycomb subunits
are expressed in the CNS from the onset of neural plate
formation (embryonic day 8-8.5 (E8-8.5)), with other sub-
units being detected from the onset of neurogenesis (around
E10.5) and through post-natal stages. Within the nervous
system, the expression of many subunits is reported in the
fore-, mid-, and hindbrain regions, with core PcG subunits
frequently showing enrichment in the ventricular zone of the
cortex. Expression of some subunits has also been reported in
the spinal cord. These data support potential roles for both
canonical and non-canonical Polycomb complexes in neural
development.

Evidence from mouse knockout models suggests that non-
canonical PRCI1 complexes play specific roles in neural de-
velopment. Whereas constitutive knockout of Rybp results in
embryonic lethality at early post-implantation stages, chimeric
embryos show myriad phenotypes indicative of aberrant neu-
ral development, including forebrain overgrowth and localized
regions of disrupted neural tube closure (Pirity et al. 2005).

Protein recruitment factors regulate Polycomb complex
targeting in neural development

Both PRC2 and PRC1 have been shown to interact directly
with proteins that can facilitate their recruitment to chromatin
through distinct mechanisms. Below, we discuss the way that
some of these proteins might regulate the recruitment of
Polycomb complexes to specific target subsets in neural
development.
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Fig. 2 Polycomb complex diversity. a H3K27me3 modification of P
chromatin by the EZH1/2 subunit of Polycomb repressive complex 2
(PRC2) promotes recruitment of the “canonical” PRC1 complex, which
catalyzes ubiquitylation of H2AK119 to repress gene expression.
Additional “non-canonical” forms of the PRC1 complex can be
recruited to chromatin in a PRC2-independent manner. b PRC2
associates with several non-stoichiometric proteins (yellow). PRC2
subunits EZH2 and SUZ12 also have functional domains (gray dashed
areas), including RNA-binding domains (RBD) that can associate with
long non-coding RNAs (lncRNA). Both protein and IncRNA associations
have the potential to facilitate context-dependent recruitment to
chromatin. ¢ “Canonical” PRC1 complexes have multiple forms,
through inclusion of specific subunit variants. The chromodomain (CD)
of the Cbx subunit can also associate with IncRNAs. d “Non-canonical”
PRC1 complexes have an even more diverse potential subunit
composition with some complex variants as shown

Jarid2 might regulate context-dependent PRC2 activity
during neural development

Among the most prominent of the non-core PRC2-associated
proteins is Jarid2, a catalytically inactive member of the
jumonji family of histone demethylases that directly interacts
with PRC2 in nearly stoichiometric ratios in ESCs (Peng et al.
2009; Shen et al. 2009; Li et al. 2010; Pasini et al. 2010a).
Jarid2 has well-established roles in neurulation in mouse
models and in directed differentiation of ESCs, including
differentiation toward neuronal lineages: Jarid2 (also called
Jumonji) was initially identified in the mouse based upon a
gene trap mutation that resulted in defects in neural tube
closure in the midbrain region, demonstrating strain-
dependent requirements for neurulation (Takeuchi et al.
1995, 1999). Jarid2 was further shown to be required to
repress cyclin D1 expression to coordinate cell cycle exit
and neuronal migration during neurogenesis in the mouse
hindbrain (Takahashi et al. 2007). In addition, several studies
have examined the role of Jarid2 during directed differenti-
ation of mouse ESCs. In this context, Jarid2 maps to many
PcG target genes (Pasini et al. 2010a), and its activity is
required for the induction of differentiation-related genes
(Peng et al. 2009; Shen et al. 2009; Pasini et al. 2010a),
including the expression of the neuronal marker Soxl11
(Shen et al. 2009). Although both Jarid2 and PRC2 are
required for neural development, whether the Jarid2-PRC2
interaction is required for PcG recruitment or for activity in
the developmental contexts described above remains
unknown.

Several studies do suggest that Jarid2 is important for the
recruitment of PRC2 to its targets in ESCs, although whether
this involves the direct binding of Jarid2 to DNA via its zinc
finger or ARID domains, or whether some other mechanism is
involved remains unclear. However, Jarid2 is unlikely to be
the sole factor responsible for PRC2 recruitment in ESCs: the
loss of Jarid2 does not result in the extensive re-expression of
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Fig.3 Expression of Polycomb complex proteins and recruitment factors
in the developing nervous system. a—a’ In situ hybridization data for
four core Polycomb proteins at embryonic day 14.5 (E14.5; Genepaint
database) showing robust expression in the ventricular zone of the cortex
and other locations in the central nervous system (CNS). b, ¢ The Gene
Expression Database at the Mouse Genome Informatics Resource was
used to catalog (b) temporal and (c) regional expression of Polycomb
subunits reported for the mouse CNS between embryonic day 8 (£8) and
post-natal day 7 (P7). Heat maps indicate developmental time windows

PRC2 target genes, as is observed when ablating a core PRC2
subunit, and the overall impact of Jarid2 loss upon
H3K27me3 levels in cells is decidedly mild (Landeira et al.
2010; Margueron and Reinberg 2011).
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(b) or CNS regions (¢) in which expression is documented as present (red)
or absent (green), or in which no data are reported (black). CNS expres-
sion of some Polycomb core subunits can be seen from the onset of neural
plate formation, with expression of other subunits being detected during
neurogenesis and through post-natal stages. Within the CNS, expression
of many subunits is reported in the fore-, mid-, and hindbrain regions,
with core PcG subunits, in particular, showing enrichment in the ventric-
ular zone of the cortex. Expression of some subunits has also been
reported in the spinal cord

A recent study suggests that conflicting reports regarding
the importance of Jarid2 to PRC2 function might be reconciled
by the newly discovered ability of Ezhl to compensate for
Jarid2: both Ezh1 and Jarid2 have innate nucleosome-binding
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capacity, and PRC2 recruitment and enzymatic activity in
Jarid2-deficient myoblasts has been shown to depend on the
expression of Ezh1 but not Ezh2 (Son et al. 2013). Jarid2 and
Ezh1 also display reciprocal expression patterns: Jarid2 is
expressed most highly in pluripotent and early-lineage-
committed cells, whereas Ezhl is most highly expressed in
later, more differentiated cell types. Thus, Ezhl might have
functions that are non-redundant with Ezh2, including the
promotion of the access of Ezh2-containing PRC2 complexes
to chromatin in committed cell types that lack Jarid2 (Son et al.
2013). The testing of this hypothesis in models of lineage
commitment other than myoblast differentiation will be impor-
tant. In the particular context of neural development, the deter-
mination of whether a developmental time occurs at which the
dependence of PRC on Jarid2 is supplanted by Ezhl, and
whether this switch is associated with progressive restriction
of neural progenitor competence, will be of interest.

Chd4 and Chd5 regulate PRC?2 recruitment to promote
neurogenesis in cortical progenitors

Effector proteins endowed with H3K27me3-“reader” do-
mains can impinge on PRC2 activity in a cell-type-specific
manner. For example, chromodomain helicase DNA-binding
protein 5 (Chd5) is a protein that has the ability to remodel
nucleosomes and that is frequently deleted in aggressive neu-
roblastoma (Koyama et al. 2012). Chd5 is characterized by
two chromodomains that bind H3K27me3 and are essential
for its function as a regulator of cortical neurogenesis (Egan
et al. 2013). Depletion of ChdS5 in differentiating neural pro-
genitors leads to de-repression of a subset of PRC2 targets and
the failure to activate the expression of key neuronal genes
(Egan et al. 2013).

Another chromodomain helicase DNA-binding protein,
Chd4, has also recently been shown to be a critical interaction
partner of Ezh2 in cortical progenitors, in which it is required
specifically for the PRC2-mediated suppression of the
astrogliogenic marker gene GFAP. Accordingly, experimental
depletion of Chd4 RNA from cortical progenitors in the devel-
oping neocortex promotes astrogliogenesis in vivo. Whereas
Chd4 is a frequent component of the NuRD complex, depletion
of other NuRD components do not result in increased
astrogliogenesis, suggesting that Chd4 functions independently
of the NuRD complex to regulate neural progenitor competence.
Together, these data suggest that target gene-specific mecha-
nisms involving crosstalk with other chromatin “readers” can
influence Polycomb activity to control neural cell fate transitions.

Aebp?2 is a co-activator of PRC2 and might regulate
recruitment in neural development

Aebp2 is a Gli-type zinc finger frequently found in association
with PRC2 and appears to enhance PRC2 enzymatic activity

(Cao et al. 2002; Cao and Zhang 2004; Ciferri et al. 2012).
Whereas homozygous loss of Aebp2 in mouse models is
embryonic lethal, heterozygous animals have phenotypes sug-
gesting a role for Aebp2 in the regulation of neural crest
development (Kim et al. 2011). At present, whether Aebp2
primarily influences PRC2 enzymatic activity or recruits
PRC2 to some of its targets through its ability to bind DNA
remains unclear. Analysis of Aebp2 target sites in brains of 1-
month-old mice has revealed a considerable overlap between
Acebp2 and PRC2 target genes, supportive of a role for Aebp2
in the recruitment of PRC2 complexes during neural develop-
ment (Kim et al. 2009). However, because this study relied on
the cloning of DNA fragments isolated by chromatin immu-
noprecipitation (ChIP), combined with Sanger sequencing,
this analysis should be performed on a genome-wide scale to
validate the extent of Aebp2 and PRC2 overlap in bound
chromatin locations. Moreover, if Aebp2 is required for
PRC2 recruitment, the loss of Aebp2 should abrogate PRC2
recruitment specifically at common target sites, without af-
fecting sites targeted only by PRC2; this remains to be tested.
Therefore, while not definitive, the current evidence is sup-
portive of a role for Aebp2 in the targeting of PRC2 during the
development of the brain and neural crest.

Kdm2b regulates recruitment of non-canonical PRCI
complexes

Kdm2b (also known as Fbxl10 or Jhdmlb) is an H3K36-
specific histone demethylase that was initially identified as a
factor controlling cell proliferation and senescence by regu-
lating the Ink4a-ARF-Ink4b locus (He et al. 2008). Recent
work has revealed that Kdm2b also facilitates the recruitment
of PRC1 in some contexts (X. Wu et al. 2013). Kdm2b-
containing PRC1 complexes constitute a distinct type of
non-canonical complex containing Ringlb, Pcgfl (Nspcl),
and Rybp, but not Cbx proteins (X. Wu et al. 2013;
Fig. 2a, d). Kdm2b binds non-methylated CpG island se-
quences (CGls) via its CxxC-type zinc-finger domain, pro-
moting PRC1-mediated H2AK 119 ubiquitylation at a subset
of'its target sites (Koyama-Nasu et al. 2007; Farcas et al. 2012;
He et al. 2013; X. Wu et al. 2013). Although Kdm2b does
indeed bind the CGIs of Polycomb-repressed genes, it also
binds CGIs throughout the genome, a large fraction of which
corresponds to actively transcribed genes that are not PRCI
targets. These observations indicate that the presence of
Kdm2b at unmethylated CGlIs is not sufficient for stable
PRC1 recruitment.

Interestingly, although the process of PRC1 recruitment to
target sites has been generally considered a hierarchical event
that depends on prior PRC2-mediated H3K27me3, Kdm2b
has recently been shown to recruit a Pcgfl-containing variant
PRCI1 complex to CGIs, with PRCI chromatin binding
leading to subsequent PRC2 recruitment and H3K27
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methylation (Blackledge et al. 2014). Another recent study
has also found that PRC1 recruitment to and H2A
ubiquitylation at unmethylated CpG-rich chromatin regions
in ESCs is sufficient to recruit PRC2 to chromatin (Cooper
etal. 2014). This work supports a role for PRC1 recruitment in
directing PRC2-mediated H3K27me3 and indicates that non-
canonical complexes that associate with Kdm2b act in this
manner.

Kdm2b appears to play essential roles in neural develop-
ment. Whereas the loss of Kdm2b in cultured ESCs can cause
de-repression of lineage-specific genes and precocious differ-
entiation (He et al. 2013), Kdm2b mutant embryos die peri-
natally with defects specifically in neural development, in-
cluding incomplete neural tube closure, exencephaly, and
increased proliferation and apoptosis of NPCs (Fukuda et al.
2011). However, at a mechanistic level, the role of Kdm2b in
non-canonical PRC1 targeting in the context of neural and
glial development has yet to be elucidated.

Methylation of CGls flanking promoters inhibits PRC2
in neural progenitors

With regard to the chromatin state, another aspect that can
influence Polycomb recruitment is methylation of CGlIs.
Highly methylated CGIs are strongly anti-correlated with
H3K27me3 and PRC2 binding, a finding supported by mul-
tiple studies; this might partially explain the restricted reper-
toire of PRC2 targets in various lineages (Mohn et al. 2008;
Brinkman et al. 2012; Lynch et al. 2012; Xie et al. 2013).
Whereas sequential ChIP and bisulfite sequencing experi-
ments confirm that H3K27me3 and DNA methylation can
indeed co-localize in the genome, this co-localization is never
seen in regions with high CpG density, implying that high
levels of DNA methylation somehow inhibit the local activity
of PRC2 (Brinkman et al. 2012; Statham et al. 2012).

Loss-of-function studies of Dnmt3a and Dnmt3b also sup-
port the link between DNA methylation and PRC2 recruit-
ment, particularly in neural development. In murine ESCs, the
simultaneous knockout of Dnmt3a/b results in the depletion of
DNA methylation from intragenic and intergenic CGls, con-
comitant with an increase of H3K27me3 (Hagarman et al.
2013). Consistent with these results, a study examining the
role of Dnmt3a in murine NSCs has found that, whereas
Dnmt3a is dispensable for NSC renewal and proliferation,
the knockout of Dnmt3a causes stunted neurogenic potential
both in vitro and in vivo (H. Wu et al. 2010). Loss of Dnmt3a
significantly decreases the expression of neurogenic genes,
whereas genes involved in gliogenesis are significantly up-
regulated, even though both classes of targets experience a
decrease in DNA methylation.

The results above are inconsistent with the straightforward
interpretation of DNA methylation as a repressive mark.
However, they might be explained by the striking observation

@ Springer

that most genes that are down-regulated after Dnmt3a ablation
have H3K4me-rich CGIs in their proximal promoters, where-
as Dnmt3a binding (and associated DNA methylation) is
present only in the inter- and intragenic regions flanking their
promoter CGIs (H. Wu et al. 2010). In contrast, genes that are
up-regulated after the loss of Dnmt3a feature CpG-poor prox-
imal promoters, with low expression and little modification by
H3K4me3. This led the authors to hypothesize that DNA
methylation in regions flanking CpG-rich proximal promoters
acts as an activating signal, preventing repression by some
alternative mechanism (H. Wu et al. 2010). Genome-wide
profiling of H3K27me3 in Dnmt3a-knockout NSCs has con-
firmed that genes that are down-regulated in response to DNA
hypomethylation exhibit increased PRC2 activity. These re-
sults suggest that DNA methylation in gene bodies and in
intragenic regions flanking the proximal promoter activates
gene expression by inhibiting the enzymatic activity of PRC2
(Fig. 4). Future experiments exploring the dynamics of
genome-wide DNA methylation in models of neural develop-
ment will be required to determine the extent to which chang-
ing patterns of DNA methylation can explain the cell-state-
specific selection of targets by otherwise ubiquitous chromatin
modifiers such as PRC2.

Long non-coding RNAs in neural development

A host of studies have also implicated long non-coding RNAs
(IncRNAs) in the targeting of PRC2. Whereas the investiga-
tion of IncRNAs in the CNS is still in its infancy, studies have
emerged implicating IncRNAs in neurodegenerative, neuro-
oncological, and psychiatric disorders (Johnson 2012;
Qureshi and Mehler 2013; Tushir and Akbarian 2013; Ziats
and Rennert 2013; Zhang and Leung 2014). Therefore, many
additional connections between IncRNAs and Polycomb re-
cruitment will probably be defined in the context of neural
development. Below, we first highlight roles of IncRNAs in
neural development and nascent connections to Polycomb
recruitment in this context. We then discuss IncRNA-
dependent Polycomb PRC2 recruitment mechanisms. For
more comprehensive information regarding the roles of
IncRNAs in CNS development, we refer the reader to several
recent reviews (Qureshi and Mehler 2012; Ng et al. 2013a,
2013b; Fatica and Bozzoni 2014).

Given the high complexity of the vertebrate nervous sys-
tem, developing neural cells unsurprisingly exhibit intense
transcriptional activity, including the expression of a large
number of IncRNAs. Initial attempts to characterize the
breadth and specificity of IncRNA expression in the brain
include high-throughput in situ hybridization data from the
Allen Brain Atlas; this has found regional, cell-type, and
subcellular specificity in the expression patterns of over 849
IncRNAs from diverse locations in the genome (Mercer et al.
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promoter can also facilitate the active state by preventing PRC2-mediated

2008). Similarly, microarray analysis of IncRNA expression
in human brain samples detected thousands of IncRNA tran-
scripts with regionally restricted expression, many of which
are primate-specific (Derrien et al. 2012). The enormous
IncRNA transcriptome of the mammalian CNS and the pre-
ponderance of primate-specific IncRNAs expressed in the
human brain suggest that functionalization of non-coding
RNAs is essential for the evolution of higher brain function.
This hypothesis is consistent with an apparent correlation
between the proportion of non-coding DNAs in the genome
and organismal complexity (Taft et al. 2011).

In one of the earliest studies to assess the neural IncRNA
transcriptome, researchers used custom microarrays to evalu-
ate the expression of a large set of IncRNAs in embryonic
forebrain-derived murine NSCs and in NSCs induced in vitro
to become Nkx2.1-expressing bipotent neuronal-glial progen-
itors, which can produce both cortical GABAergic neurons
and oligodendrocytes (Mercer et al. 2010). Interestingly,
unique subsets of IncRNAs were differentially expressed
throughout the process of neuro-gliogenesis, including during
bipotent progenitor specification, GABAergic neurogenesis,
the switch to oligodendrogenesis, and the maturation of
myelin-producing oligodendrocytes. While none of the tran-
scripts identified in this study were functionally characterized,
extensive differential expression of IncRNAs during neural
fate specification was later confirmed in human cells (Ng et al.
2012). In this work, custom microarrays were used to examine
the expression of a set of previously identified IncRNAs in
human ESC-derived NPCs, both in the process of in vitro
NPC specification and during the differentiation of NPCs to
produce dopaminergic neurons (Ng et al. 2012). Furthermore,
a subset of four intergenic IncRNAs that were preferentially
enriched in differentiated neurons was also selected for tran-
sient depletion in neural progenitors using short interfering

c. repressed gene d. repressed bivalent

gene
(promoter DNA (promoter DNA
methylated) unmethylated)

repression. Repressed genes might have methylated promoter DNA (c),
although demethylation (d) allows PRC2-mediated silencing (arrows:
transcription start site, rectangles: gene bodies)

RNAs (siRNAs). Depletion of each of these four intergenic
IncRNAs inhibited neurogenesis, creating an average of a
five-fold reduction in the numbers of Tujl-positive neurons
after differentiation, compared with non-targeting siRNA con-
trols. Subsequent expression analysis of IncRNA-depleted
NPCs by quantitative polymerase chain reaction revealed an
apparent switch from a neurogenic to a gliogenic program, as
indicated by the reduced expression of neurogenic markers
such as Neurog2 and the concomitant increase in expression
of gliogenic marker genes such as PDGFR-alpha and myelin
basic protein.

In addition to establishing that IncRNAs can indeed act as
critical regulators of neurogenic and gliogenic homeostasis, at
least in vitro, Ng et al. (2012) have also demonstrated that
neurogenic IncRNAs identified in this study bind selectively
to the Suz12 subunit of PRC2 and to a subunit of the REST
transcriptional repressor complex, implying a role in the epi-
genetic control of transcription (Ng et al. 2012). A follow-up
study by the same group has revealed that one of the previ-
ously identified neurogenic IncRNAs that does not bind to
either PRC2 or REST (previously dubbed RMST for rhabdo-
myosarcoma 2-associated transcript) nevertheless regulates
neurogenesis at the transcriptional level by binding to the
Sox2 transcription factor (Ng et al. 2013a, 2013b). Like
previous examples of IncRNAs that contribute to transcrip-
tional regulation, RMST has been found to act as a physical
bridge between Sox2 and chromatin, effectively functioning
as a molecular scaffold that facilitates the activation of key
neurogenic genes. Taken together, these data reinforce the
notion that IncRNAs can act as key transcriptional regulators
in neural development, and that this regulation involves the
recruitment of nuclear proteins to their genomic targets.

Finally, recent experiments in mouse models have provided
insight into the neural IncRNA transcriptome and roles for
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IncRNAs in the nervous system in vivo (Aprea et al. 2013;
Ramos et al. 2013; Sauvageau et al. 2013). In one study,
researchers combined laser capture microdissection with
RNA-sequencing to profile the expression of IncRNAs in
the adult mouse SVZ, uncovering over 3000 completely
novel IncRNAs and identifying the complex isoforms of
many others (Ramos et al. 2013). By combining expression
data with chromatin state maps, this study also identified a
subset of approximately 100 IncRNAs with putative roles
as regulators of neural development. These IncRNAs ex-
hibit the bivalent (H3K27me3 and H3K4me3, repressed but
poised) chromatin state in ESCs that resolves to H3K4me3-
only (active expression) specifically in SVZ-NSCs (Ramos
et al. 2013). The set of genes that are bivalent in ESCs is
highly enriched for lineage-determining factors, leading to
the hypothesis that bivalency pre-patterns lineage specifica-
tion. Indeed, chromatin state maps have been used success-
fully to identify novel proteins that act as regulators of cell
fate in a variety of tissue contexts (Paige et al. 2012;
Wamstad et al. 2012; Xu and Zaret 2012; Xie et al.
2013). Application of this chromatin state model to predict
functional IncRNAs in the adult SVZ also seems fruitful.
For example, two IncRNAs identified as putative regulators
of neural cell fate on the basis of chromatin state transitions
during neural development, namely Six3o0s and Dlxlas,
have been found to increase the production of astrocytes
at the expense of neurons when depleted from cultured
SVZ-NSCs (Ramos et al. 2013).

Long non-coding RNAs might influence recruitment of PRC2
in neural development

Although investigations are ongoing, the section above high-
lights roles that have previously been defined for IncRNAs in
neural and glial development. Evidence in multiple contexts
also indicates that some IncRNAs can control gene expression
by recruiting transcription factors and complexes that modify
chromatin, including Polycomb complexes, to their genomic
targets. The original inspiration for an IncRNA-based model
of Polycomb complex recruitment is the IncRNA Xist, which
directly recruits PRC2 in cis to initiate the process of X
chromosome inactivation in mammals (Engreitz et al. 2013;
Froberg et al. 2013). The idea that IncRNAs might contribute
to epigenetic regulation by PcG complexes has subsequently
led to the identification of the IncRNA Hotair, which is
transcribed from the HoxD locus and directly binds PRC2 to
regulate the HoxC locus in #rans (Rinn et al. 2007; Chu et al.
2011; Li et al. 2013). These findings have stimulated addi-
tional work investigating the entire population of RNAs
bound by PRC2. RNA immunoprecipitation followed by
microarray analysis (RIP-chip) or sequencing (RIP-seq) of
PRC2 components including Ezh2 suggest that as many as
20 % of the known IncRNAs bind to PRC2 (Khalil et al. 2009;
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Zhao et al. 2010). These observations, combined with the
findings that IncRNAs exhibit highly tissue- and cell-type-
specific expression patterns, have led researchers to propose
an attractive model, whereby the changing expression of cell-
type-specific IncRNAs as development progresses alters the
recruitment of PRC2 and other chromatin modifiers to their
targets (Lee 2012; Nakagawa and Kageyama 2014).

The role of IncRNAs as general recruiters of PRC2 remains
controversial, primarily because of the limited availability of
experimental evidence directly supporting the model. The
overwhelming number of putative RNA-PRC2 interactions
predicted by RIP has led some to question the specificity of
the assay. Indeed, native RIP (RIP performed without
crosslinking, as performed in Khalil et al. 2009; Zhao et al.
2010) suffers from a notoriously high background signal (Mili
and Steitz 2004; Brockdorff 2013). Although these caveats
and limitations must be kept in mind, the results of high-
stringency RIP of PRC2 from cells fixed by a variety of
strategies (including formaldehyde fixation and UV
crosslinking) recapitulate the large number of PRC2-
interacting RNAs found by prior studies (Guttman et al.
2011; Davidovich et al. 2013). Many of the identified RNAs
are therefore likely to be bona fide interactors with Polycomb,
regardless of the functional relevance of this interaction.

Nevertheless, the overwhelming number of RNAs that
bind PRC2 poses a significant challenge to experimental-
ists. No single RNA motif has been identified that mediates
PRC2 binding. Although, for example, Xist and Hotair
have specific sequence tracts that mediate binding (Cui
et al. 2009; Engreitz et al. 2013; L. Wu et al. 2013), these
tracts are not particularly similar at the level of the primary
sequence. In the absence of a defined RNA motif, how
does PRC2 recognize such a vast repertoire of RNAs, and
how is the necessary specificity for a subset of functionally
relevant RNAs achieved? Recent work from two different
groups illustrates that PRC2 might have a generic RNA
affinity that is important for its function (Davidovich et al.
2013; Kaneko et al. 2013). In one study, mammalian PRC2
was shown to bind RNA promiscuously and with
submicromolar affinity, including exogenous RNA from
ciliates and bacteria (Davidovich et al. 2013). Whereas
sequence appears to be largely irrelevant, size matters:
longer RNAs are bound with higher affinity than shorter
RNAs in a salt-independent-manner, illustrating that the
interaction with PRC2 is not merely electrostatic and might
involve a more complex mechanism, such as base stacking
with aromatic amino acid side chains (Davidovich et al.
2013).

These data demonstrate the relatively high affinity of PRC2
for RNA and suggest its biological significance, but they also
challenge the simplistic model of IncRNAs as a specialized
class of molecular recruiter for PRC2. ChIP-seq has verified
that most promoters with Ezh2 are enriched for H3K27me3
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and correspond to repressed genes, whereas RIP-seq indicates
that Ezh2 tends to bind nascent RNAs from actively tran-
scribed genes at which H3K27me3 is absent (Davidovich
et al. 2013; Kaneko et al. 2013). These observations suggest
that PRC2 globally surveys transcription by interacting with
nascent RNAs, including protein coding and noncoding tran-
scripts, whereas actual repression only occurs if other factors
(e.g., the local chromatin context) are conducive to PRC2
transference from RNA to chromatin.

On top of this basic level of regulation by transcriptional
surveillance, some IncRNAs (e.g., Xist and Hotair) have
clearly evolved to achieve higher affinity and specificity for
PRC2. Both Xist and Hotair have specific domains that are
required for their interaction with PRC2, suggesting that their
structures are optimized preferentially to recruit PRC2 with
higher affinity and thereby to modify the distribution of PRC2
across the genome in biologically significant ways (Cui et al.
2009; Engreitz et al. 2013; L. Wu et al. 2013). Given the
diversity of processes regulated by these two transcripts alone
and the sheer abundance of IncRNAs that bind PRC2, other
RNAs have probably evolved a similar, uniquely potent,
PRC2 affinity that might modulate its activity in other con-
texts. Such a mechanism might be particularly important in
the nervous system in which IncRNA transcription is excep-
tionally abundant and complex, and in which chromatin-
interacting IncRNAs that are essential for neurogenesis have
previously been identified in vitro and in vivo (Dinger et al.
2008; Derrien et al. 2012; Ng et al. 2013a, b; Ramos et al.
2013; Sauvageau et al. 2013).

Identification of the subset of “high affinity” PRC2-
recruiting IncRNAs, should they exist, is an ongoing chal-
lenge. To truly demonstrate a direct role for a given RNA in
the recruitment of a chromatin complex such as PRC2, the
simple illustration that a given RNA binds to PRC2, or that
its depletion affects the deposition of H3K27me3, is insuffi-
cient. For example, some IncRNAs have been shown to
antagonize DNA methylation by inhibiting the activity of
DNMT]I, and IncRNA binding has also been suggested to
modulate the function of other chromatin complexes,
underscoring the myriad ways that the expression of a given
IncRNA might be linked to PRC2 recruitment through any of
several alternative models (Wang et al. 2011; Di Ruscio et al.
2013). Distinguishing between the direct recruitment of PRC2
and the other complex ways in which IncRNAs can regulate
chromatin structure will necessitate experimental evidence
that a putative RNA recruitment factor is located in physical
proximity to the supposed sites of recruitment, as has been
demonstrated for the IncRNAs Xist and Hotair (Chu et al.
2011; Engreitz et al. 2013). Many groups have reported tech-
nical advancements that will facilitate future research, includ-
ing a variety of techniques involving the use of tiled biotinyl-
ated oligonucleotide probes to immunoprecipitate cross-
linked IncRNA-chromatin complexes, a method that can be

combined with high-throughput DNA sequencing to charac-
terize the genome-wide localization of a IncRNA (Simon et al.
2011; Chu et al. 2012; Engreitz et al. 2013). Annotation of the
cistrome of PRC2-interacting IncRNAs in neural and glial
progenitors and their derivatives will provide invaluable in-
formation for modeling the way and the extent to which
IncRNAs contribute to PcG complex function in neural
development.

Concluding remarks

The multiplicity of Polycomb activities in the developing
nervous system is readily apparent, even from the relatively
limited data available. To date, these activities include the
maintenance of the balance between NPC self-renewal and
the onset of neurogenesis in the cortex, the promotion of the
transition from neurogenesis to gliogenesis, the direction of
the astrocyte versus the oligodendrocyte precursor fate switch,
and even the regulation of transcriptional events in terminally
differentiated neurons. Although more work is required to
tease apart the exact functions of individual PcG proteins at
the various stages of neural development, the dynamic activity
of Polycomb complexes clearly contributes to the regulation
of neural progenitor fate specification at nearly every step. The
precise manner in which Polycomb complexes are recruited to
regulate unique targets across the spectrum of neural fates is
among the most important, unanswered questions in the field.

In recent years, a number of potential mechanisms have
emerged that can influence the dynamic recruitment of
Polycomb to chromatin. These mechanisms include facili-
tators of Polycomb recruitment, such as unmethylated CGI
sequences and the proteins that maintain their unmethylated
status, protein recruitment factors that can sense the local
chromatin environment to influence the recruitment of PcG
complexes in a context-dependent manner, and IncRNAs.
Additionally, the targeting of Polycomb occurs in a milieu
of multiple chromatin modifications that can directly or
indirectly modulate the recruitment process, consistent with
the increasingly appreciated multidimensional complexity
of chromatin structure. However, much of what is known
about Polycomb recruitment is derived from in vitro studies
of ESCs, an extremely useful model that nevertheless can-
not fully recapitulate the complexity of Polycomb activity
during the generation of complex tissues such as the ner-
vous system.

Recent work, such as the finding that Chd4 promotes
neurogenesis by specifically recruiting PRC2 to silence
gliogenic target genes, underscores the fact that unique
PcG recruitment mechanisms are used to specify distinct
neural cell fates. Continued research to identify these unique
methods of PcG recruitment is a necessary precursor to the
design of experimental and therapeutic approaches that can
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target specific aspects of PcG recruitment, rather than glob-
ally affecting PcG activity. For instance, the outcome of
cortical progenitor differentiation is not dictated solely by
the absolute and relative concentrations of instructive extra-
cellular signals, but also by an intrinsic mechanism that
selectively recruits Polycomb to specific targets in order to
modify the response of the cells to such signals. Targeted
manipulation of PcG recruitment should therefore enable
more precise control of the timing and efficiency of neural
progenitor differentiation into therapeutically relevant cell
types than would be achievable by the manipulation of
extracellular signaling pathways alone.

As an example, current protocols for the production of
OPCs from human neural progenitors can take months, with
relatively low efficiency yields. Manipulating PcG recruit-
ment to accelerate the developmental “clock” could potential-
ly permit the more rapid production of homogeneous popula-
tions of OPCs for use in applications such as in vitro disease
modeling or the development of cell transplantation therapies.
Therefore, the expansion of our knowledge of the way that
PcG proteins are regulated during neural fate acquisition will,
in all probability, simultaneously expand the molecular toolkit
available for this research and its application to regenerative
medicine.
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