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Abstract

The chromosomally-arrayed Hox gene family plays central roles in embryonic patterning and the 

specification of cell identities throughout the animal kingdom. In vertebrates, the relatively large 

number of Hox genes and pervasive expression throughout the body has hindered understanding 

of their biological roles during differentiation. Studies on the subtype diversification of spinal 

motor neurons (MNs) have provided a tractable system to explore the function of Hox genes 

during differentiation, and have provided an entry point to explore how neuronal fate determinants 

contribute to motor circuit assembly. Recent work, using both in vitro and in vivo models of MN 

subtype differentiation, have revealed how patterning morphogens and regulation of chromatin 

structure determine cell-type specific programs of gene expression. These studies have not only 

shed light on basic mechanisms of rostrocaudal patterning in vertebrates, but also have illuminated 

mechanistic principles of gene regulation that likely operate in the development and maintenance 

of terminal fates in other systems.
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1. Introduction

Our ability to coordinately move and interact with the environment relies on the activity 

of neural circuits within the spinal cord. A key step in the assembly of motor circuits is 

the establishment of synaptic connections between spinal motor neurons (MNs) and their 

peripheral targets. The ability of mammalian nervous systems to coordinate movement 

depends on the generation of dozens of anatomically and functionally distinct MN subtypes. 

In vertebrates, spinal MN subtypes are housed in motor columns longitudinally arrayed 

along the rostrocaudal axis. Each motor column is further subdivided into motor pools, 
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clustered groups of MNs that target a single muscle. Motor columns and pools are 

positionally-defined along the rostrocaudal axis, and their location is largely stereotyped 

between animals of the same species. Over the past decade significant progress has been 

made in define the genetic programs that determine the molecular profiles and connectivity 

of diverse spinal MN subtypes (Dasen., 2022; Stifani., 2014; Osseward and Pfaff., 2019).

The selective and regulated expression of transcription factors (TFs) is integral during MN 

differentiation, with cell-type specific TF activity driving expression of effector genes that 

confer MN molecular identities and synaptic specificity. Central to spinal MN diversification 

is the large family of TFs encoded by chromosomally arrayed Homeobox (Hox) genes. 

Hox genes determine key features of MN fates including subtype-specific molecular 

profiles, somatotopic organization, and postsynaptic specificity (Phillipidou and Dasen, 

2013; Carpenter, 2002; Dasen and Jessell., 2009). Hox genes are conserved in all metazoans, 

and their activity confers the rostrocaudal positional identity of neural and non-neuronal 

tissues in all organisms that have been examined (Ferrier and Holland., 2001; Hobert., 2021; 

Venkatasubramanian and Mann., 2019).

In addition to MNs, Hox genes function in the diversification of multiple classes of spinal 

neurons, operating both during early development and after terminal differentiation. Recent 

studies have shown Hox genes are involved in the subtype diversification of proprioceptive 

sensory neurons, spinal projection neurons, and locally-connected spinal interneurons 

(Sweeney et al., 2018; Shin et al., 2020; Baek et al., 2019). After differentiation, Hox genes 

are also required to maintain expression of genes that define terminal fates (Catela et al., 

2022). Understanding the mechanisms by which Hox genes are regulated and maintained 

could provide insights into how spinal circuits are assembled during development and 

contribute to mature functional features of MNs.

This review outlines the mechanisms of Hox gene regulation during spinal cord 

development, focusing on the process of MN subtype differentiation. We will categorize 

these regulatory mechanisms in relation to the relative stages of neural differentiation. 

Namely, the early silencing of Hox expression preceding gastrulation, the establishment and 

further refinement of Hox expression domains during axis extension, and the postmitotic 

maintenance of Hox pattern. We outline the known and emerging mechanisms of Hox gene 

regulation, focusing on the regulatory mechanism operating within the developing spinal 

cord. In doing so, we hope to summarize the current knowledge on the regulation of Hox 
genes during neural development and provide a background for further study.

2. Hox gene organization and the subtype diversification of spinal MNs

Each Hox gene is characterized by a shared ~180 bp sequence element, encoding a 60 

amino acid DNA-binding motif termed the Homeodomain (HD) (McGinnis et al., 1984; 

Scott and Weiner., 1984). Possessing a HD allows Hox proteins to associate with targets and 

directly regulate gene expression. Comparative genetic studies have found that Hox genes 

are conserved in vertebrates and other Animalia, from protostomes to humans (Carrasco 

et al., 1984; McGinnis et al., 1984; Burglin and Affolter, 2016; Gaunt, SJ. 2018; Pascual-

Anaya J, et al. 2013; Ferrier and Holland, 2001). Analyses of Hox gene organization has led 

Miller and Dasen Page 2

Semin Cell Dev Biol. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to the understanding that Hox clusters were generated during repeated cycles of tandem gene 

duplications, combined with slow acquisition of new Hox regulatory functions (Gehring et 

al., 2009; Deschamps and Duboule, 2017; Krumlauf, 2018).

2.1 Vertebrate Hox clusters and early neural expression pattern

In tetrapods, Hox genes reside within four chromosomally-arrayed Hox clusters termed 

HoxA, HoxB, HoxC, and HoxD. Due to an additional round of genome duplication, 

zebrafish, salmon, pufferfish and medaka, have an average of 7 clusters (Woltering and 

Durston, 2006). The ordering of individual Hox genes within a cluster is linked to the timing 

of their induction and spatial domains of expression. This correlation is termed temporal 

and spatial collinearity, with early- and rostrally-expressed Hox genes positioned 3’ in the 

cluster, while late- and caudal-expressed Hox genes existing 5’ (Izpisua-Belmont et al., 

1991; Gaunt et al., 2018). A prevailing model is that Hox gene clustering arose from the 

necessity to sequentially activate individual genes along the chromosome, reflecting the 

progressive opening of repressive chromatin structure (Gaunt and Gaunt, 2016; Soshnikova 

and Duboule, 2009). Interestingly, in some species where Hox genes lack a clustered 

organization, such as in the larvacean tunicate Oikopleura dioica, some aspects of temporal 

and spatial collinearity are retained (Gaunt, 2018; Pascual-Anaya et al., 2013).

The function of Hox genes during embryonic development has been intensely studied in 

both vertebrates and invertebrates, with mutation of individual Hox genes often having a 

profound impact on the formation of spatially resolved structures (Philippidou and Dasen., 

2013; Mallo et al., 2010; Mallo and Alonso, 2013). The majority of Hox genes are expressed 

within the developing CNS, and the activity of over a dozen Hox genes are involved in 

the diversification and synaptic specificity of spinal MN subtypes (Philippidou and Dasen, 

2013). Hox1-Hox4 paralogs are expressed in the developing hindbrain, where their activity 

patterns the development of transiently-segmented structures called rhombomeres (Parker 

and Krumlauf, 2020). In regions of the neural tube that eventually give rise to the spinal 

cord, Hox4-Hox13 genes are expressed.

2.2 Hox function in spinal MN diversification and connectivity

In the spinal cord, Hox genes determine the subtype identity and connectivity of 

segmentally-restricted MN subtypes (Dasen., 2020). Here we provide a brief summary of the 

known functions of Hox proteins during two key steps in MN diversification – the formation 

of motor columns and motor pools. Motor columns are longitudinally arrayed groups of 

MNs that project their axons to a specific region (e.g. limb or axial muscle) (Fig. 1 A,B). 

Within each motor column, MNs further segregate into motor pools, each pool innervating a 

single muscle. Motor columns and pools are generated within defined rostrocaudal positions, 

and multiple columns and pools can occupy a single segment. While most MNs rely on Hox 
function in tetrapods, MNs targeting axial muscle (HMC and MMC neurons) do not appear 

to rely on Hox function for their specification (Fig. 1C).

Hox proteins promote MN diversification through regulating expression of other fate 

determinants and can act in concert with additional TF classes, including Lim-, Mnx-, and 

Pbx homeodomain factors. A key direct target of Hox proteins in MNs is the transcription 
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factor Foxp1, which is induced at high levels by multiple Hox proteins expressed by limb-

innervating LMC neurons, and at reduced levels by Hoxc9 in thoracic preganglionic column 

(PGC) neurons (Fig. 1A,B) (Jung et al., 2014, Jung et al., 2010, Lacombe et al., 2013, 

Dasen et al., 2003). Mutation of Foxp1 in mice leads to a loss of molecular signature for 

Hox-dependent MN columnar and pool subtypes, and reversion of MN identities to the more 

ancestral axial MN fate (Dasen et al., 2008; Rousso et al., 2008). Subsequent to its induction 

by Hox proteins, Foxp1 also acts act in conjunction with Hox proteins in LMC neurons to 

promote motor pools fates (Fig. 1E).

In forelimb LMC neurons, multiple genes in the Hox4-Hox8 paralog group are involved 

in specifying motor pools. For example, Hoxc8 is essential for establishing the molecular 

identities and connectivity of MN pools targeting distal forelimb muscles. Hoxc8 contributes 

to motor pool fates by regulating expression of Ret and GFRα surface receptor genes that 

are essential for proper forelimb innervation (Fig. 1D, E) (Catela et al., 2016). Individual 

Hox genes and paralog groups also play more restricted roles in MN diversification. For 

example, two Hox5 paralogs (Hoxa5 and Hoxc5) are essential for the development of 

phrenic MNs targeting respiratory muscle (Philippidou et al., 2012). Recent studies indicate 

Hox5 proteins regulate expression of cadherin proteins involved in phrenic MN clustering 

and connectivity to premotor respiratory networks (Fig. 1B) (Vagnozzi et al., 2020). As 

described later, loss of Hox function also can also lead to MN fate transformations through 

derepression of Hox genes normally expressed in adjacent segments.

Hox proteins also act in conjunction with more broadly expressed co-factors promote fate 

MN specification. Members of the Pbx family are well known cofactors for Hox proteins, 

which and enhance the affinity and specificity of Hox proteins to target sites (Bobola and 

Sagerström., 2022). After deletion of Pbx genes (Pbx1 and Pbx3) from MNs in mice, 

Hox-dependent subtype features are lost (Hanley et al., 2016). Pbx mutants are therefore 

similar to Foxp1 mutants, but appear to affect a broader range of MN subtypes, including 

phrenic MNs. Pbx TFs also have Hox-independent functions that promote the organization 

of axial MNs, as Pbx mutants are characterized an erosion in axial MN molecular signatures 

and somatotopic organization (Hanley et al., 2016).

3. Establishing presumptive Hox boundaries in neural progenitors

In order to specify MN fates, Hox expression must be precisely regulated during 

development. Immediately following gastrulation, Hox1-Hox3 paralogs are expressed in 

the mesoderm and weakly expressed in the epiblast at the caudal section of the primitive 

streak (Deschamps and Wijgerde, 1993; Young and Deschamps, 2009). As the embryo 

lengthens, expression of these early Hox genes extends rostrally, eventually reaching their 

definitive boundaries in the neuroectoderm, mesoderm, and endoderm. The initial induction 

of Hox genes, and therefore the axial patterning of the embryo, appears to occur prior 

to neurogenesis (Metzis et al., 2018). The exact rostral limit of Hox expression is more 

rostral for 3’ genes than 5’. This rostral extension of the Hox domains results in an 

overlapping pattern of expression which is further refined, to produce demarcated Hox 
expression domains (Fig. 2A). In the following subsections, we will discuss how signaling 

Miller and Dasen Page 4

Semin Cell Dev Biol. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from extrinsic morphogens, regulation of chromatin structure, and intrinsic factors establish 

presumptive Hox domains in the neural tube during axial elongation.

3.1 Regulation of axial positional identities by morphogens during neurogenesis

In neural progenitors, retinoic acid (RA) signaling functions to promote the expression of 

Hox1-Hox5 paralogs, while fibroblast growth factor signaling (FGF) initiates caudal Hox 
expression in conjunction with Wnt signaling. The synthesis of RA during development 

is regulated by Retinaldehyde Dehydrogenase 2 (RALDH2), which is expressed in trunk 

somites and presomitic mesoderm (Niederreither et al., 1997). In addition, RA is degraded 

by Cytochrome P450 26 proteins (CYP26A1/B1/C1) expressed in the tailbud, creating a 

rostral-caudal gradient of RA activity along the neural tube (Bernheim et al., 2020). Fgf8 
is transcribed in the tail bud and generates a caudal-rostral gradient through mRNA decay 

(Dubrulle and Pourquié, 2004). FGF signaling also restricts RA synthesis by activating 

CYP26A1 expression (Niederreither et al., 2002), preventing RA signaling in regions of 

high FGF (Boulet et al., 2012; Diez del Corral., 2003). In rostral regions, RA inhibits 

the expression of FGF8 through binding of retinoic acid receptors (RARs) at regulatory 

sequence upstream of the gene (Kumar and Duester, 2014, Diez del Corral et al., 2003). 

RA and FGF therefore sets up rostrocaudal patterning through reciprocal cross-regulatory 

interactions (Diez del Corral and Storey, 2004), providing the necessary inductive signals to 

establish the early pattern of Hox expressions (Fig. 2A).

3.2 Retinoic acid and rostral patterning of Hox expression in spinal progenitors

The initial rostral expansion of Hox expression in the neural tube is driven by the activity of 

RA, which is essential for many developmental processes including rostrocaudal patterning, 

somitogenesis, and neural development (Iimura et al., 2019; Janesick et al., 2019). Following 

synthesis of RA and diffusion to neighboring cells, RA acts as a ligand for RARs which 

heterodimerize with Retinoic X Receptors (RXRs), both of which are widely expressed in 

many tissues (Kastner et al., 1997; Diez del Corral et al., 2002; Mahoney et al., 2011). 

In the presence of RA, RAR-RXR heterodimers interact with co-activator complexes at 

Retinoic Acid Response Elements (RAREs) to activate gene expression. These RAREs are 

exemplified by direct repeats of the hexameric “(A/G)G(G/T)TCA”, often found in close 

proximity to promoter regions of target genes (Lalevée et al., 2011; Mahoney et al., 2011). 

Once activated by RA and bound to RAREs, RAR/RXRs can initiate transcription through 

the interactions with general coactivators and RNA Polymerase II machinery.

Genes within Hox clusters are differentially susceptible to RA concentration, with genes 

such as Hoxa1 rapidly induced following RA induction and more caudal Hox genes 

responding more slowly. RAREs have been found proximal to Hox1-Hox5 genes (Nolte 

and Krumlauf., 2013; Mazzoni et al., 2013, Nolte et al., 2019). They primarily function to 

promote the expression of nearby Hox genes, but in the developing heart and gut RAREs 

flanking the HoxB cluster have been found to distally regulate Hox expression over longer 

genomic distances (Nolte et al., 2013; Qian et al., 2018).

The mechanisms of gene activation following RA induction is varied. During hindbrain 

patterning, RARs associated with the promoter of Hoxa1 and in the absence of RA pause 
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RNA PolII and prevent transcription (Gaertner et al., 2012). Activation of RARs by RA 

results in the unpausing of RNA PolII and the fast release of repression. Contrasting 

this, RARs are only recruited to the RARE proximal to Hoxb1 in the presence of RA, 

thereby resulting in a slower onset of transcription compared to Hoxa1 (Lin et al., 2011). 

Preliminary evidence suggests that regions flanking the core RARE sequence dictate 

enhancer strength, and thus the differential sensitivity of Hox groups to RA concentrations.

3.3 Roles of RA and TAD boundaries in regulating Hox expression in MN progenitors

The induction of Hox1-Hox5 genes by RA in ESC-derived MNs (ESC-MNs) is associated 

with the clearance of Polycomb-associated repressive H3K27me3 histone marks and 

presence of Trithorax complex-associated activation histone marks (H3K4me) (Fig. 2B) 

(Mazzoni et al., 2013; Narendra et al., 2015). The extent of clearance of PRC repressive 

marks is constrained by the position of binding sites for CTCF (CCCTC-binding factor). 

CTCF is an evolutionarily conserved DNA binding protein that localizes to borders between 

topologically-associated domains (TADs), mega-base regions of localized chromatin 

interactions (Dixon et al., 2012). Although the precise functions of TADs in regulating gene 

expression are unclear, CTCF binding at TAD boundaries appears to act as an insulator that 

prevents interactions between enhancer and repressor elements in neighboring TADs (Batut 

et al., 2022). Studies in the developing mouse limb bud support an essential role for CTCF 

function and its binding sites in regulating the pattern of Hox expression (Soshnikova et al., 

2012; Rodríguez-Carballo et al., 2020).

Studies in ESC-MNs have examined the role of CTCF sites in the regulation of Hox 
expression during neural patterning. Deletion of a CTCF binding site between Hoxa5 and 

Hoxa6 (C5∣6) results in the ectopic expression of Hoxa7 following RA induction. Combined 

deletion of the Hoxa5∣6 site and a CTCF site located between Hoxa7 and Hoxa9 (C7∣C9) 

leads to the loss of the C5∣6 TAD boundary and ectopic expression of Hoxa7-Hoxa10 genes 

(Fig. 2C) (Narendra et al., 2015, Narendra et al., 2016). Similar deletion of CTCF sites from 

the HoxC cluster result in ectopic expression of Hoxc6 and Foxp1 in ESC-derived MNs 

(Narendra et al., 2016).

Studies performed in vivo also support a role for CTCF sites in Hox gene regulation. 

Mutation of CTCF binding sites in the HoxA and HoxC clusters leads to a homeotic 

transformation of axial skeletal elements, confirming that CTCF is required for Hox-

dependent body patterning (Narendra et al., 2016). A participating cofactor in the CTCF 

complex, Myc-Associated Z-Finger (MAZ) has also been found to directly interact with 

CTCF in ESC-MNs, and is required for the demarcation of active-inactive compartments 

of the HoxA cluster (Ortabozkoyun et al., 2022). These results indicate that transcriptional 

activation of Hox genes following RA treatment is constrained by the activity of CTCF and 

MAZ, preventing large-scale derepression of the Hox clusters.

3.4 FGFs induce caudal Hox genes in spinal progenitors via Cdx proteins

In addition to the regulation of Hox1-Hox5 paralog groups by RA, FGFs provide a 

caudalizing signal for patterning Hox expression in the neural tube. FGFs are known to 

be involved in many aspects of early vertebrate development, including endoderm formation, 
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gastrulation, and neural induction (Böttcher and Neihrs, 2002). Early evidence supporting 

a role for FGF in caudalization of Hox patterning came from studies in Xenopus, where 

FGFs were shown to upregulate caudal Hox gene expression in a dose-dependent manner 

(Lamb and Harland., 1995). Higher concentrations of FGF results in the expression of 

progressively 5’ Hox genes (Pownall et al., 1996; Kengaku and Okamoto., 1993; Cox and 

Hemmati-Brivanlou., 1995). Furthermore, expression of a dominant-negative FGFR results 

in the reduction of Hoxb9 expression and defects in caudal CNS development (Godsave 

and Durston., 1997). In mice, hypomorphic mutants of FGFR1 results in caudal shifts in 

expression of Hoxd4 and Hoxb9 (Partanen et al., 1998).

In explants of chick neural progenitors, addition of FGF8 is sufficient to promote expression 

of Hoxc6, Hoxc8, and Hoxc9 in MNs in a dose dependent manner (Liu et al., 2001), 

indicating that Hox genes are sensitive to graded level of FGF. Similarly, adding FGFs to 

cultured chicken embryos results in a rostral shift of Hoxb9 expression (Bel-Vialar et al., 

2002). Elevation of FGF8 signaling in vivo extends the rostral limits of Hoxc9 expression 

into in brachial-level MN progenitors, which in turn inhibits the expression of Hoxc6 (Dasen 

et al., 2003). The transformation of Hox pattern after FGF elevation also leads to a switch in 

MNs fates in brachial segments, causing a loss of the LMC marker Raldh2 and a gain of the 

PGC marker Bmp5 (Dasen et al., 2003). Thus, elevation of FGF8 expression results in the 

transformation of brachial spinal MNs into a thoracic identity.

The induction of caudal Hox paralogs by FGF is mediated through the activity of Cdx 

homeodomain proteins. FGF signaling promotes expression of Cdx genes in chick and 

Xenopus through cooperation with Wnt and MAP kinase pathways (Bel-Vialar et al., 2002; 

Keenan et al., 2006; Nothrop and Kimmelman., 1994; Young et al., 2009). Overexpression 

of an activated form of the Xenopus homolog of Cdx, XcadVP16, results in an upregulation 

of Hoxb9 and rostral extension of its expression domain (Bel-Vialar et al., 2002). By 

contrast, expression of a dominant negative allele of Xcad3 abrogate activation of Hoxb9 
following FGF treatment, showing the role of the Cdx family downstream of FGF (Isaacs et 

al., 1998).

Studies in ESC-MNs indicate that Cdx2 directly binds at caudal Hox genes and its binding 

is associated with the removal of H3K27me3 repressive marks from Hox6-Hox9 genes in 

the presence of FGF (Fig. 2B) (Neijts et al., 2017; Mazzoni et al., 2013). Cdx/FGF signaling 

also decompacts Hox clusters and enables the deposition of the activating H3K27ac signal 

(Mazzoni et al., 2014; Neijts et al., 2016; Neijts et al., 2017). Complete removal of 

H3K27me3, and thus full activation of more caudal Hox paralogs, likely requires additional 

patterning signals. These signals include Gdf11, which has been shown to be necessary for 

activation of Hox10 genes chick explants, mouse embryos, and human ESC-MNs (Shi and 

Liu., 2011; Liu., 2006; Mouilleau et al., 2021). This work indicates that extrinsic signals and 

Cdx proteins regulate the chromatin landscape of Hox clusters, removing inhibitory marks 

and making Hox targets available for transcriptional activation.

In addition to binding of Cdx and RAR within Hox clusters, distal regulatory control 

regions, and topological DNA organization have been implicated in the regulation Hox 
expression (Darbellay and Duboule., 2016). Defining the specific contributions of local 
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and long-range regulatory elements in regulating Hox expression and chromatin structure 

has been challenging to disentangle. To tease apart the functional requirement for specific 

genomic elements, a synthetic construct of the rat HoxA cluster has recently been developed 

for fine control of cis-regulatory elements within the cluster (Pinglay et al., 2022). 

Consistent with previous studies, deletion of RAREs within the 3’-region HoxA cluster 

prevented removal of H3K27me3 marks after RA treatment, and Hox1-Hox5 failed to 

be activated. By contrast, the absence of distal enhancers had no effect on chromatin 

remodeling in response to RA, but were required for high levels of Hox gene expression. 

These studies support a model in which internal elements within the Hox clusters, such as 

local RAR, Cdx, and CTCF binding sites, are necessary to establish appropriate patterns 

of Hox gene expression, while distal enhancers are required for robust levels of gene 

expression.

4. Hox cross-repressive interactions and establishment of postmitotic MN 

positional identities

Following the morphogen-induced patterning of Hox expression in neural progenitors, there 

is initially considerable overlap between the domains of Hox expression in caudal segments 

of the neural tube. In order to correctly specify neuronal subtype identities, Hox gene 

expression is further restricted along the rostrocaudal axis and within a single segment. This 

pattern of refinement is driven through direct cross-regulatory interactions between Hox 

proteins and Hox genes and appears to occur in postmitotic neurons.

Pairs of Hox genes display mutually-exclusive patterns of expression in MNs along 

the rostrocaudal axis, similar to the boundaries of TF expression established in spinal 

progenitors along the dorsoventral axis (Dasen et al., 2003; Dasen et al., 2005; Briscoe et 

al., 2000). For example, the boundary between brachial and thoracic segments is established 

through cross-repressive interactions between Hoxc6 and Hoxc9, which demarcates the 

positional boundary between limb-innervating LMC and thoracic PGC neurons (Fig. 3A). 

Ectopic postmitotic expression of Hoxc9 in brachial segments can inhibit expression of 

Hoxc6 and other brachial-expressed Hox genes, while mutation in Hoxc9 in mice results 

in derepression of brachial Hox genes in thoracic segments (Jung et al., 2010). Depression 

of brachial Hox genes in Hoxc9 mutants leads to an extension of forelimb-innervating MN 

subtypes into thoracic segments. Interestingly, in vertebrates which normally lack brachial 

limb MN subtypes, such as in limbless snakes, the pattern of Hoxc9 extends throughout the 

spinal cord and is associated with an absence of Hox4-Hox8 paralog expression by MNs 

(Jung et al., 2014). Although the precise mechanisms that determine the expanded domain of 

Hoxc9 in snakes is unclear, these observations suggest that changes in Hox gene expression 

contributed to the evolutionary of spinal MN organization. This idea is further supported by 

studies in the little skate Leucoraja erinacea, which lack the Hoxc9 gene, and display an 

expanded domain of fin-innervating LMC neurons along the spinal cord (Jung et al., 2018).

Cross-repressive interactions can also occur within a single segmental level of the spinal 

cord. For example, cross-repressive interactions between Hox4-Hox8 genes determine 

identity of motor pools within the brachial LMC (Dasen et al., 2005; Catela et al., 2016). 
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However, not all intrasegmental Hox cross-repressive interactions give rise to mutually 

exclusive expression of Hox genes. For example, interactions between Hoxc6, Hoxc8, and 

Hoxc9 allow for the specification of a subtype of LMC neuron that innervate forelimb 

digits (Fig. 1E) (Mendelsohn et al., 2017). These MNs lack the canonical limb MN 

determinant Hoxc6, and express low levels of Hoxc9 and Hoxc8, possibly reflecting 

differential weighting in the repressive activity of Hoxc9 towards the Hoxc8 and Hoxc6 
genes.

Studies in ESC-MNs indicate that cross-repressive activities are mediated through direct 

interactions of Hox proteins on Hox genes. Chip-seq studies in ESC-MNs show that Hoxc9 

binds to genomic regions near Hox4-Hox8 paralogs (Jung et al., 2010; Bulajić et al., 2020). 

Misexpression of more caudally-expressed Hox genes such as Hoxc10 or Hoxc13 results in 

the repression of a larger group Hox genes. For example, misexpression of Hoxc13 in chick 

represses Hox4-Hox10 paralogs, and binds at additional 5’-sites within Hox clusters (Sawai 

et al., 2022; Bujalic et al., 2020). The extent to which Hox genes are repressed therefore 

appears to correlate with cluster position, with proteins encoded by 5’-Hox genes repressing 

larger number of 3‘-Hox genes. This ability of caudal Hox genes to repress more rostral Hox 
genes is reminiscent of a phenomena first described in Drosophila called termed posterior 

dominance or phenotype repression (Duboule and Morata, 1994).

5. Post-transcriptional regulation of Hox genes by non-coding RNAs

The pattern of Hox expression in MNs can also be fine-tuned by non-coding RNAs that 

post-transcriptionally regulate specific Hox genes. A major class of ncRNAs, long non-

coding RNAs (lncRNAs), have been implicated in Hox gene regulation. One of the first 

lncRNAs reported to affect Hox expression in vertebrates is HOTAIR, transcribed from 

the HoxC cluster (Rinn et al., 2007). Following deletion of the HOTAIR in fibroblasts, 

HoxD cluster are derepressed (Li et al., 2013). HOTAIR has been shown to associate 

with PRC2, suggesting this lncRNA functions to recruit repressors to Hox loci (Wu et al., 

2013). Despite this, mouse mutants of HOTAIR display no detectable change in embryonic 

HoxD expression (Amândio et al., 2016), and HOTAIR-mediated repression can occur 

independently of PRC2 activity (Portoso et al., 2017), bringing into question the significance 

of HOTAIR for developmental patterning.

A lncRNA produced from the Dlk1-Dio3 locus, meg3, is highly expressed in postmitotic 

brachial MNs (Yen et al., 2018). Meg3 associates with the Jarid2/PRC2 complex to 

inhibit the expression of caudal Hox genes (Yen et al., 2018). Knockdown of meg3 on 

ESC-MNs results in a reduction in PRC2-deposited H3K27me3 mark and an upregulation 

of Hox8-Hox13 paralogs. In mice lacking meg3 activity, there is a derepression of Hoxc8 in 

rostral brachial segments, and an expansion in the motor pools normally located in caudal 

brachial segments (Fig. 3B). Interestingly, more caudal Hox genes, such as Hox9 and Hox10 
genes, are not affected by meg3 depletion (Yen et al., 2018), suggesting segment-restricted 

functions for lncRNAs in refining Hox pattern in MNs.

A second class of ncRNAs, microRNAs, are 22-bp single stranded RNA molecules which 

function to post-transcriptionally regulate gene expression. In Drosophila several miRNAs 
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that inhibit Hox expression have been identified, including miR-iab-4-5p, mapped upstream 

of the Abd-A gene in the BX-C cluster (Tanzer et al., 2005). Expression of miRNAs is 

often restricted to the same spatial domains as their coding Hox counterparts (Bae et al., 

2002). miR-iab-4-5p has been found to be functionally conserved in vertebrates (Tanzer 

et al., 2005), and its overexpression in Drosophila phenotypically mirrors loss of Ubx 
(Ronshaugen et al., 2005). This pattern of Hox-repression by miRNA is consistent with 

other miRNA sequences found associated to the BX-C cluster in Drosophila, such as miR-
iab-9-5b, mapped upstream of the Abd-B locus. Due to their close proximity to the coding 

sequence of the Hox homologs, it is thought that these miRNAs are regulated in tandem 

with their gene targets (Wang et al., 2008). miR-iab-4-5p and miR-iab-9-5p both inhibit the 

activity of rostrally-expressing Ubx, Abd-A, and Antp. This raises the possibility that the 

generation of miRNAs in caudal regions facilitates the posterior dominance and refinement 

of Hox domains (Singh and Mishra, 2008).

The posttranscriptional regulation of Hox genes by microRNAs is conserved in mammals. 

In mammalian cell lines overexpressing miR-196 (analogous to iab-4), a miRNA associated 

with the HOXB8 locus, show repression of the HOXB8 transcript (Yekta et al., 2004). In 

ESC-MNs, loss of the miRNA synthesizing enzyme Dicer results in precocious and noisy 

expression of Hoxa5 protein and an erosion of the normal Hoxa5/Hoxc8 boundary within 

brachial segments, indicating miRNAs are involved in the tempering of Hox expression (Fig. 

3B) (Li et al., 2017). Depleting the function of miR-27 in both mESCs and chick embryos 

leads to ectopic Hoxa5 expression in the Hoxc8 expression domain, mirroring the disrupted 

Hoxa5-Hoxc8 boundary observed in Dicer mutants.

6. Polycomb group proteins and the regulation Hox expression

Due to their integral role in neuronal subtype diversification, the timing of Hox gene 

expression must be tightly regulated in both space and time. Prior to gastrulation, as 

well as in pluripotent embryonic stem cells (ESCs), Hox clusters are compacted and 

transcriptionally silent (Fig. 4A) (Montavan and Soshnikova, 2014, Boyer et al., 2006). 

The early silencing of Hox genes, and the eventual maintenance of Hox repression, is 

regulated by histone-associated proteins in the Polycomb group (PcG) family. In Drosophila, 

mutation of the Polycomb (Pc) PcG protein results in misexpression of Bithorax genes and 

homeotic transformation of body pattern, providing evidence that PcG proteins function 

to silence Hox expression (EB Lewis., 1978). Further characterization of PcG proteins in 

Drosophila, mouse, and other model systems solidified an evolutionary conserved role in 

the developmental regulation of Hox expression (Gentile and Kmita, 2020; Lanzuolo and 

Orlando, 2012).

PcG proteins associate to form two histone-modifying Polycomb Repressive Complexes 

(PRCs), PRC1 and PRC2. The activity of these complexes allows for the binding, 

methylation, and compaction of target histones, resulting the transcriptional silencing of 

genomic loci (Loubiere et al., 2019; Simon and Kingston, 2009 ). In vertebrates, PRC2 can 

be recruited to target histones by Polycomb-Like (PCL) proteins, often through the presence 

of unmethylated CpG islands (Ku et al., 2008; Li et al., 2017). Once associated with a 

locus, Ezh1/2 constituents of PRC2 methylate histone H3 at lysine 27 (H3K27me3). Mono- 
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and bi-methylation of H3K27 promote further methyltransferase activity through a positive-

feedback loop driven by the core PRC2 subunits Eed and Suz12 (Ciferri et al., 2012). 

The H3K27me3 mark recruits PRC1 to a target locus, through interaction with the Cbx 

protein constituent of PRC1. Once bound, Ring1A/B proteins ubiquitinate Histone H2A at 

lysine119 (H2K119ub), while PHC polymerization contributes to spreading PRC1, thereby 

increasing the presence of the complex at a locus (Geng and Gao, 2020; Isono et al., 2005; 

Isono et al., 2013). The activities of PRC lead to the compaction of associated chromatin, 

the inhibition of RNA Pol II transcriptional initiation/elongation, and the transcriptional 

silencing of the resident genes (Stock et al., 2007).

6.1 Early silencing of Hox loci by PcG proteins

PRC activities are is essential for the controlled silencing of Hox clusters, until the correct 

timing of induction during development. Depletion of PRC2 activity in ESCs results in the 

loss of H3K27me3 marks in Hox clusters and ectopic Hox gene expression. Removal of 

PRC1 function during these early stages results in a similar decondensation of the Hox 
clusters, and loss of transcriptional silencing (Eskeland et al., 2010; Wang et al., 2004). 

Mouse mutants of core PRC1 and PRC2 components are embryonic lethal, often stalling 

development during early gastrulation (Faust et al., 1998, Voncken et al., 2003). Mutation 

of sub-stoichiometric PRC components display later developmental defects and homeotic 

transformations, suggesting a cell-type specific or temporal necessity of PRC constituents 

(Grijzenhout et al., 2016; Li et al., 2017; Golden and Dasen., 2013; Isono et al., 2005; Isono 

et al., 2013; Chawengsaksophak et al., 1997; Castelli-Gair et al.,1990). Core PRC subunits 

are therefore broadly required during early development, while specific interacting cofactors 

appear to enable cell-type specific control of gene expression in a variety of contexts

Following induction of Hox expression in neural progenitors, and refinement of rostrocaudal 

boundaries through cross-repression, the patterns of Hox expression are maintained in newly 

postmitotic neurons. As Hox proteins regulate key target effectors in postmitotic neurons, 

the profiles of Hox expression must be preserved through the transition from progenitors 

to terminal fates. Studies in Drosophila indicate the inheritance of positional identities 

(“epigenetic memory”) are facilitated through PRC activities (Ciabrelli et al., 2017; 

Coleman and Struhl., 2017; Corley and Kroll., 2015). Below we discuss the mechanisms 

of PRC-mediated repression in vertebrates, their various accessory subunits, and the known 

functions of PRCs in the regulation of Hox gene expression in the CNS.

6.2 Mechanisms of PRC2 function in Hox regulation

The core of PRC2 consists of three subunits: Enhancer of Zeste 2 (Ezh2 or its paralog Ezh1), 

Suppressor of zeste 12 (Suz12), and Embryonic ectoderm development (Eed) (Loubiere 

et al., 2019). Ezh2 is the main catalytic constituent of PRC2, while its Ezh1 paralog 

has weaker activity and more restricted expression. Ezh2 functions as a histone methyl 

transferase (HMTase) to catalyze the methylation of H3K27, allowing for recruitment PRC1 

to genomic loci. Both Suz12 and Eed positively regulate the HMTase activity of Ezh1/2. 

Suz12 serves a structural function, stabilizing the PRC2 complex and maintaining HMTase 

activity (Pasini et al., 2004; Hojfeldt et a., 2018). Eed promotes Ezh1/2 activity through 

Miller and Dasen Page 11

Semin Cell Dev Biol. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a positive-feedback loop, recognizing and binding to H3K27me3 signals and allosterically 

activating the HMTase activity of PRC2 (Margueron et al., 2009).

Additional cofactors can associate with PRC2 and modulate its activity (Fig. 4B) . PRC2.1 

contains Polycomb-like proteins 1-3 (PCL1-3), which are thought to aid in the initial 

recruitment of PRC2 to loci (Bellare et al., 2012; Cai et al., 2013). Loss of PCL proteins 

in Drosophila and vertebrates results in homeotic transformations and Hox misexpression 

(Duncan., 1982; Li et al., 2011). PRC2.2 is defined by the presence of Jumonji, AT rich 

interactive domain 2 (JARID2) and adipocyte enhancer-binding protein 2 (AEBP2). JARID2 

and AEBP2 both work to recruit PRC2 to chromatin and associate with PRC 1-deposited 

H2AK119ub, facilitating cross-talk between the PRC1 and PRC2 (Landeira et al., 2010; 

Cooper et al., 2016). Using separation-of-function mutants of SUZ12 in induced pluripotent 

stem cells (iPSCs), it has been found PRC2.2 associates with target genes at lower levels 

than PRC2.1, and enrichment of relative PRC2.2 abundance is paired with an upregulation 

of Hox target genes (Youmans et al., 2021). The exact functional relationship between 

PRC2.1 and PRC2.2 conformations is currently unknown, but they appear to act in both 

synergistic and independent fashions to deposit H3K27 methyl marks on target genes, and 

are both required for efficient silencing of Hox genes (Healy et al., 2019).

The role of PRC2 in the establishment and maintenance of neuronal identities has been 

explored in vertebrates through deletion of core subunit-encoding genes. Removal of PRC2 

function can lead to defects in the temporal transition from neurogenesis to gliogeneis, 

neuronal subtype specification programs, and derepression of Hox genes (Wang et al., 

2020; Yaghmaeian Salmani et al., 2018; Di Meglio et al., 2013; Schimmelmann et al., 

2016; Hirabayashi et al., 2009). In spinal MNs, PRC2 function has been examined through 

deletion of Eed from neural progenitors and through combined deletion both Ezh1/2 genes 

in MNs. Neural-specific deletion of these core PRC2 constituents in mice does not have a 

noticeable effect on embryonic Hox pattern or MN subtype diversification programs (Sawai 

et al., 2022). The absence of an observable phenotype PRC2 mutants may reflect residual 

H3K27me3 carried over from earlier stages, or a more pronounced reliance on PRC1 for 

maintaining postmitotic Hox expression.

6.2 PRC1 is essential to maintain Hox pattern in MNs

PRC1 conformations are also structurally and functionally diverse (Fig. 4B) . PRC1 

conformations can be broadly classified as either canonical (cPRC1) or noncanonical PRC1 

(ncPRC1), distinguished by their specific constituents. The core proteins of PRC1, which 

are shared in cPRC1 and ncPRC1, include Ring1A/B and one of six Polycomb Group ring 

fingers 1-6 (PCGF1-6). Ring1A/B is an E3 ubiquitin-ligase, which deposits H2AK119ub 

on target histones. There is uncertainty regarding the function of Ring1 ubiquitination 

activity in Hox gene regulation. Early silencing of Hox clusters appears independent of 

Ring1 ubiquitin-ligase activity, as enzymatically inactive mutants of Ring1B are capable 

of rescuing Hox silencing in Ring1B-null backgrounds (Eskeland et al., 2010; Tsuboi et 

al., 2018). Recent work has suggested that H2AK119ub is required in ESCs and neural 

progenitors to temporally repress neuronal genes, but is dispensable for long-term silencing 
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of Hox targets (Tsuboi et al., 2018). Other reports show that the ubiquitin-ligase activity of 

Ring1B is required for the maintenance of ESC identity (Endoh et al., 2012).

In canonical PRC1, Ring1A/B associates with a PCGF, one of three Polyhomeotic-

like (PHC1-3) proteins, and a CBX protein (CBX2/4/6-8). CBX proteins contain a 

chromodomain which recognizes H3K27me3 marks and is involved in the recruitment of 

PRC1 to target loci (Kaustov et al., 2011). CBX proteins have also been found to possess 

chromatin-compaction activities and are necessary for Hox repression (Grau et al., 2011; 

Lau et al., 2017). Once bound to H3K27me3, polymerization of PRC1 subunits results in 

the spreading of PRC1 occupancy across a locus, the formation of discrete genomic domains 

of high interaction, and the generation of phase-separated PcG conglomerates (termed PcG 

bodies) (Isono et al., 2005; Isono et al. 2013; Robinson et al., 2012; Wani et al., 2016). 

Formation of PcG bodies involves polymerization of PHC proteins via its SAM-domain 

as well as through Cbx proteins (Isono et al., 2013; Piunti and Shilatifard, 2022). The 

formation of tightly-compacted loci are inaccessible to activating transcriptional machinery.

Due to compaction, genomic loci associated with PRCs become physically clustered and 

tightly associated. The linkage of genomically distant sites allows for increased coordinated 

regulation of the resident target genes. Through chromatin conformation analyses, it has 

been shown that sites enclosed within PcG bodies preferentially interact in discrete domains 

(Tolhuis et al., 2011; Batignies et al., 2011; Kundu et al., 2017). In mice, these domains 

demarcate active vs. inactive genomic regions, and following RA-differentiation they 

separate rostral and caudal-expressing Hox groups into two associated populations which 

are differentially regulated (Chambeyron and Bickmore, 2004).

Non-canonical PRC1 configurations contain RYBP (Ring1 and YY1 binding protein) or 

YAF2 (YY1 associated factor 2). RYBP can compete for the same binding pocket on 

Ring1B, and displace CBX from Ring1 (Wang et al., 2010). The presence of RYBP in 

ncPRC1 stimulates the E3 ubiquitin-ligase activity of Ring1A/B (Gao et al., 2012), and 

majority of the H2AK119ub genomic signals are thought to be deposited by ncPRC1 

(Tavares et al., 2012). Despite this, the significance of H2AK119ub deposition and ncPRC1 

activity for the regulation of Hox transcription during embryonic development is currently 

unknown. The function of ncPRC1 in specification of spinal MN subtypes also appears 

to be minimal. While global Rybp mutant mice are embryonic lethal (Pirity et al., 2005), 

combined conditional deletion of Rybp and Yaf2 from MN progenitors show no obvious 

changes in Hox expression or MN subtype differentiation programs at embryonic stages 

(Sawai et al., 2022).

In spinal MNs, cPRC1 plays a critical role in maintaining Hox patterns and ensuring 

the silencing of inappropriate gene programs. Depletion of the PCGF protein Bmi1 in 

chick embryos leads to ectopic expression of Hoxc9 in brachial segments and a switch 

in the fate of brachial LMC neurons to a thoracic PGC fate (Golden and Dasen, 2013). 

In mice, mutation of Ring1A/B from MNs results in a widespread derepression of dozens 

of fate determinants, including caudal Hox genes (Sawai et al., 2022). Derepression of 

caudal Hox genes, in particular Hox13 paralogs, leads to the suppression of Hox4-Hox10 
expression in MNs (through cross-repression), and a loss of all Hox-dependent columnar 

Miller and Dasen Page 13

Semin Cell Dev Biol. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and pool subtypes (Fig. 4C). This indicates that in postmitotic MNs, cPRC1 contributes to 

the maintained repression caudal Hox genes. The degree to which postmitotic MNs rely 

on PRC2 function and the specific contribution of PRC1 subunits CBX and PHC in local 

compaction and silencing of Hox genes remains to be fully explored.

8. Future directions and remaining questions

Spatial and temporal control of Hox expression is necessary for body patterning and cellular 

differentiation. Work over the last decades has provided a wealth of information on the 

dynamic regulation of Hox expression during neural development, from early progenitor 

stages to maintenance in postmitotic neurons. Recent studies have also raised important 

questions concerning how and when patterning signals operate to regulate Hox expression. 

A classic model for neural development is the “activation-transformation” model in which 

neural progenitors are initially specified with a rostral (brain) identity, which lack Hox 
gene expression, and are later transformed to a caudal (hindbrain/spinal cord) fate (Stern., 

2001). In vitro and in vivo studies of regions of condensed and open chromatin in neural 

progenitors indicate that opening of Hox regions precedes neural induction, suggesting 

that early patterning signals may act initially on progenitor’s cells prior to neural fate 

specification (Metzis et al., 2018). Further studies in vitro support a model in which the 

timing of Hox expression is governed by extrinsic patterning cues, as opposed to an intrinsic 

“Hox clock”-based timer (Mouilleau et al., 2021). The precise relationships between the 

timing of Hox induction, regulation of local chromatin structure, and mechanisms through 

which morphogens regulate Hox pattern remain to be determined.

Early programming of Hox profiles in stem cell populations prior to neurogenesis may 

serve to coordinate positional identities among neural and non-neural tissues. Patterning 

morphogens such as RA and FGF could also act at later stages to control more unique 

Hox codes in neural tissues. After rostrocaudal positional identities are established, Hox 
gene expression is further shaped along the dorsoventral axis. For example, early studies 

indicated that while Hox genes are initially uniformly expressed in neural progenitors, at 

later postmitotic stages HoxB genes become restricted to the dorsal spinal cord, while 

HoxC genes localized to ventral types, including MNs (Graham et al., 1991; Liu et al., 

2001). These later changes could reflect further modification to Hox clusters, mediated 

through developmental regulation of chromatin-modifying proteins. The abundances of 

sub-stoichiometric PRC components are dynamic during progressive stages of neural 

differentiation (Kloet et al., 2016), with PRC2 proteins becoming markedly downregulating 

during NPC differentiation, while PRC1 remains bound to H3K27me3 loci. The differential 

function of PRC conformations at various stages of neural differentiation has proved 

challenging to decipher, due to the wide variety of interacting cofactors and the embryonic 

lethality of core PRC mutants. With the advent and improvement of genomic analysis 

methods, our ability to observe the topographical organization and compaction of Hox 
clusters has significantly improved. Correctly utilizing these techniques to study Hox cluster 

compaction, PcG body polymerization, and TF binding will be integral to fully resolve the 

dynamic regulation of Hox genes during nervous system development.
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Fig. 1. Hox gene profiles and function during spinal MN development.
(A) Organization of spinal motor columns at cervical, brachial, thoracic, and lumbar levels 

in mice. Hox genes expressed by segmentally restricted motor columns are shown. Phrenic 

motor column (PMC) neurons express Hox5 genes (Hoxa5 and Hoxc5), brachial and lumbar 

lateral motor column (LMC) neuron express Hox6 and Hox10 genes, respectively. Hoxc9 
is expressed by thoracic preganglionic column (PGC) and hypaxial motor column (HMC) 

neurons. Medial motor column (MMC) neurons are present at all segmental levels. Foxp1 

is expressed at high levels in LMC neurons and reduced levels in PGC neurons. (B) Hox 
regulatory interactions involved in motor column specification. Downstream targets of Hox 

proteins in motor columns are shown. Peripheral target muscles of motor columns are also 

indicated. (C) Axial motor column markers and innervation pattern. MMC neurons express 

Lhx3 and Evi1, while no definitive embryonic TF markers for HMC neuron are currently 

known. (D) Organization of motor pools and innervation pattern of mouse forelimb at 

e12.5 (based on Catela et al., 2016). Motor pools expressing the TFs Pea3 (also known as 

Etv4) and Scip (Pou3f1) are shown, and each color-coded pool corresponds to a specific 

axonal trajectory in the limb. (E) Hox expression in brachial LMC neurons and regulatory 

interactions involved in motor pool specification. Hoxc6 and Hoxc8 function in conjunction 

with Foxp1 to promote expression of Ret and GFRα1, which are expressed in Pea3+ motor 
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pools. A subset of Scip+ MNs express Fign and Cpne4, and target forelimb digit muscles 

(Mendelsohn et al., 2017).
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Fig. 2, Regulation of Hox expression and chromatin structure by extrinsic cues.
(A) During vertebrate axial elongation, Hox genes are sequentially induced by RA 

and FGF. In neural progenitors RA functions to regulate Hox1-Hox5 genes in rostral 

segments while FGF regulates Hox6-Hox9 genes in caudal regions. Stage 12 chick embryo 

shown. Regulatory interactions between RA and FGF signaling pathways are shown on 

the right. (B) Model for the effects of morphogens on distribution of histone marks 

associated with active (H3K4me3) and repressed (H3K27me3) Hox genes in ESC-MNs. In 

general, the presence of H4K4me3 is associated with Hox expression, while H3K27me3 

with Hox repression. Signaling through RA and FGF depletes H3K27me3 from Hox 
genes and establishes presumptive rostrocaudal expression boundaries. Genes in HoxA 
cluster is shown. RA clears H3K27me3 marks from Hox1-Hox5 genes through RAR-

RXR recruitment. Binding of CDX following FGF treatment results in the clearance of 

H3K27me3 from Hox6-Hox9 genes. Gdf11 is likely required to clear H3K27me3 from more 

caudal Hox10 genes. Approximate binding sites for RAR and CDX are shown. (C) Role 

of CTCF in insulating the effects of RA in H3K27me3 clearance. CTCF sites in the HoxA 
cluster are shown. Mutation in CTCF binding sites results in an extension of H3K4me3 

signal at more 5’ ends of HoxA cluster after RA treatment in ESC-MNs, and a concomitant 
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spreading of activating H3K4me3 marks. Changes in chromatin marks after CTCF site 

mutation results in ectopic expression of progressively more 5’ HoxA genes.
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Fig. 3. Establishment and refinement of Hox boundaries in postmitotic MNs.
(A) Hox boundaries along the rostrocaudal axis are established through cross-repression 

and PcG-mediated silencing. For simplicity only Hox6, Hox9, Hox10, and Hox13 paralogs 

are shown. Limb-innervating LMC neurons and thoracic PGC neurons are shown. Cross-

repressive interactions appear to be conserved among paralogs (e.g. Hoxa9, Hoxb6, Hoxc9, 

and Hoxd9 all repress Hoxc6). At thoracic levels, Hox9 proteins repress brachial Hox6 
genes, while more caudal Hox10 and Hox13 genes are silenced by PcG proteins. (B) The 

activity of miRNAs fine-tunes expression of Hoxa5 and Hoxc8 at the boundary between 

rostral (r) and caudal (c) brachial segments. Depletion of miR-27 or Dicer function leads to 

erroneous expression of Hoxa5 in caudal Hoxc8+ brachial segments. Loss of the lncRNA 

meg3 in MNs results in the expansion of Hoxc8 into rostral brachial segments and reduced 

Hoxa5 expression.

Miller and Dasen Page 29

Semin Cell Dev Biol. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Diversity and function of PRCs during MN differentiation.
(A) In early embryos and mouse embryonic stem cells, Hox clusters are kept 

transcriptionally silent through PRC1 and PRC2, which modify histones and compact 

chromatin. (B) Alternate PRC2 and PRC1 subunit compositions. PRC2 can be subdivided 

into PRC2.1 and PRC2.2. Canonical (c) PRC1 contains PHC and CBX proteins while 

non-canonical (nc) PRC1 contains RYBP or YAF2. (C) Function of Ring1 during MN 

differentiation. In the absence of Ring1 function (Ring1A and Ring1B), Hox13 genes are 

ectopically expressed in rostral spinal segments, leading the repression of Hox4-Hox10 gene 

expression. For simplicity only Hox6, Hox9, Hox10, and Hox13 paralogs are shown.
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