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Polycomb repressive complexes (PRCs) establish and maintain gene repression through chromatin modifications,
but their specific roles in cell fate determination events are poorly understood. Here we show an essential role for
the PRC1 component Bmi1 in motor neuron (MN) subtype differentiation through dose-dependent effects on Hox
gene expression. While Bmi1 is dispensable for generating MNs as a class, it has an essential role in specifying and
determining the position of Hox-dependent MN columnar and pool subtypes. These actions are mediated through
limiting anterior Hox expression boundaries, functions deployed in post-mitotic MNs, temporally downstream
from morphogen gradients. Within the HoxC gene cluster, we found a progressive depletion of PRC-associated
marks from rostral to caudal levels of the spinal cord, corresponding to major demarcations of MN subtypes.
Selective ablation of Bmi1 elicits a derepression of more posterior Hox genes, leading to a switch in MN fates.
Unexpectedly, Hox patterns and MN fates appear to be sensitive to absolute PRC1 activity levels; while reducing
Bmi1 switches forelimb lateral motor column (LMC) MNs to a thoracic preganglionic (PGC) identity, elevating
Bmi1 expression at thoracic levels converts PGC to LMC MNs. These results suggest that graded PRC1 activities
are essential in determining MN topographic organization.

[Keywords: Hox; epigenetics; motor neuron; polycomb; spinal cord]

Supplemental material is available for this article.

Received June 21, 2012; revised version accepted August 10, 2012.

The Polycomb group (PcG) is a large protein family that
plays a variety of crucial roles in animal development.
The depth of its involvement is highlighted by the
copious number of genes that are bound by PcG members
or bear histone modifications indicative of PcG-mediated
repression (Boyer et al. 2006; Bracken et al. 2006; Lee et al.
2006). The function of the PcG in CNS maturation,
however, remains unclear and may be dependent on
temporal and spatial context. PcG complexes play some-
what disparate roles regulating cell fate decisions in
several proliferating CNS populations. The PcG member
Bmi1 in particular has been examined for its multifaceted
role in modulating stem cell identity during development.
The self-renewal capacity of neural stem cell populations,
but not progenitor populations, is dependent on Bmi1,
indicating that PcG pathways are key in distinguishing
stem-like neural proliferation from developmental pro-
liferation (Molofsky et al. 2003). Furthermore, overexpres-
sion of Bmi1 only facilitates proliferation in stem cell
populations expressing FoxG1 in the forebrain, where it

specifies production of neurons rather than glia (Fasano
et al. 2009). PcG complexes have been found to have an
inverse function in neocortical progenitors, where PcG
members facilitate the transition from neuron to astrocyte
production (Hirabayashi et al. 2009). Similarly, PcG activ-
ity can influence the generation of spinal dorsal interneu-
rons via regulation of BMP signaling (Akizu et al. 2010).

Outside the nervous system, PcG complexes have been
shown to contribute to developmental patterning via
their interaction with Hox genes, which broadly govern
regional morphology and cellular identity over the body
axis (Mallo et al. 2010). PcG genes were first discovered as
regulators of body plan and Hox expression in Drosophila
(Lewis 1978; Struhl 1981; Jurgens 1985). Drosophila larvae
with loss of function for the Bmi1 homolog Posterior sex
combs (Psc) express AbdA and AbdB rostral to their
normal boundaries (Simon et al. 1992; Martin and Adler
1993), leading to the transformation of several body seg-
ments into more posterior segments (Jurgens 1985; Brunk
et al. 1991; van Lohuizen et al. 1991). Later work has
demonstrated conservation of this role in mammals.
Removal of Bmi1 leads to rostral shifts in the expression
of Hox genes within the mesoderm as well rostral shifts
in vertebral morphology (van der Lugt et al. 1994, 1996),
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while overexpression of Bmi1 results in the inverse
phenotype (Alkema et al. 1995).

The central role that PcG complexes play in the
establishment of cellular identity is significant due to
the heritability of PcG-induced repression over multiple
cellular divisions. While the precise mechanism of PcG-
mediated silencing is unclear, the histone modifications
deposited by PcG complexes are associated with com-
pacted, silent chromatin. Classically, PcG repression in
Drosophila is thought to be mediated by a two-step process
(Simon and Kingston 2009). Polycomb reprssive complex 2
(PRC2) initiates repression by binding to a Polycomb re-
sponse element (PRE), where it trimethylates Lys 27 on
histone 3. This modification (H3K27me3) can be bound
by the chromodomain found in PRC1, a complex that
maintains repression of the locus and monoubiquitinates
Lys 119 of histone H2A. While this model of two-step
recruitment of PRC2 and PRC1 complexes is relevant in
vertebrates, the behavior of PcG complexes is much more
diverse. It is unclear how initial recruitment of PcG com-
plexes occurs at mammalian loci, as only a handful of
PREs have been found (Sing et al. 2009; Woo et al. 2010);
however, PRC binding at several mammalian loci is reg-
ulated by noncoding RNA-binding partners (Rinn et al.
2007; Zhao et al. 2008; Khalil et al. 2009; Yap et al. 2010).
There is also some evidence that PRC1 can function inde-
pendently of PRC2 or that the two complexes costabilize
the binding of one another (Simon and Kingston 2009).
Within mammalian Hox loci, it seems likely that PRC1
and PRC2 are both involved in mediating correct patterns
of repression via either a classical hierarchical recruit-
ment model or costabilization. Work characterizing the
distribution of PcG members and associated histone marks
across the genome in embryonic stem (ES) and fibroblast
cells has shown concomitant binding of PRC1, H3K27me3,
and PRC2 at Hox loci (Boyer et al. 2006; Bracken et al. 2006;
Woo et al. 2010).

While the role of PRCs in controlling the expression of
developmental regulatory factors is well described, surpris-
ingly little is known about their function in neuronal
subtype diversification. In the embryonic spinal cord, Hox
transcription factors determine the regional identity of
motor neurons (MNs), raising the possibility that PcG pro-
teins have an instructive role in their specification. In this
context, Hox activities parse an initially uniform neuronal
class into many subgroups with distinct postsynaptic targets.
The largest subgroups are known as columns, three of which
are distinguished by Hox genes expressed at specific levels of
the neuraxis. At thoracic levels, Hoxc9 defines preganglionic
(PGC) motor column MNs that innervate the sympathetic
chain ganglia. Hoxc6 defines the lateral motor column
(LMC) found at brachial levels that innervates the mus-
cles of the forelimb, while Hoxc10 defines the LMC found
at lumbar levels (Dasen et al. 2003). LMC neurons can be
further subdivided into smaller Hox-dependent groups
known as motor pools, each of which innervates a distinct
limb muscle (Dasen et al. 2005). Thus, the patterning of
Hox gene expression must be precisely regulated to ensure
the establishment of a topographic registry between MN
subtypes and their peripheral synaptic targets.

The factors governing this meticulous Hox gene code
are currently not well defined. In spinal MNs, Hox
patterns are thought to be regulated over two distinct
phases of development. During tail bud regression and
closure of the neural tube, the progenitor zone of the
spinal cord is colonized by a stem cell-like population
surrounding the node. These cells are exposed to retinoic
acid (RA) from the rostral somitic mesoderm and fibro-
blast growth factors (FGFs) from the caudal presomitic
mesoderm and node (Dasen and Jessell 2009). A cell re-
maining in the stem-like population for a longer period of
time sees increased exposure to FGFs and decreased expo-
sure to RA, resulting in a more caudal pattern of Hox gene
expression upon the cell’s eventual maturation as an MN.

This initial pattern of Hox expression is later refined
after cells have undergone their final mitosis. At this
stage, specific Hox factors display cross-repressive inter-
actions that sharpen and maintain their expression bor-
ders (Dasen et al. 2003). Cross-repressive interactions
appear to be critical to, and possibly restricted to, estab-
lishing the posterior Hox expression boundaries. For
instance, in mice lacking the thoracic Hox gene Hoxc9,
the more rostrally expressed Hox4–Hox8 genes are dere-
pressed, and PGC neurons acquire an LMC fate. Analysis
of histone modifications at thoracic levels indicates
that Hoxc9-mediated repression is independent of the
H3K27me3 mark associated with PcG-mediated repres-
sion (Jung et al. 2010). In contrast, H3K27me3 marks are
found on Hox genes expressed more posteriorly, suggest-
ing that PcG repression has a selective role in defining
anterior Hox boundaries.

We show here an essential role for PRC1 function in
controlling MN organization through regulation of Hox
gene expression. In differentiated MNs, we observed a
progressive decrease in the occupancy of PRC marks within
the HoxC locus along the rostrocaudal axis. We found
that the activities of the PRC1 component Bmi1 are es-
sential in controlling the anterior limit of Hox gene ex-
pression and delineating the position of MN columnar
subtypes. Attenuation or elevation of Bmi1 elicits a repo-
sitioning of Hox boundaries and motor columns, suggest-
ing that MNs are sensitive to the overall levels of PRC1
activity. These actions appear to be deployed subsequent
to the signaling gradients that determine the early posi-
tional identity of MN progenitors. Collectively, our re-
sults indicate that a key mechanism through which Hox
gene patterns are controlled in MNs relies on the net level
of PRC1 activity in early post-mitotic cells.

Results

Distribution of Polycomb-associated proteins at HoxC
loci in the spinal cord

To assess a possible role for PRC activity in MNs, we first
examined chromatin modifications and binding of PRC
components at motor column-defining Hox loci at distinct
rostrocaudal levels of the spinal cord. The H3K27me3 mark
is a histone modification associated with PcG-mediated
repression (Simon and Kingston 2009). Our previous studies
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provided evidence that at brachial and thoracic levels,
Hox genes carry the H3K27me3 modification selectively
at segments more rostral to where they are expressed
(Jung et al. 2010). To assess whether this pattern of histone
modifications applies generally to column-defining Hox
genes at all spinal levels, we examined the distribution
of H3K27me3 at cervical, brachial, thoracic, and lumbar
levels (Fig. 1A,B). We also analyzed the chromatin state of
Hox loci at these four spinal levels by interrogating the
binding pattern of the PRC1 component Bmi1 as well as

H3K4me3, a mark associated with transcriptionally ac-
tive genes.

We used chromatin immunoprecipitation (ChIP) assays
to monitor the levels of H3K27me3, H3K4me3, and Bmi1
found near the promoter regions of Hoxc6, Hoxc9, and
Hoxc10, three column-defining Hox genes expressed at
brachial, thoracic, and lumbar levels of the spinal cord,
respectively. To determine the functional outcome of the
chromatin state of Hoxc6, Hoxc9, and Hoxc10, we also
quantified mRNA levels of these genes. Spinal cords were

Figure 1. Chromatin marks and expression of Hox genes along the rostrocaudal axis. (A) Schematic of Hox protein expression and
Hox-dependent MN columnar subtypes. Rostral is to the left. LMC MNs innervate the limbs, and PGC MNs project to sympathetic
chain ganglia. For simplicity, Hox-independent motor columns are not shown. (B) H3K27me3 status of Hoxc6, Hoxc9, and Hoxc10

promoter regions at cervical, brachial, thoracic, and lumbar levels. Fold enrichment is shown over IgG controls for each level.
(C) Distribution of Bmi1 binding at columnar Hox loci shows distribution similar to that of H3K27me3. The absence of Bmi1 and
H3K27me3 binding to lumbar chromatin indicates that antibodies specifically recognize marks at other levels. (D) Distribution of
H3K4me3 marks. (E) Levels of Hoxc6, Hoxc9, and Hoxc10 mRNA at each spinal level.
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isolated from Hamburger and Hamilton (HH) stage 25–27
chick embryos, a stage at which all MN columnar sub-
types have been generated, and processed by collecting
either chromatin or total RNA from each level. Samples
were then subjected to either first strand synthesis using
oligo(dT) or ChIP for H3K27me3, H3K4me3, or Bmi1.

At cervical levels, none of the column-defining Hox
genes were expressed, and all three Hox genes bore high
levels of H3K27me3. At brachial levels, only Hoxc6
was expressed, and H3K27me3 was found at Hoxc9 and
Hoxc10. At thoracic levels, Hoxc9 was expressed, and
H3K27me3 was only found at Hoxc10. Finally, at lumbar
levels, only Hoxc10 was expressed, and H3K27me3 was
not observed at any Hox gene examined (Fig. 1A,B,E).
Thus, H3K27me3 is associated with Hox genes expressed
more caudally than the level examined, and furthermore,
Hox genes bearing high levels of H3K27me3 show low
levels of transcription.

The pattern of Bmi1 binding to Hox loci closely follows
that of H3K27me3. At cervical levels, Bmi1 was bound to
all three of the silenced Hox genes. At brachial levels,
significant levels of Bmi1 were only found at the silenced
Hox genes Hoxc9 and Hoxc10. Levels of Bmi1 binding to
Hoxc9 relative to Hoxc10 appeared to be lower, however,
whereas H3K27me3 was found at both loci at roughly the
same level. At thoracic levels, Bmi1was bound only to the
more caudally expressed Hox gene, Hoxc10. Finally, at
lumbar levels, Bmi1 was not found in significant amounts
at any Hox gene examined (Fig. 1C).

The binding patterns of H3K4me3 to Hox loci suggest
a complex interplay between chromatin modifications
associated with active and repressed genes. At each level,
H3K4me3 was found at the active Hox gene: At brachial
levels, it was found at Hoxc6; at thoracic levels, it was
found at Hoxc9; and at lumbar levels, it was found at
Hoxc10 (Fig. 1D). However, H3K4me3 was also present at
Hoxc6 at cervical levels and at Hoxc9 at brachial levels.
These two loci also carry high levels of H3K27me3 and
Bmi1, indicating that they may carry bivalent marks (Fig.
1D). The H3K4me3 mark was also observed at Hoxc9 at
lumbar levels (Fig. 1D), while Hoxc9 mRNAs and PRC
marks were not detected, suggesting a distinct mecha-
nism of repression. Nevertheless, these data indicate that
there is a progressive depletion of PRC-associated marks
at Hox loci along the rostrocaudal axis and that all column-
defining Hox genes bearing PRC marks are repressed.

Bmi1 is dispensable for generating MNs as a class

To determine the role of PcG complexes in specifying
Hox-dependent MN subtypes, we assessed the function of
Bmi1, a well-defined PRC1 component. Bmi1 has been
shown to regulate rostrocaudal positional identity in the
mesoderm of mice, and mutants display a one- to two-
segment rostral shift in Hox expression (van der Lugt
et al. 1994, 1996; Alkema et al. 1995). We hypothesized
that similar shifts within the spinal cord of Bmi1 mutant
mice might disrupt the specification of MN columnar
subtypes. Analysis of Bmi1 mutants at embryonic day
12.5 (E12.5) showed that spinal morphology and expression

of the transcription factors Hb9 and Isl1/2 were normal,
indicating Bmi1 is not required for MN generation. We
also observed a rostral shift in Hoxc9 expression in the
dorsal spinal cord, but this did not translate to a signifi-
cant change in MN identity (Supplemental Fig. S1). These
results indicate that in mice, the loss of Bmi1 alone does
not impact the specification of MN subtypes.

In mammals, several homologs of Bmi1 have been
identified, including Mel-18 (Schuettengruber and Cavalli
2009). Mel-18 knockout mice display a phenotype similar
to Bmi1 mutants, while Bmi1 and Mel-18 double-knockout
mice are not viable beyond E9.5, indicating that these
homologs compensate for each other (Akasaka et al. 2001).
The embryonic chick provides a potential system to cir-
cumvent the limitations of studying Bmi1/Mel-18 func-
tion for several reasons. First, the accessibility of the
chick spinal cord allows acute and selective depletion of
genes of interest via in ovo electroporation, avoiding the
confounding side effects of global morphological distor-
tions stemming from segmentation defects in the meso-
derm and skeleton. Second, Mel-18 has not been described
in the chick, and the potential lack of a functional Bmi1
homolog in the spinal cord avoids the issue of compensation.

We depleted Bmi1 via in ovo electroporation of dsRNAs
at HH stage 13/14, a stage in which the neural tube con-
tains exclusively progenitors, and analyzed embryos 3 d
later (around stage 27). A constitutive nuclear lacZ con-
struct was included to label the region that incorporated
dsRNA. Electroporation of Bmi1 dsRNA led to a marked
depletion of Bmi1 protein within electroporated neurons
(Fig. 2A). In contrast, electroporation of a scrambled dsRNA
had no effect on Bmi1 or Hox expression patterns (Sup-
plemental Fig. S2). To ensure that phenotypes seen after
Bmi1 depletion were specific to PRC1 function, we assessed
expression levels of PRC2-associated marks. Neither global
H3K27me3 nor embryonic ectoderm development (Eed)
levels were altered (Fig. 2B), indicating that Bmi1 depletion
selectively affects PRC1.

We further characterized the temporal dynamics of Bmi1
depletion by analyzing different time points following
dsRNA electroporation. At 8 h following electroporation
(around stage 16/17), there was no depletion of Bmi1
protein in the electroporated spinal cord (Fig. 2E). How-
ever, after 28 h (around stage 18/19, as post-mitotic MNs
appear), Bmi1 protein expression was reduced by 75%–
80%. After 60 h, we observed some recovery in Bmi1
levels (Fig. 2E). Nevertheless, electroporation of Bmi1
dsRNA results in the depletion of Bmi1 protein during
the key period of MN specification.

To characterize the effect of Bmi1 loss, we first assessed
expression of markers for general features of MN identity.
MNs originate in the central progenitor zone of the spinal
cord at a specific dorso–ventral position defined by ex-
pression of Olig2, Nkx6.1, and Pax6 (Jessell 2000; Shirasaki
and Pfaff 2002). Patterning of MN progenitors was un-
affected after depletion of Bmi1 (Fig. 2D). Post-mitotic
MNs can be distinguished by the expression of Hb9, Isl1/2,
and Lhx3. Expression of these factors is unchanged in the
absence of Bmi1 (Fig. 2C). PRC1 function therefore does not
appear to be necessary for generating MNs as a class.

Bmi1 controls motor column topography
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Bmi1 is required for proper Hox boundaries
in the spinal cord

We next analyzed the effect of Bmi1 depletion on Hox
expression. Hoxc9 is normally expressed at thoracic levels
and restricted from brachial MNs. In embryos electro-
porated with Bmi1 dsRNA, we observed a marked de-
repression of Hoxc9 at brachial levels (Fig. 3A–D). Hoxc9
was ectopically expressed rostral to its endogenous do-
main, extending to mid-brachial levels (Fig. 3A,H,I; data
not shown). As a central regulator of Hox patterning, Hoxc9
represses the expression of Hoxc6 (Dasen et al. 2003).
Consistent with this repressive function, Hoxc6 was
extinguished in 96% of ectopic Hoxc9 MNs such that
the overall Hox topography of the thoracic region was
extended rostrally (Fig. 3E–G; Supplemental Table S1).

We next determined whether Bmi1 was required for
regulation of Hox expression at other levels of the spinal
cord. We first examined the effect of Bmi1 depletion on
Hox expression at the thoracic–lumbar interface. Here we
observed a derepression of Hoxc10 and Hoxd10, two Hox
genes normally restricted to lumbar levels (Fig. 3J–M,Q,R).
Similar to the effects of Hoxc9 derepression, ectopic
Hoxc10 and Hoxd10 resulted in the repression of Hoxc9
(Fig. 3N–P). However, although we found similar levels of
Bmi1 depletion, Hox10 genes were less effectively dere-
pressed in MNs, with most ectopic cells found in the dorsal
spinal cord (Fig. 3Q). Bmi1 depletion at the cervical–
brachial interface was ineffective at producing a rostral
shift in Hoxc6 expression (data not shown), likely due to
relatively high PRC activities at this level. Nevertheless,

these results suggest that PRC1 functions to repress
posterior Hox genes generally, with the most pronounced
effects on Hoxc9 expression.

Bmi1 is necessary for the development
of MN topography

We next assessed whether changes in Hox patterns in-
duced by Bmi1 depletion resulted in transformations of
MN columnar identity. Brachial MNs can be defined by
expression of Raldh2 and high FoxP1 levels, while tho-
racic PGC MNs are selectively labeled by pSmad1/5/8
(Dasen et al. 2008). After Bmi1 depletion, we observed an
ablation of the LMC, as assessed by loss of Raldh2 and
FoxP1 expression (Fig. 4A–D). In addition, ectopic pSmad+

MNs were detected in 25% of the Hoxc9+ MNs at brachial
levels, demonstrating a transformation to a PGC fate (Fig.
4E,F; Supplemental Table S1). In contrast, expression of
Lhx3 and Hb9 in axial projecting medial motor column
(MMC) neurons was unchanged (Fig. 4G,H). Loss of Bmi1
at brachial levels therefore results in the derepression of
Hoxc9, leading to a loss of LMC identity and the respec-
ification to a PGC fate, indicating a selective effect on
Hox-dependent MN subtypes (Fig. 4I).

The brachial LMC can be further subdivided into
smaller MN groups, known as motor pools. Hox genes are
differentially expressed within the LMCs and define
codes for pool fates (Dasen et al. 2005). We asked whether
the transformations in MN identity elicited by Bmi1
depletion also affected motor pool organization. Staining
for the brachial Hox genes Hoxa5, Hoxc6, and Hoxc8

Figure 2. Bmi1 depletion does not affect
generation of MNs. (A) Expression of Bmi1
is diminished upon electroporation of Bmi1
dsRNA. The electroporated half of the cord
is indicated by a bolt. A nuclear LacZ con-
struct was coelectroporated to grossly mark
the electroporated region. (B) Expression of
H3K27me3 and Eed is not affected by Bmi1

dsRNA. (C) Expression of post-mitotic MN
markers Hb9 and Isl1/2 is also not affected.
(D) Expression of Olig2, Pax6, and Nkx6.1
in MN progenitors is unaffected. (E) Time
line of Bmi1 depletion upon electroporation
of dsRNA at HH stage 13. Embryos were
fixed and analyzed for Bmi1 expression at
different time points following electropora-
tion. Expression of Isl1/2 marks post-mi-
totic MNs.
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showed that all Hox genes underwent a rostral shift in
their expression (Supplemental Fig. S3). We also assessed
two Hox-dependent motor pools, identified by their
expression of the transcription factors Scip and Pea3
(Dasen et al. 2005). These pools were eroded within their
normal domains, while cells in the rostral portion of the
brachial compartment (which retain an LMC fate) ac-
quired Scip+ or Pea3+ identities (Supplemental Fig. S3).
Thus, Bmi1 actions are not restricted to motor column-
defining Hox genes.

MN fate switch after Bmi1 depletion causes
a redirection of motor axons

To further assess the consequences of respecifying the
identity of LMC neurons, we examined the peripheral
connectivity of brachial MNs lacking Bmi1. Brachial
LMC axons normally project ventrolaterally toward the
limb bud and avoid the sympathetic chain ganglia. Con-
sistent with this pattern, electroporation of a construct

expressing GFP under the control of the Hb9 promoter
labeled motor axons that bypass the sympathetic ganglia
and project to the limb (Fig. 4J). However, when Hb9T
GFP was coelectroporated with dsRNA against Bmi1,
the axons of caudal LMC MNs innervated sympathetic
ganglia (Fig. 4J–M). Changes in Hox patterning following
depletion of Bmi1 therefore result in the respecification of
motor columns at both the level of molecular identity
and peripheral connectivity.

Bmi1 regulates brachial MN identity through
modulation of Hoxc9 gene expression

The effects of Bmi1 depletion on Hoxc6 and MN organi-
zation could be mediated directly by Bmi1 or indirectly
by changes in Hoxc9. Bmi1 depletion phenocopies the
switch in MN fates observed after brachial Hoxc9 mis-
expression (Dasen et al. 2003), suggesting that the observed
effects are solely due to ectopic Hoxc9. To test this, em-
bryos were coelectroporated with dsRNAs targeting

Figure 3. Effect of Bmi1 loss on Hox patterns in spinal MNs. (A) Summary of the effects of Bmi1 depletion at brachial levels. (B–D)
Hoxc9 extends to brachial levels after Bmi1 depletion. (E–G) Hoxc6 is repressed in cells that express Hoxc9. (H) Serial sections showing
extension of Hoxc9 and loss of Hoxc6. There is no change in Hoxc10 in MNs, although some Hoxc10+ cells are observed in dorsal
regions. Results shown are typical of electroporations where >80% of cells have lost Bmi1. (I) Quantification of Hoxc9+ cells along the
rostrocaudal axis of the electroporated and nonelectroporated halves of chick spinal cord HH stages 25–28. Results show averaged cell
counts from two embryos. Error bars show standard error. (J) Effects of Bmi1 loss at thoracic/lumbar levels. (K–N) Hoxc10 and Hoxd10
are derepressed. (O,P) Ectopic Hoxd10 cells do not express Hoxc9. (Q) Serial section showing extension of Hox10 proteins and loss of
Hoxc9. (R) Quantification of Hoxc10+ cells along the rostrocaudal axis of the electroporated and nonelectroporated halves of the spinal
cord. Results show averaged cell counts from four embryos.
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both Bmi1 and Hoxc9, which effectively depleted both
proteins from MNs (Supplemental Fig. S4). Concurrent
depletion of Bmi1 and Hoxc9 at brachial levels had no
effect on Hoxc6 expression (Supplemental Fig. S4), con-
sistent with the idea that Hoxc9 is necessary to repress
brachial Hox genes. In addition, expression of FoxP1 in
LMC MNs was not affected, and no ectopic pSmad+ MNs
were observed (Supplemental Fig. S4). When Bmi1 and
Hoxc9 expression was reduced at thoracic levels, we
observed a phenotype similar to that seen in Hoxc9
knockout mice (Jung et al. 2010); PGC MNs were lost,
Hoxc6 was derepressed, and MNs acquired an LMC fate
(Supplemental Fig. S4). These data indicate that the
phenotypes observed in the absence of Bmi1 are due to

the derepression of Hoxc9 and not to a direct effect of
Bmi1 on either MN identity or other Hox genes.

Bmi1 depletion does not affect Hox patterns
in spinal progenitors

The pattern of Hox expression in the spinal cord is
initially controlled through opposing gradients of FGFs
and RA, which act on progenitors shortly after neuro-
genesis (Dasen and Jessell 2009). The rostrocaudal limits
of Hox expression domains are later refined post-mitoti-
cally via cross-repressive interactions with other Hox
genes (Dasen et al. 2003; Jung et al. 2010). Having demon-
strated that Bmi1 is necessary to delineate the correct

Figure 4. Bmi1 depletion converts forelimb LMC MNs
to a PGC fate. (A–D) Expression of the LMC markers
FoxP1 and Raldh2 is diminished after depletion of Bmi1
at brachial levels. (E,F) Expression of the PGC marker
pSmad is detected at brachial levels and coexpresses
Hoxc9. Not all ectopic Hoxc9 cells label with pSmad, as
Hoxc9 is derepressed in non-MN cells. (G,H) Expression
of pan-MN markers Hb9 and Lhx3 is not affected at
brachial levels. (I) Summary showing changes in MN
molecular identity following Bmi1 depletion. (J,K) Vibra-
tome sections of chick embryos electroporated with
a Hb9TGFP construct to label motor axons (green).
Sympathetic chain ganglia are indicated by yellow arrows
and are stained by Isl1/2. (L,M) MNs coelectroporated
with Bmi1 dsRNA and Hb9TGFP express ectopic
Hoxc9, and their axons are redirected to the sympa-
thetic chain ganglia at brachial levels.
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rostral boundaries of Hox genes expressed at thoracic and
lumbar levels, we next asked at which stage in develop-
ment Bmi1-mediated repression of Hox genes is estab-
lished.

We first examined the potential involvement of Bmi1
in programming early Hox expression mediated by FGF
signaling. From HH stages 10 to 14, neural tube progen-
itors express Hoxc9 mRNA and protein at thoracic levels,
and elevation of FGF signaling at these stages induces
rostral shifts in Hoxc9 expression, resulting in a loss of
LMC MNs and a rostral extension of the PGC (Dasen
et al. 2003). The similarity of the effects of elevated FGF8
to Bmi1 depletion led us to explore whether Bmi1
similarly regulates Hoxc9 in neural progenitors. We
replicated the effects of FGF8 and analyzed embryos
at a slightly later stage, demonstrating that at HH stage
12 +24 h, FGF8 overexpression induces a rostral shift of

Hoxc9 mRNA and proteins in brachial neural tube pro-
genitors but does not affect Bmi1 levels (Fig. 5A,C).
Depletion of Bmi1 at HH stage 12 +24 h did not show
similar changes in early Hox expression patterns, as
Hoxc9 was not ectopically expressed in brachial pro-
genitors (Fig. 5B,D). Ectopic Hoxc9 expression was ob-
served at a slightly later stage (stage 14 +28 h), prior to the
appearance of the first brachial post-mitotic MN (Supple-
mental Fig. S5). These results indicate that Bmi1 is not
necessary at the progenitor phase of MN development for
the patterning of Hox genes mediated by FGFs.

To gain further insight into the temporal requirement
for PcG complexes in restricting Hox patterns, we exam-
ined the effects of selectively depleting PRC function
from MN progenitors. Ezh2 is a core component of PRC2
and is necessary for depositing H3K27me3. To remove
PRC2 function from MN progenitors, we crossed a floxed

Figure 5. The developmental timing of Bmi1-mediated control of Hox expression. (A) Elevation of FGF signaling induces Hoxc9 in
brachial progenitors. HH stage 14 chick embryos were electroporated and analyzed after 24 h. A GFP expression construct was
coelectroporated to grossly mark the electroporated region. Bmi1 expression is unchanged by FGF8 overexpression. (B) Effects of Bmi1
depletion on brachial progenitors. Hoxc9 immunostaining and in situ hybridization show that brachial Hoxc9 expression does not
change in the absence of Bmi1. (C,D) Hoxc9 is grossly unaffected at thoracic levels after FGF elevation or Bmi1 depletion. (E,F) Rescue
of Bmi1 expression at brachial levels of the spinal cord. Embryos were coelectroporated with Bmi1 dsRNA and Hb9TBmi1-ires-GFP.
(G,H) Expression of Hoxc9 is shifted rostrally into the brachial level on the electroporated side of the cord; however, Hoxc9 is excluded
from cells rescued for Bmi1. (I,J) Expression of Hoxc6 is reduced on the electroporated side of the cord but is restored in rescued cells.
(K,L) pSmad is excluded from cells expressing GFP. (M,N) Expression of FoxP1 is restored in cells expressing GFP.
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Ezh2 line (Su et al. 2003) to Olig2TCre mice (Dessaud
et al. 2007) in which Cre is expressed in MN progenitors.
Analysis of global H3K27me3 levels demonstrated that
while the PRC2 mark was effectively depleted from pro-
genitors, H3K27me3 was retained in post-mitotic MNs
(Supplemental Fig. S6), likely due to compensation by the
Ezh2 homolog Ezh1 (Ezhkova et al. 2011). We found no
change in Hox patterns or MN organization over the
rostrocaudal axis after conditional ablation of Ezh2 (Sup-
plemental Fig. S6). We conclude that PRC2 function is
not necessary within progenitors for correct expression of
Hox genes, further supporting a late role for PRC function.

If PRC1 activity is deployed in early post-mitotic MNs,
then selective late expression of Bmi1 should rescue the
effects of early Bmi1 depletion. To test this, embryos were
coelectroporated with both Bmi1 dsRNA and an Hb9T
Bmi1iresGFP construct and analyzed for changes in Hox
expression and MN identity. Coelectroporation of these
constructs at brachial levels effectively depleted levels of
Bmi1 expression except in individual post-mitotic cells
expressing Hb9TBmi1 (Fig. 5E,F). Because of differences
in the electroporation efficiency between plasmids and
dsRNAs, Bmi1-rescued MNs were typically surrounded
by cells that lacked Bmi1. In cells rescued for Bmi1, 99%
did not express Hoxc9, despite ectopic Hoxc9 expression in
neighboring Bmi1-negative cells (Fig. 5G,H). Furthermore,

65% of Bmi1-rescued cells expressed Hoxc6 and 38%
expressed FoxP1, but only 4% expressed pSmad (Fig. 5I–N;
Supplemental Table S1). Thus, expression of Bmi1 at the
post-mitotic stage can cell-autonomously rescue Hox
patterning and MN identity.

Elevation of Bmi1 expression converts PGC MNs
to an LMC fate

Mice overexpressing Bmi1 globally are characterized by
a caudal shift in the expression of Hox genes within the
mesoderm as well as an accompanying anterior transfor-
mation in vertebral identity (Alkema et al. 1995), suggesting
that Hox patterning along the neuraxis may be similarly
sensitive to Bmi1 levels. In order to investigate a potential
role of Bmi1 dosage in controlling Hox expression in MNs,
we electroporated a constitutive Bmi1-ires-nuclearGFP
expression vector (pCIGTBmi1) into both brachial and
thoracic neural tubes and assessed Hox patterning and
columnar specification. Quantification of nuclear Bmi1
levels revealed an approximately fivefold elevation in
protein levels in electroporated cells. Expression of Hb9
and Isl1/2 remained normal under conditions of elevated
Bmi1, indicating that MN generation was unaffected (Fig.
6A–D; data not shown). In addition, expression of Hoxc6
in brachial LMC MNs was unaffected by Bmi1 elevation,

Figure 6. Elevation of Bmi1 expression at thoracic levels extinguished Hoxc9. (A) Schematic of the effects of Bmi1 elevation at
thoracic levels of the spinal cord. (B,C) Bmi1 expression is elevated after electroporation of a pCIGTBmi1 expression construct. (D)
Bmi1 elevation does not affect MN generation, marked by Isl1/2. (E–G) At brachial levels, Hoxc6 is unaffected, while Hoxc8 expression
is diminished. No ectopic Hoxc9 is observed. (H–J) At thoracic levels, Hoxc9 expression is ablated, and ectopic Hoxc6 is detected. (K)
Serial sections showing that Hoxc6 expression is not affected at brachial levels but is extended caudally. (L–V) Effects of post-mitotic
overexpression of Bmi1 using an Hb9TBmi1-ires-EGFP expression construct. (M–O) Bmi1 expression is increased on the electroporated
half of the embryo but not within the progenitor zone. Isl1/2 expression is unchanged. (P–R) Effects of Bmi1 elevation on brachial Hox
expression. (S–U) Hoxc9 expression in GFP+ cells is reduced, and ectopic Hoxc6 is observed. (V) Extension of Hoxc6 to thoracic levels.
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and no ectopic Hoxc9 was detected (Fig. 6E,F). However,
expression of Hoxc8 was diminished in caudal brachial
LMC MNs, and these cells expressed ectopic Hoxa5 (Fig.
6G; data not shown). At thoracic segments, cells express-
ing high levels of Bmi1 displayed a marked decrease in
Hoxc9, and MNs lacking Hoxc9 ectopically expressed
Hoxc6 (Fig. 6H–K; Supplemental Table S1). These results,
in conjunction with the effects of Bmi1 depletion, suggest
that a subset of Hox genes is sensitive to Bmi1 levels.

To further characterize the effects of elevated Bmi1
expression, we analyzed motor column specification and
peripheral connectivity. At brachial levels, Bmi1 eleva-
tion did not affect motor column identity, as assessed by
FoxP1 and Raldh2 expression, consistent with a preserva-
tion of Hoxc6 expression (data not shown). However, at
thoracic levels, pSmad expression was ablated, and MNs
ectopically expressed high FoxP1 levels and Raldh2, in-
dicating a transformation of the PGC into an LMC iden-
tity (Fig. 7A–D; Supplemental Table S1). The fate switch
observed after Bmi1 overexpression was reflected in the
projection patterns of MNs overexpressing Bmi1, which
failed to innervate the sympathetic chain ganglia (Fig. 7E–
H). Thus, elevation of Bmi1 levels has the inverse effect of
Bmi1 depletion, leading to a caudal shift in Hox expres-
sion and a transformation of MN identity.

We further reasoned that if Bmi1 acts post-mitotically
to regulate MN identity, then late elevation of Bmi1
levels should recapitulate the phenotypes observed when
Bmi1 is overexpressed indiscriminately within the spinal
cord. We therefore electroporated Hb9TBmi1iresGFP and
evaluated MN development. As with pCIGTBmi1, ex-
pression of Hb9 and Isl1/2 were unaffected, indicating
normal MN generation (Fig. 6L–O; data not shown). At
brachial levels, there was no change in Hoxc6, and LMC

identity was retained, although Hoxc8 expression was
diminished (Fig. 6P–R). At thoracic levels, electroporated
cells extinguished Hoxc9 and expressed Hoxc6 (Fig. 6S–V).
Additionally, post-mitotic Bmi1 overexpression ablated
the PGC, thoracic MNs acquired an LMC fate, and motor
axons bypassed the sympathetic ganglia (Fig. 7I–P). Thus,
Hb9TBmi1 embryos displayed the same Hox and co-
lumnar transformation phenotypes as those expressing
elevated Bmi1 throughout the spinal cord, providing sup-
porting evidence that Bmi1 activity regulates Hox ex-
pression post-mitotically.

Bmi1 expression overrides the effects of FGF signaling
on MN organization

Although the levels of Bmi1 are normally homogeneous
throughout the spinal cord (see Supplemental Fig. S6),
Bmi1 gain and loss of function elicit complimentary phe-
notypes, suggesting that Hox genes may be sensitive to
PRC1 activity levels at the time of MN differentiation.
Because Hox patterns are initially controlled through
signaling gradients that vary over the rostrocaudal axis,
we next set out to further define the epistatic relation-
ship between FGF signaling and levels of PRC1 activity.
Two lines of evidence indicate that Bmi1 acts indepen-
dently of FGF to control Hox patterns. First, while
elevation of FGF at brachial levels induces Hoxc9 in
progenitors, removal of Bmi1 fails to do so, suggesting
that Bmi1 acts temporally downstream from FGF. Sec-
ond, manipulation of Bmi1 levels under the Hb9 pro-
moter is capable of switching Hox patterns in MNs,
suggesting that PRC1 actions are deployed near the time
of MN differentiation. These observations suggest a model
in which PRC1 activities at Hox loci along the rostrocaudal

Figure 7. Effects of Bmi1 elevation on MN columnar
identity. (A–D) Effects of Bmi1 elevation on MN co-
lumnar identity at thoracic levels. LMC markers
Raldh2 and (high) FoxP1 are ectopically expressed,
while pSmad expression is extinguished. (E,F) Vibra-
tome sections of chick embryos electroporated with
Hb9TGFP construct to label motor axons (green).
Sympathetic chain ganglia are indicated by yellow
arrows. (G,H) MNs coelectroporated with pCIGTBmi1

have reduced Hoxc9 expression, and their axons are
directed away from the sympathetic chain ganglia. (I–L)
Effects of Hb9TBmi1-ires-EGFP electroporation at tho-
racic levels. FoxP1 expression is elevated, while pSmad
expression is reduced. (M–P) Vibratome sections of chick
embryos electroporated with Hb9-GFP construct to label
motor axons (green). Sympathetic chain ganglia are in-
dicated by yellow arrows. MNs coelectroporated with
Hb9TBmi1-ires-EGFP have reduced Hoxc9 expression,
and their axons are redirected away from the sympathetic
chain ganglia.
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axis are established subsequent to the initial patterns
controlled by morphogens.

If PRC1 activities are set downstream from FGF, then
elevation of Bmi1 levels might be sufficient to ‘‘repro-
gram’’ changes in Hox expression patterns elicited by
elevated FGF8. We therefore tested whether the rostral
shift in Hoxc9 expression induced by FGF8 could be
overcome by coexpressing Bmi1. We coelectroporated
CMVTFGF8 with pCIGTBmi1 and assessed Hox patterns
and MN fate specification. Consistent with previous
studies, expression of FGF8 alone abolished Hoxc6 and
FoxP1 expression and induced Hoxc9 at brachial levels
(Fig. 8A). After coexpression of FGF8 and Bmi1, we found
that Hoxc6 and FoxP1 were effectively rescued in ;30%
of cells that ectopically expressed Bmi1 and that these
cells lacked Hoxc9 (Fig. 8B; Supplemental Table S1).
Because of the non-cell-autonomous nature of the FGF8-
mediated conversion, rescued cells were typically sur-
rounded by cells that expressed ectopic Hoxc9. These
results demonstrate that expression of Bmi1 is sufficient
to cell-autonomously erase the positional identity im-
posed on progenitor cells by early signaling gradients.

Discussion

PRCs are thought to contribute to the molecular memory
of developmental programs by ensuring that certain genes
remain silenced long after the disappearance of early
patterning signals. While Hox genes are well-defined
targets of PRC activities, the mechanisms and timing of
their contributions to Hox regulation during neuronal
specification are poorly defined. Our studies suggest that
Hox-dependent MN subtypes are sensitive to Bmi1 levels
at the time of their differentiation, and altering Bmi1
activity in vivo is sufficient to interconvert the fates of
LMC and PGC neurons. The apparent sensitivity of certain
Hox genes, such as Hoxc9, to Bmi1 levels indicates that one
feature of PRC function is to set and maintain the anterior
limits of key Hox genes at the interface between columnar

subtypes. We discuss these findings in the context of the
developmental regulation of Hox genes and suggest
possible mechanisms of PRC actions in restricting Hox
patterns during MN differentiation.

Control of Hox expression in the developing spinal
cord by PRC1

Analysis of the genomic binding profiles of PRC compo-
nents in ES cells suggests a central role in the control of a
large repertoire of developmentally critical genes (Boyer
et al. 2006; Bracken et al. 2006; Lee et al. 2006). In this
study, we found a more restricted role for the core PRC1
component Bmi1 in the organization of MN subtypes
along the rostrocaudal axis. Ablation of Bmi1 expression
has no affect on progenitor patterning or the differentia-
tion of MNs as a class and is not required in MN columns
that are specified independent of Hox function, such as
the MMC. In contrast, Bmi1 activities are necessary for
the segregation of limb-innervating LMC MNs from
thoracic PGC neurons. We found that manipulation of
Bmi1 levels can switch the fates of MNs at brachial and
thoracic levels of the spinal cord, leading to alterations
in their molecular identity and peripheral connectivity.
These results indicate that PRC1 has a critical but selec-
tive function in MN subtype specification.

The actions of Bmi1 in MN differentiation are medi-
ated through their effects on Hox genes and are distinct
from regulatory interactions previously shown to influ-
ence Hox expression in the spinal cord. Hox patterns are
known to be set during two phases of regulation in pro-
genitors and early post-mitotic neurons. Initially, gradi-
ents of FGFs and RA install a rough pattern of future Hox
expression during formation of the neural tube, a pattern
later refined through cross-repressive interactions (Dasen
and Jessell 2009). At the brachial–thoracic interface, the
repressive actions of Hoxc9 are known to be essential
in defining the posterior boundary of Hoxc6 as well as
excluding Hox4–Hox8 gene paralogs from thoracic levels
(Jung et al. 2010). The absence of the PRC-associated mark

Figure 8. PRC1 reprogramming of early Hox pattern-
ing. (A) Effects of elevating FGF8 at brachial levels.
Hoxc9 is expressed ectopically at brachial levels on
the electroporated side of the cord, while expression of
Hoxc6 is ablated. Expression of FoxP1 is also ablated. (B)
Effects of pCIGTBmi1 and CMVTFGF8 coelectropora-
tion. Bmi1 expression levels are increased in the electro-
porated cells. Hoxc9 is expressed ectopically at brachial
levels, except in cells expressing Bmi1/GFP. Expression
of Hoxc6 is reduced at brachial levels, but cells express-
ing Bmi1/GFP are rescued for Hoxc6. Likewise, expres-
sion of FoxP1 is reduced at brachial levels but rescued in
cells expressing Bmi1.
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at Hox genes repressed by Hoxc9, however, indicates that
this repressive event does not require PRC function.

Our results indicate that PRC activities are used to
selectively delimit the anterior extent of Hox expression
in MNs. We found that at a given segmental level, Hox
genes expressed at more caudal regions are characterized
by the presence of PRC marks (Fig. 9A). At brachial levels,
the Hoxc9 gene bears the H3K27me3 mark and is occupied
by Bmi1, suggesting PRC1 function may be required for its
exclusion. Consistent with this idea, depletion of Bmi1 at
brachial levels leads to ectopic Hoxc9 rostral to its normal
boundary. Under these conditions, the loss of Hoxc6 from
brachial MNs appears to be a consequence of ectopic
Hoxc9, since combined depletion of Bmi1 and Hoxc9
preserves Hoxc6 and LMC specification (Fig. 9A). These
findings indicate that PRC1 activities are integrated with
Polycomb-independent Hox cross-repression to ensure
the establishment of proper Hox boundaries in MNs.

Timing of PRC actions in MN development

While the chromatin marks deposited by PRC2 in all
three germ layers are sequentially removed from Hox loci
at early stages of development (Soshnikova and Duboule
2009), our data suggest a relatively late role for PRC1 in
controlling the final pattern of Hox protein expression.

We found that both elevation of FGF8 signaling and loss
of Bmi1 at brachial levels induce Hoxc9 and convert LMC
MNs to a PGC fate. However, the progenitor pattern of
Hoxc9 is unchanged under conditions of Bmi1 depletion,
and unlike the effects FGF8 exposure, ectopic Hoxc9 is
observed only just before the first post-mitotic MNs
appear. Moreover, loss of the H3K27me3 mark from MN
progenitors fails to alter Hox patterns in MNs, while post-
mitotic Bmi1 expression is sufficient to rescue early Bmi1
depletion. These observations point to a relatively late
role for PRC1 to refine and maintain Hox patterns sub-
sequent to early signaling gradients.

If Hox gene expression is initially set in neural pro-
genitors, why might PRC1 act in early post-mitotic neu-
rons? One possible scenario is that a temporal delay in
PRC1-mediated repression might be used to ensure this re-
striction is developmentally linked to Hox cross-repressive
activities. While the transcription of the Hoxc6, Hoxc9,
and Hoxc10 genes are sequentially activated along the
rostrocaudal axis at the progenitor phase (Dasen et al.
2003), Hox proteins are either weakly expressed or un-
detectable, with most proteins observed only in post-
mitotic neurons. Thus, Hox cross-repressive interactions
can only emerge as MNs differentiate. For the case of
Hoxc9, the restriction of its expression to thoracic levels
has an essential role in creating a permissive environ-

Figure 9. Model for PRCs in controlling Hox expression and MN columnar topography. (A) Summary of the effects of Bmi1
manipulations on Hox expression and columnar position at the brachial/thoracic boundary. Bmi1 depletion leads to ectopic Hoxc9
expression at thoracic levels and converts LMC MNs to a PGC fate. Loss of Hoxc6 is due to ectopic Hoxc9, as combined Hoxc9 and
Bmi1 depletion rescues the phenotype. Elevation of Bmi1 at thoracic levels represses Hoxc9 and converts PGC MNs to an LMC fate. (B)
Control of Hox gene expression in MNs by signaling gradients, PRCs, and cross-repression. Hox transcription is initiated in neural
progenitors through the actions of positional gradients. Anterior boundaries are reinforced through the action of PRC1. Posterior
boundaries are controlled through Hox cross-repressive interactions.
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ment for the emergence of the Hox4–Hox8 gene network
required for LMC diversification (Jung et al. 2010). PRC1
action may therefore be deployed only at the time nec-
essary to establish the final pattern of Hoxc9 (Fig. 9B).

PcG function in vertebrate Hox gene regulation

While the roles of PcG complexes in regulating Hox
expression in Drosophila have been extensively studied,
it is unclear whether the mechanisms of recruitment are
preserved in vertebrates. In Drosophila, PcG complexes
are recruited by PREs, conserved sequence elements that
are capable of conferring PRC-dependent repression. In
contrast, PRC1 and PRC2 appear to be broadly distributed
across Hox loci in vertebrates (Bracken et al. 2006; Lee
et al. 2006; Rinn et al. 2007), raising the question of
whether their recruitment relies on PREs. Recently, the
presence of a PRE within the HoxD locus that confers
PcG-dependent repression has been reported (Woo et al.
2010). While the identification of additional PREs will
facilitate analysis of Hox gene regulation in vertebrates,
one confounding factor may be varied strategies used to
regulate Hox genes in different cell types, and if additional
PREs exist, they will have distinct functions within a
particular cellular context.

Our results suggest that that in MNs, the Hoxc9 gene is
particularly sensitive to the loss of PRC1 activity. We
found that Bmi1 depletion fails to derepress Hoxc6 at
cervical levels, and at thoracic levels, the majority of
ectopic Hox10+ cells are found in the dorsal spinal cord.
The apparent bias toward Hoxc9 regulation in MNs is
consistent with microarray analysis of Bmi1 mutant
neurospheres, showing Hox9 genes as the most signifi-
cantly derepressed, with few changes in other Hox paralogs
(Molofsky et al. 2003). The regulation of Hoxc9 by Bmi1
may reflect a greater need to ensure a restricted domain of
expression, as Hoxc9 has a unique role in controlling MN
topography, and unlike most Hox genes, this activity is
not compensated by other paralogs (Jung et al. 2010). The
HoxC locus, like the HoxD cluster (Tschopp et al. 2012),
may contain regulatory elements that are geared toward
the regulation of only a subset of critical Hox genes in the
context of neural tissue.

PRC1 activity levels control Hox expression in MNs

We observed that overexpression of Bmi1 at thoracic
levels represses Hoxc9 and converts PGC MNs to an
LMC fate. These effects are somewhat surprising, given
that at this level of the spinal cord, the Hoxc9 gene does
not carry the H3K27me3 mark thought to be necessary
for PRC1 recruitment. Neighboring genes in the HoxC
cluster, such as Hoxc10, do, however, contain the PRC2
mark at thoracic levels; thus, it is possible that the effects
of PRC1 overexpression reflect an action of neighboring
Hox genes on Hoxc9. One plausible scenario is that Bmi1
elevation retains Hoxc9 in association with transcrip-
tionally inactive regions of the cluster. Alternatively,
Bmi1 may act like a DNA-binding transcription factor,
with a bias toward regulating Hoxc9. DNA-binding
activities have been reported for Bmi1 and its homologs,

and a Bmi1 response element has been shown to be
present in the Hoxc9 gene (Meng et al. 2010).

Regardless of the precise mechanisms, the effects of
Bmi1 depletion and overexpression indicate that in MNs,
HoxC genes are sensitive to the overall levels of PRC1
activities. If PRC1 activity levels are critical in defining
Hox patterns, how might this system operate during
normal development? The level and distribution of
Bmi1 expression remains constant over the rostrocaudal
axis, indicating that PRC1 activities are not set through
graded expression. One possibility is that Bmi1 acts as
a limiting factor that can grossly raise or lower the overall
activity of PRC1, while additional factors are responsible
for the graded activity of the complex over the rostrocaudal
axis. One candidate for such a partner is a long noncod-
ing RNA (lncRNA), which appears to regulate PRC bind-
ing at several loci, including Hox clusters (Spitale et al.
2011). Differential transcription of such an RNA over the
rostrocaudal axis could have the effect of grading PRC
recruitment to Hox loci. The recent identification of thou-
sands of lncRNAs acting both in cis and in trans (Guttman
et al. 2011) will confound defining whether they contribute
to Hox gene regulation, and moreover, genetic evidence
supporting an instructive role for lncRNAs is currently
lacking (Schorderet and Duboule 2011). Nevertheless, if
such a graded component exists, it would provide an
attractive candidate for linking the early positional gra-
dients to the chromatin modifications necessary for pre-
cisely controlling Hox patterns in the CNS.

Materials and methods

ChIP assays

Cervical, brachial, thoracic, and lumbar spinal cords were
dissected, and tissues were homogenized in 1.1% formaldehyde
using a dounce B homogenizer. Chromatin was extracted and
fragmented by sonication. Chromatin extracts (20 mg) were in-
cubated overnight at 4°C with 4–5 mg of either specific anti-
bodies or species-matched immunoglobulins (IgGs). Protein
A/G-agarose beads (Roche) were added for 2.5 h at 4°C, and
complexes were washed seven times with RIPA and eluted
with 1% SDS. DNA–protein de-cross-linking was performed
overnight at 65°C followed by RNase and then proteinase
K treatment. DNA was purified via QIAprep spin columns
(Qiagen). Hox promoter regions were amplified using SYBR
Green PCR master mix (Applied Biosystems) and detected by
quantitative PCR. Oligonucleotide sequences are provided in the
Supplemental Material. Fold enrichments were calculated over
IgG: Fold enrichment = 2�(DCt), where DCt = (CtIP � CtIgG). Fold
enrichments over 10% input were similar to fold enrichment
over IgG. The following antibodies were used: rabbit anti-
H3K27me3 (Millipore), rabbit anti-H3K4me3 (Millipore), mouse
anti-Bmi1 (Millipore), and rabbit anti-mouse IgG (Millipore).

In ovo electroporation

Electroporation of plasmids and dsRNAs was performed as
described (Dasen et al. 2005). To identify electroporated neurons,
siRNAs (final concentration 8.5 mg/mL) were combined with a
nuclear LacZ expression plasmid (final concentration 0.5 mg/mL).
The target sequence against chick Bmi1 was 59-AGAACAGA
CUGGAACGAAAUU-39. Results are representative of at least
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two electroporated embryos in which the electroporation effi-
ciency in MNs was >60%. Quantification of the effects of gene
manipulations is shown in Supplemental Table S1.

In situ hybridization and immunohistochemistry

In situ hybridization and immunohistochemistry were per-
formed as described (Jung et al. 2010). GFP-labeled axons were
visualized in projections of confocal Z-stacks (500–1000 mm).
Antibodies against Hox proteins, LIM HD proteins, and other
proteins were generated as described (Dasen et al. 2005, 2008).
Additional antibodies were used as follows: mouse anti-Bmi1
(1:600; Millipore), rabbit anti-GFP (1:1000; Invitrogen), rabbit
anti-H3K27me3 (Millipore), and rabbit anti-EED (1:1000; Abcam).
Quantification of protein levels was performed as previously
described (Dasen et al. 2008).

RNA isolation and RT–PCR

RNA was isolated from tissues via TRIzol LS reagent (Invitrogen)
according to the manufacturer’s instructions. First strand cDNA
was synthesized from ;100 ng of RNA using the SuperScript II
First Strand Synthesis system for RT–PCR (Invitrogen). cDNA
was amplified using SYBR Green PCR master mix and detected
by quantitative PCR. Fold enrichments were calculated over
GAPDH: Fold enrichment = 2�(DCt), where DCt = (CtHox/Bmi1�
CtGAPDH).
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