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The organization of neurons into columns is a prominent feature of central nervous system structure and function. In many regions
of the central nervous system the grouping of neurons into columns links cell-body position to axonal trajectory, thus contributing
to the establishment of topographic neural maps. This link is prominent in the developing spinal cord, where columnar sets of
motor neurons innervate distinct targets in the periphery. We show here that sequential phases of Hox-c protein expression and
activity control the columnar differentiation of spinal motor neurons. Hox expression in neural progenitors is established by graded
fibroblast growth factor signalling and translated into a distinct motor neuron Hox pattern. Motor neuron columnar fate then
emerges through cell autonomous repressor and activator functions of Hox proteins. Hox proteins also direct the expression of
genes that establish motor topographic projections, thus implicating Hox proteins as critical determinants of spinal motor neuron
identity and organization.

Columns are basic units of neuronal organization in the vertebrate
central nervous system (CNS)1,2, but the mechanisms that control
their assembly remain unclear. One region of the CNS in which
neuronal columnar organization has been studied intensively is the
spinal cord, where distinct columnar subtypes of motor neurons are
known to innervate different muscle and neuronal targets in the
periphery3. All spinal motor neurons (MNs) derive from progenitor
cells located at a constant dorso-ventral position in the neural tube4,
but motor neurons appear to acquire their discrete columnar
identities as a function of position along the rostrocaudal axis of
the spinal cord5–8 (Supplementary Fig. S1a–c). Limb levels of the
spinal cord generate lateral motor column (LMC) neurons, whereas
intervening thoracic levels give rise to autonomic MNs (termed
Column of Terni (CT) neurons in chick)5–8. Along the dorsoventral
axis, the graded signalling activity of Sonic hedgehog (Shh) deter-
mines the position of MN generation by regulating the spatial
expression of a set of homeodomain transcription factors within
neural progenitors4,9. The constancy of Shh signalling along the
rostrocaudal axis, however, implies that other signalling pathways
control the diversification of MNs into distinct columnar subtypes.

One source of signals that can influence the columnar fate of
spinal motor neurons is the paraxial mesoderm. The transposition
of paraxial mesoderm between limb and thoracic levels soon after
neural tube closure results in the respecification of LMC and CT
identity, and a similar switch in columnar fates is observed after
transposition of the neural tube10. However, before neural tube
closure, signals from axial mesodermal tissues—the node and
nascent notochord—have been shown to regulate the molecular
identity of MNs along the rostrocaudal axis of the spinal cord11. In
particular, members of the Hox-c homeodomain protein cluster are
expressed by post-mitotic MNs generated at distinct rostrocaudal
positions11, and profiles of Hox-c protein expression characteristic
of brachial, thoracic and lumbar MNs can be induced in vitro by
early exposure of neural cells to increasing levels of fibroblast growth
factor (FGF) signalling11,12. Moreover, the pattern of Hox-c protein
expression changes along with columnar identity after early trans-
position of brachial and thoracic neural tube10. Hox proteins
influence MN diversification in the hindbrain13–15, and thus a role
for Hox proteins in the assignment of spinal MN columnar identity
is plausible. Nevertheless, the link between axial FGF signalling,

neural Hox protein expression, and the establishment of spinal MN
columnar identity, if any, remains obscure.

Hox protein expression segregates with MN columnar subtype
To explore the link between Hox expression and MN columnar
identity, we focused initially on Hox-c proteins, because members
of this Hox cluster are prominently expressed by MNs11. We
examined how the expression of Hoxc5, Hoxc6, Hoxc8 and
Hoxc9 at brachial and thoracic levels of the spinal cord is matched
to the differentiation of LMC and CT neurons5,16.

Hoxc6 expression by MNs (defined by Isl1/2 expression) was
confined to brachial levels, whereas Hoxc9 expression by MNs was
restricted to thoracic levels (Fig. 1a). Hoxc6þ and Hoxc9þ MNs were
interspersed at the border of the brachial and thoracic spinal cord, but
very few neurons expressed both proteins (Fig. 1a, g). The rostro-
caudal domains of expression of Hoxc5 and Hoxc8 by MNs were also
segregated (Fig. 1b, h), but in contrast to Hoxc6 and Hoxc9, the
transition from Hoxc5þ to Hoxc8þ MNs mapped to the mid-brachial
level (Fig. 1c; Supplementary Fig. S2c). Thus, rostral brachial LMC
neurons co-express Hoxc5 and Hoxc6, whereas caudal brachial LMC
neurons co-express Hoxc6 and Hoxc8 (Fig. 1c, e, f, i, k). At rostral
thoracic levels, many MNs initially co-expressed Hoxc8 and Hoxc9
(Fig. 1d, j).

MN columnar subtypes located at different rostrocaudal posi-
tions can be delineated by LIM homeodomain transcription factor
expression17. In addition, CT neurons can be distinguished by
expression of BMP5, a transforming growth factor-b family mem-
ber18, and LMC neurons by expression of retinaldehyde dehydro-
genase-2 (RALDH2), a key enzyme in retinoic acid synthesis19,20

(Supplementary Fig. S1d). We therefore examined whether the
profile of Hox-c protein expression by MNs corresponds to the
position of newly generated brachial LMC neurons and of CT
neurons. At brachial levels, the rostral and caudal boundaries of
RALDH2 expression coincided closely with the domain of Hoxc6þ,
Hoxc92 MNs (Fig. 1l, m, o; Supplementary Fig. S2a, b). At thoracic
levels, the rostral and caudal boundaries of BMP5 expression
coincided with the domain of Hoxc9þ, Hoxc62 MNs (Fig. 1n–p;
Supplementary Fig. S2d, e). Together, these data indicate that Hoxc6
and Hoxc9 expression within MNs coincides with brachial LMC
and thoracic CT columns, respectively (Fig. 1q).
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Regulation of Hox-c protein expression by FGF signalling
The exposure of neural progenitor cells in vitro to increasing FGF
levels induces the differentiation of MNs with a progressively more
caudal Hox-c profile, suggesting a model in which the positional
identity of MNs at brachial and thoracic levels is established by
graded FGF signalling11.

To test this model in vivo, we examined whether an increase in the
level of FGF signalling in the neural tube elicits a rostral to caudal
switch in the profile of Hox-c protein expression. In ovo electro-
poration was used to co-express FGF8 and the green fluorescent
protein gene GFP (as an indicator of transfected cells) unilaterally in
brachial and thoracic regions of the stage 12 neural tube (Fig. 2a).
The concentration of FGF8 plasmid was titrated to a level that did
not perturb neural tube morphology or change the dorsoventral
pattern of progenitor homeodomain proteins (see Methods).
Expression of FGF8 resulted in the extinction of Hoxc6 expression
and the onset of Hoxc9 expression at brachial levels (Fig. 2b–f).
Similarly, exposure of rostral brachial levels to FGF8 led to the
extinction of Hoxc5 and to a rostral expansion in Hoxc8 expression
(Fig. 2 g, h). Thus, brachial FGF expression results in a brachial to
thoracic switch in the profile of Hox-c expression.

Because profiles of Hox-c protein expression characteristic of
lumbar levels of the spinal cord can be induced by early exposure of
neural cells to high level FGF signalling11,12, we also examined
whether the expression of FGF8 at thoracic levels resulted in a
switch to a lumbar Hox-c expression profile. However, FGF8
expression did not markedly influence the profile Hox-c expression
at thoracic levels (Supplementary Fig. S3a–e), a finding likely to
reflect a comparatively low level of FGF8 signalling achieved under
these electroporation conditions.

FGF signalling and the specification of MN columnar identity
We next examined whether increased FGF8 signalling in brachial

neural tube influences MN columnar identity. Brachial expression
of FGF8 did not suppress the generation of Isl1/2þ MNs, but
reduced the total MN number by ,30% at stage 29 (Fig. 2i, j), a
finding consistent with observations that the number of MNs
generated at brachial levels of the spinal cord normally exceeds
that at thoracic levels20. The number of medial MMC neurons,
assessed by Lim3 expression17 was not altered (Supplementary Fig.
S3i), consistent with the presence of this motor column at both
brachial and thoracic levels.

After FGF8 expression, however, brachial MNs lacked RALDH2
expression (Fig. 2k). The expression of RALDH2 by LMC neurons
directs lateral LMC divisional identity, defined by co-expression of
Isl2 and Lim117. Consistent with this, we detected a virtually
complete loss of Isl2þ, Lim1þ MNs (Fig. 2j). Thus, increased
FGF8 signalling in brachial neural tube suppresses LMC differen-
tiation in a manner that parallels the suppression of Hoxc6
expression.

We examined whether the loss of LMC columnar identity is
accompanied by the emergence of a thoracic programme of MN
columnar differentiation. After brachial FGF8 expression and
analysis at stage 29, the characteristic ovoid clustering of MNs
typical of the LMC was lost, and instead MNs were clustered in a
semilunar arrangement, typical of thoracic MNs17 (Fig. 2j). More-
over, many brachial MNs now expressed the bone morphogenetic
protein gene BMP5 (Fig. 2l), indicating that they have acquired a CT
identity. Analysis at stage 29 revealed that many islet-1þ (Isl1þ),
BMP5þ MNs had migrated to a dorsomedial position typical of CT
neurons (Fig. 2j, Supplementary Fig. S3j). Thus, elevated brachial
FGF8 signalling results in a conversion from LMC to CT columnar
identity, paralleling the switch from Hoxc6 to Hoxc9 expression.

Several lines of evidence indicate that the brachial to thoracic
switch in Hox-c expression and MN columnar identity results from
a direct action of FGF8 on neural cells. Brachial neural expression of

Figure 1 Hox-c protein expression and spinal motor neuron columnar identity.

a–f, Hoxc5, Hoxc6, Hoxc8 and Hoxc9 protein expression in horizontal longitudinal

sections of stage 24 brachial and thoracic chick spinal cord. T-junction indicates position

of the brachial (B) and thoracic (T) border. g–k, Higher magnification images of Hox-c

expression reveals few if any Hoxc6þ/Hoxc9þ or Hoxc5þ/Hoxc8þ neurons, but many

Hoxc6þ/Hoxc8þ, Hoxc8þ/Hoxc9þ, and Hoxc5þ/Hoxc6þ neurons. l–p, Domains of

Hoxc6 and Hoxc9 expression in stage 24 chick spinal cord, in comparison to RALDH2,

BMP5 and Isl1/2 expression. q, Rostrocaudal domains of Hoxc5, Hoxc6, Hoxc8 and Hoxc9

expression in MNs, with respect to molecularly defined MN columns.
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a constitutively active FGF type I receptor that functions in a cell-
autonomous manner11,21 mimicked the actions of FGF8 in suppres-
sing Hoxc6 and RALDH2 expression, and in inducing Hoxc9 and
BMP5 expression11 (Supplementary Fig. S4a–d). In addition,
expression of FGF8 in brachial neural cells did not change the
Hox-c profile of the adjacent paraxial mesoderm (data not shown).
Moreover, the spatial extent of FGF8 signalling, revealed by di-
phosphorylated mitogen-activated protein kinase (MAPK) (ERK1/2)
expression22, appeared to be confined to neural cells (Supplemen-
tary Fig. S4e–g).

Specification of MN columnar identity by Hox-c proteins
If the FGF8-elicited switch from LMC to CT columnar fate is
mediated by changes in Hox expression, then ectopic expression
of individual Hox-c proteins might be expected to change MN
columnar fate.

To test this idea, we expressed Hoxc9 in stage 12 brachial neural
tube, using a CMV/b-actin promoter (pCAGGS), and analysed
changes in Hox-c expression and MN columnar identity at stages
27 to 29. Brachial expression of Hoxc9 inhibited Hoxc6 expression
by MNs (Fig. 3a; ,3% of MNs co-expressed Hoxc9 and Hoxc6).
Moreover, the suppression of Hoxc6 expression was restricted to
MNs that expressed Hoxc9 (Fig. 3a), indicating the cell-autonomy
of Hoxc9 action. Brachial expression of Hoxc9 suppressed LMC
differentiation in a cell-autonomous manner, as assessed by the loss

of RALDH2 expression (Fig. 3b, c), and also markedly reduced the
number of Isl2þ, Lim1þ lateral LMC neurons (Fig. 3d). Remarkably,
many brachial Hoxc9þ, Isl1/2þ MNs expressed BMP5 (Fig. 3f), and
by stage 29, many Isl1þ, Hoxc9þ, BMP5þ MNs were located in a
dorsomedial position, characteristic of CT neurons (Fig. 3e, g).
Thus, brachial expression of Hoxc9 mimics the effects of increased
FGF8 signalling, repressing Hoxc6 expression and LMC differen-
tiation, and inducing CT identity.

We next examined whether thoracic Hoxc6 expression elicits a
caudal to rostral switch in MN columnar identity. Thoracic Hoxc6
misexpression led to the cell-autonomous repression of Hoxc9
expression by MNs, prevented expression of BMP5, and inhibited
the later dorsomedial migration of Isl1þ MNs (Fig. 3h–j and data
not shown). In addition, many thoracic Hoxc6þ MNs acquired an
LMC identity, assessed by RALDH2 expression, the presence of
Isl2þ, Lim1þ lateral LMC neurons, and by expression of Nkx6
proteins, additional markers of LMC neurons23 (Fig. 3k–o). Forced
expression of Hoxc6 or Hoxc9 within their normal segmental
domains did not change the profile of MN columnar differentiation
(data not shown). Together, these findings provide evidence that
Hoxc6 and Hoxc9 specify, respectively, brachial LMC and thoracic
CT identity. The corresponding Hox-a paralogues, Hoxa6 and
Hoxa9, have similar expression patterns and MN columnar speci-
fication activities (Supplementary Figs S5a–d and S6a–e).

The activities of Hox6 and Hox9 proteins also appear selective.

Figure 2 Hox-c and motor column repatterning after FGF8 expression in brachial neural

tube. a, Top-down image of a chick embryo 8 h after unilateral co-electroporation of

CMV-enhanced GFP and CMV-FGF8 expression plasmids at stage 12. GFP is expressed at

brachial (B) and thoracic (T) levels. b, c, Top-down views of brachial and thoracic levels of

a chick spinal cord, ,48 h after FGF8/GFP electroporation stage 12. d–h, Hox-c

expression in cross-sections of stage 29 brachial spinal cord after FGF8/GFP

electroporation. Ectopic expression of Hox-c proteins is detected in MNs and ventral

interneurons. Loss of Hoxc6 protein is accompanied by loss of Hoxc6 mRNA (see

Supplementary Fig. S3k, l). i–l, MN columnar marker expression after brachial FGF8/GFP

electroporation. The loss of lateral LMC neurons (arrow in Fig. 2j) is accompanied by the

appearance of dorsomedially positioned Isl1þ MNs (arrowhead in Fig. 2j). l, BMP5

expression at stage 27 after brachial FGF8 electroporation. The differentiation of MN

columnar subtypes was not markedly affected at thoracic levels of the spinal cord

(Supplementary Fig. S3e–h).

articles

NATURE | VOL 425 | 30 OCTOBER 2003 | www.nature.com/nature928 © 2003        Nature  Publishing Group



Expression of Hoxc6 at rostral thoracic levels failed to suppress
Hoxc8 and conversely, ectopic expression of Hoxc8 at rostral
brachial levels did not suppress Hoxc6 or RALDH2 expression
(Supplementary Fig. S6f–i). In contrast, expression of Hoxc8 at
rostral brachial levels suppressed Hoxc5 expression (Supplementary
Fig. S6j), providing evidence that the exclusive domains of
expression of Hoxc5 and Hoxc8 within the LMC are also established
by selective cross-repressive interactions.

Hox6 and Hox9 expression and regulation in neural progenitors
Does the profile of Hox expression in post-mitotic MNs emerge
from an earlier rostrocaudal difference in Hox6 and Hox9
expression by neural progenitors? Expression of Hox6 paralogues
was absent from brachial progenitor cells between stages 10 to 14,
whereas expression of Hoxc6 messenger RNA was detected in
thoracic progenitors (Supplementary Fig. S5e–g). Hoxc6 protein,
however, was not detected in thoracic progenitors (Fig. 4f).
Expression of Hoxa9, Hoxb9 and Hoxc9 mRNA and Hoxc9 protein
was detected in thoracic neural progenitors at stage 15, just before
the generation of post-mitotic MNs (Fig. 4a–c, e). Each Hox9 gene
was expressed over the same general domain, with a rostral limit
of expression at somites 20/21 (Fig. 4a–c). Taken together, these
findings indicate that brachial progenitors lack expression of Hox6
and Hox9 proteins, whereas thoracic progenitors express Hox9 but
not Hox6 proteins (Fig. 4j).

We next examined whether FGF8 signalling changes the profile of
Hox gene expression in neural progenitors. After brachial FGF8

Figure 4 Rapid repatterning of neural progenitor Hox profile after brachial FGF8

expression. a–d, Rostral expansion in domains of expression of Hox9 paralogues and of

Hoxc6, 8 h after unilateral FGF8 electroporation. Red arrowhead indicates normal rostral

expression boundary, green arrowhead indicates rostral boundary after exposure to FGF8.

e, f, Expression of Hoxc9 and absence of Hoxc6 protein in stage 15 thoracic neural tube.

g–i, Ectopic brachial expression of Hoxc9 protein, but not Hoxc6 protein, 8 h after FGF8

electroporation in stage 12 neural tube. The restriction of the repressive activity of Hox9

proteins to post-mitotic neurons could reflect gating of Hox activities by co-factors such as

Meis/Pbx proteins46, a possibility supported by the restricted expression of Meis1 and

Pbx3 in MNs (J.S.D and T.M.J., unpublished observations). j, Schematic of Hox6 and

Hox9 mRNA and protein in brachial and thoracic neural tube in normal and FGF8-exposed

embryos. A mismatch in Hoxc6 mRNA and protein has also been reported in the chick

limb47, suggesting a more general constraint on Hoxc6 expression. By analogy with other

Hox genes48, this regulation may involve post-transcriptional regulatory controls.

Figure 3 Motor columnar patterning activities of Hoxc9 and Hoxc6. a, Pattern of Hoxc6

after expression of chick Hoxc9 in stage 12 brachial neural tube, and analysis at stage 27.

b–d, Pattern of RALDH2 expression and reduction in the number of Isl2þ, Lim1þ lateral

LMC MNs after brachial expression of Hoxc9/GFP. e, Dorsomedial position of Hoxc9þ,

Isl1þ MNs (white arrowhead) after Hoxc9 expression. f, g, Induction of BMP5 expression

in premigratory (stage 27) and dorsomedially positioned (stage 29) MNs (black

arrowhead). h, Expression of Hoxc9 after thoracic expression of murine Hoxc6 in stage 12

neural tube. i, Hoxc6þ/Isl1þ MNs settle in a ventrolateral position. j, BMP5 expression

after thoracic Hoxc6 expression. k, Induction of RALDH2 expression in Hoxc6þ MNs. Inset

shows co-expression of Hoxc6 (green) and RALDH2 (red). l–o, Expression of LMC markers

after thoracic Hoxc6 expression. Many Isl1/2þ MNs co-express Lim1 (l, m) and Nkx6.1

(n, o). Medial (m) and lateral (l) positions in the spinal cord are indicated. Medial MMC

neurons at brachial and thoracic levels express Hoxc6 and Hoxc9, respectively. At both

levels some MNs retain a medial MMC identity, assessed by LIM homeodomain protein

Lim3 expression, after expression of the segmentally inappropriate Hox-c protein (data not

shown). Cont., contralateral side.
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expression at stage 12 and analysis 8 h later, ectopic rostral
expression of Hoxa9, Hoxb9, and Hoxc9 mRNAs and Hoxc9 protein
was detected within neural progenitors (Fig. 4a–c, g, h). Expression
of FGF8 also resulted in a rostral expansion in the domain of Hoxc6
mRNA expression (Fig. 4d), although Hoxc6 protein was still not
detected (Fig. 4i). The pattern of Hoxc6 and Hox9 expression in
thoracic progenitors was not markedly altered by FGF8 expression
(Fig. 4a–c). Moreover, expression of FGF8 at stage 17, after the onset
of MN differentiation, did not alter the profile of Hox-c expression
(Supplementary Fig. S4h–k). Together, these findings indicate that
exposure of brachial progenitors to FGF8 rapidly induces Hoxc9
expression, in the absence of Hoxc6 protein, thus establishing a Hox
profile characteristic of thoracic level progenitors (Fig. 4j).

Hox-c activities in post-mitotic MNs
The difference in the time of onset of Hox6 and Hox9 protein
expression at brachial and thoracic levels led us to examine when the
activity of these two Hox paralogue groups is required for MN
columnar specification. To address this issue, we examined whether
MN columnar identity can be respecified by selective expression of
Hox proteins in post-mitotic MNs. To restrict Hox protein
expression, we used a 9-kilobase (kb) 5

0
flanking region of the

mouse Hb9 gene, which confers expression to post-mitotic neurons
and excludes expression from progenitor cells18,24.

Expression of Hoxc9 in post-mitotic brachial MNs suppressed
Hoxc6 expression and blocked the differentiation of RALDH2þ LMC
neurons, and of Isl2þ, Lim1þ lateral LMC neurons (Fig. 5a–c and
data not shown). However, post-mitotic Hoxc9 expression failed to
induce CT differentiation, as revealed by the lack of BMP5 expression,

and of dorsomedially located Hoxc9þ, Isl1þ MNs (Fig. 5a, d and
data not shown). These findings provide evidence that Hoxc9
function is required in brachial progenitors as well as post-mitotic
MNs for the ectopic specification of CT identity.

Conversely, expression of Hoxc6 in post-mitotic thoracic MNs
repressed Hoxc9 expression and prevented the expression of BMP5
by thoracic MNs (Fig. 5e, f). But in addition, post-mitotic Hoxc6
expression induced expression of RALDH2þ LMC neurons, and
Isl2þ, Lim1þ lateral LMC neurons (Fig. 5g–i). Thus, Hoxc6 can
specify brachial LMC identity solely through actions in post-mitotic
MNs.

To examine whether the post-mitotic blockade of LMC differen-
tiation by Hoxc9, and of CT differentiation by Hoxc6, depends
primarily on repression of the complementary Hox-c protein, we
assayed the consequences of forced co-expression of Hoxc6 and
Hoxc9 at brachial and thoracic levels. At brachial levels, many MNs
that expressed Hoxc9 also expressed RALDH2 (Fig. 5j, k), and at
thoracic levels BMP5 expression was preserved, despite widespread
expression of Hoxc6 (Fig. 5l, m). These findings provide evidence
that the ability of Hoxc9 to block LMC differentiation, and of Hoxc6
to block CT differentiation, is mediated primarily through repres-
sion of their complementary Hox proteins.

Figure 5 Activities of Hoxc6 and Hoxc9 in post-mitotic neurons. a, Expression of

Hb9-Hoxc9/GFP at brachial levels results in many neurons that co-express Isl1/2 and

Hoxc9. Even though the Hb9 promoter occasionally results in ectopic Hox expression in

interneurons as well as MNs, no expression is detected in progenitor cells. b, c, Loss of

Hoxc6 and RALDH2 expression after brachial post-mitotic expression of Hoxc9.

d, Expression of Hoxc9 in brachial MNs does not induce BMP5 expression.

e, f, Repression of Hoxc9 and BMP5 expression after post-mitotic thoracic expression of

Hoxc6. g–i, Expression of Hoxc6 in thoracic MNs induces expression of RALDH2 and co-

expression of Isl2 and Lim1. Inset in g indicates co-expression of Hoxc6 (green) and

RALDH2 (red). j–m, Effect of Hoxc6 and Hoxc9 co-expression at brachial (j, k) and

thoracic (l, m) levels.

Figure 6 Actions of Engrailed repressor derivatives of Hoxc6 and Hoxc9 on columnar

differentiation. a–c, Expression of EnR-Hoxc9/GFP in brachial neural tube represses

Hoxc6 and RALDH2 expression, but fails to induce BMP5 expression. d–f, Expression of

EnR-Hoxc6/GFP at thoracic levels of the neural tube represses Hoxc9 and BMP5

expression, but fails to induce expression of RALDH2. We detected an increase in the

proportion of MNs that expressed Lim3 (data not shown), however, raising the possibility

that some MNs have acquired a medial MMC-like character. g–i, Expression of

EnR-Hoxc9/GFP in thoracic neural tube permits the generation of Hoxc9þ, Isl1/2þ MN,

but these neurons do not express BMP5 or RALDH2. j–l, Expression of EnR-Hoxc6/GFP in

brachial neural tube permits the generation of Hoxc6þ, Isl1/2þ MNs, but these neurons

do not express BMP5 or RALDH2. Expression of VP16–Hoxc6 and VP16–Hoxc9 fusion

proteins appear to function in a manner similar to their wild-type counterparts, a finding

that parallels observations of Hox activity in Drosophila49.
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Requirement for Hox-c activity in MN columnar specification
Hox proteins appear to specify MN columnar identity through
mutual cross-repressive interactions as well as the induction of
columnar differentiation markers, posing the question of whether
Hox proteins function as repressors and/or activators. To address
this issue, we generated presumed repressor derivatives of Hoxc6
and Hoxc9 by fusing full-length Hox-c coding regions to the
repressor domain (EnR) of the Drosophila Engrailed protein25.
Expression of EnR-Hoxc9 under pCAGGS control in the stage 12
brachial neural tube suppressed Hoxc6 expression and the differ-
entiation of RALDH2þ LMC neurons, but failed to induce BMP5
expression in MNs (Fig. 6a–c). Conversely, thoracic expression of
EnR-Hoxc6 under pCAGGS control suppressed Hoxc9 expression
and the differentiation of BMP5þ CT neurons, but failed to induce
RALDH2 expression (Fig. 6d–f). As a specificity control, expression
of EnR-Hoxc8 at brachial levels repressed Hoxc5 at rostral brachial
levels but did not repress Hoxc6 expression or the differentiation of
LMC neurons (Supplementary Fig. S7a–c). These findings suggest
that the cross-repressive interactions of Hoxc9 and Hoxc6 reflect
transcriptional repressor activities, whereas Hox activator functions
are required for ectopic induction of columnar differentiation
markers.

The apparent requirement for Hox activator function in colum-
nar differentiation raises the issue of whether the EnR Hox-c
derivatives inhibit LMC and CT differentiation within the normal
domains of Hoxc6 and Hoxc9 expression. Thoracic expression of
EnR-Hoxc9 blocked the expression of BMP5 in thoracic MNs, and
prevented the later dorsomedial migration of MNs (Fig. 6g–i and data
not shown). Conversely, brachial expression of EnR-Hoxc6 blocked
the differentiation of RALDH2þ LMC neurons (Fig. 6j–l). Thus, the
loss of both LMC and CT columnar identity after EnR-Hoxc6 or

EnR-Hoxc9 expression leaves most brachial and thoracic Isl1/2þ

MNs without an appropriate columnar character, although their
precise subtype identity remains to be established. Together, these
data provide evidence that Hox6 and Hox9 activities are normally
required for the specification of LMC and CT columnar identities at
brachial and thoracic levels of the spinal cord.

Discussion
Hox function and MN columnar specification

Our findings reveal that the specification of MN columnar subtypes
along the rostrocaudal axis of the spinal cord involves sequential
phases of Hox expression and activity in progenitor cells and post-
mitotic MNs (Fig. 7a). The positional identity of progenitor cells at
brachial and thoracic levels is reflected in the status of Hox9
expression: brachial progenitors lack Hox9 protein expression,
whereas thoracic progenitors express Hox9 proteins. Expression
of Hox9 proteins by thoracic progenitors anticipates the expression
of Hox9 proteins by thoracic MNs, and the absence of Hox9 protein
expression provides a brachial progenitor context that permits the
onset of Hox6 protein expression in post-mitotic brachial MNs.
Nevertheless, our findings do not exclude the possibility that other
Hox proteins contribute to brachial progenitor identity. The differ-
entiation of brachial LMC neurons has been shown to depend on
retinoid signals provided by the paraxial mesoderm10,26. Thus,
Hoxc6 expression and brachial LMC differentiation may depend
both on an early progenitor Hox profile, and on a post-mitotic
phase of retinoid signalling from the paraxial mesoderm.

The profile of Hox protein expression by post-mitotic MNs
appears to be a major determinant of their columnar fate (Fig. 7a).
Post-mitotic brachial misexpression of Hoxc9 inhibits LMC identity
but is insufficient to direct CT identity, suggesting that sequential
phases of Hoxc9 expression by thoracic progenitors and post-
mitotic MNs are necessary for CT identity. In contrast, Hoxc6
appears able to function as a post-mitotic determinant of brachial
LMC identity. Furthermore, the ability of EnR Hox derivatives to
inhibit brachial LMC and CT differentiation provides the best
evidence so far27–30 that Hox6 and Hox9 activities are required
normally for MN columnar specification.

LMC neurons are generated at lumbar as well as brachial levels of
the spinal cord, raising the issue of whether FGF signalling and Hox
proteins have a more general role in the specification of LMC
identity. Hox10 paralogues are expressed by lumbar level LMC
neurons31,32 and are regulated by signals from the node31 through
the synergistic activities of FGFs and GDF1111. Moreover, ectopic
thoracic expression of Hoxd10 induces RALDH2 expression in MNs
(J.S.D. and T.M.J., unpublished data), supporting the idea that Hox
proteins are involved in the specification of both lumbar and
brachial LMC identity.

Comparative strategies of Hox function

The principles of homeodomain protein function along the rostro-
caudal axis parallel those that operate along the dorsoventral axis to
establish generic MN identity3,4. Along both axes, the initial graded
activity of a secreted signalling factor establishes broad domains of
homeodomain protein expression that are refined through selective
cross-repressive interactions. These two intersecting programmes of
transcriptional cross-repression, however, appear to act at different
stages of MN specification. Dorsoventrally, homeodomain cross-
repressive interactions are evident within neural progenitor
cells33,34, whereas rostrocaudally Hox cross-repressive interactions
occur within post-mitotic MNs. Nevertheless, the convergence of
these two patterning programmes ensures that expression of
RALDH2, BMP5 and other Hox-directed features of columnar
differentiation is confined to MNs.

Our findings in the spinal cord can be compared with studies on
the role of Hox genes in the specification of MN identity in the
hindbrain. Most compellingly, Hoxb1 has been shown to control the

Figure 7 Hox6 and Hox9 activities in motor neuron columnar differentiation and

topography. a, Model indicating the roles of FGF signalling and Hox6 and Hox9 expression

in the specification of MN columnar identity. Hoxc9 expression in progenitors and cross-

repressive interactions between Hox6 and Hox9 proteins in post-mitotic Hb9þ, Islþ MNs

consolidate the distinct Hox profiles of LMC and CT neurons. Hox6 activity in brachial MNs

directs RALDH2 expression and late features of LMC identity, whereas Hox9 activity in

thoracic MNs directs BMP5 expression and the dorsomedial migration of MNs. b, Hox

expression and the register between the rostrocaudal positions of LMC and limb

formation. Model suggests how exposure of neural and lateral plate mesodermal cells to a

common node-derived source of FGFs could establish distinct Hox expression profiles in

these two tissues, directing LMC and limb formation in an aligned manner. The profiles of

Hox expression in lumbar LMC neurons and lateral plate mesoderm are inferred from

refs 41 and 44.
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differentiation of facial MNs13,14,35, through both cell autonomous
and non-autonomous outputs36. It remains unclear, however,
whether Hoxb1 controls MN specification through its activity in
progenitor cells and/or post-mitotic MNs. And whether the com-
bined activator and repressor roles suggested for individual Hox
proteins in spinal MN columnar specification has a parallel in Hox
function in the hindbrain remains to be determined.

The emerging logic of Hox function in spinal MN columnar
diversification contrasts with certain features of HOMC/Hox func-
tion in rostrocaudal patterning in the Drosophila embryo and
vertebrate hindbrain. In both systems, the actions of more posteri-
orly expressed Hox genes typically dominate over those of more
anteriorly expressed genes—a phenomenon termed “posterior
prevalence”37,38. Our findings argue against a simple posterior
prevalence of Hox function in post-mitotic MN specification,
because ectopic caudal expression of Hoxc6 is as effective as ectopic
rostral expression of Hoxc9. Exceptions to the posterior prevalence
rule of Hox function have been reported in both Drosophila and
vertebrate embryos37,39, suggesting that tissue context influences the
logic of Hox function.

Hox function and MN topographic organization

Our findings also provide insights into the role of Hox proteins in
establishing the topographic organization of spinal MNs and their
peripheral targets. One aspect of such topography is a register
between the rostrocaudal positions of the LMC in the spinal cord,
and of the limb field in the lateral plate mesoderm. The pathway of
LMC specification revealed here has an intriguing counterpart in
the proposed functions of FGFs and Hox proteins in determining
limb position. Local application of FGFs to thoracic mesoderm
induces the formation of an additional limb in place of body-wall
mesoderm40. Moreover, exposure of lateral plate mesoderm to FGFs
induces an early switch in the rostrocaudal profile of Hox9 para-
logue expression41. Thus, exposure of neural and lateral plate
mesodermal cells to a common node-derived source of FGFs
could establish distinct profiles of Hox gene expression in these
two tissues, profiles that in turn direct the alignment of LMC and
limb formation (Fig. 7b).

Once the register between LMC neurons and limb targets has
been established, the expression of Hox proteins by MNs appears to
initiate more refined aspects of MN topography. The assignment of
brachial LMC identity by Hox6 proteins results in the expression of
RALDH2, establishing the LMC as a local source of retinoids20. In
turn, exposure of LMC neurons to retinoids induces the patterned
expression of LIM homeodomain proteins that links MN position
in the spinal cord to motor axon trajectory along the dorsoventral
axis of the limb20,42. Thus, the expression of Hox6 by brachial
MNs initially establishes the rostrocaudal position of LMC genera-
tion, and subsequently directs dorsoventral motor topography.
Conversely, the ectopic expression of Hoxc9 in brachial level MNs
is associated with the redirection of their axons to sympathetic
ganglion targets, an axonal trajectory characteristic of CT neurons
(Supplementary Fig. S8a–d). Because the specification of CT
identity by Hox9 proteins is accompanied by BMP5 expression, it
is possible that BMPs influence aspects of CT differentiation in a
manner similar to the role of RALDH2 expression and retinoid
signalling in LMC differentiation.

Could Hox proteins have further roles in MN diversification and
topography? Within the LMC, MNs can be further subdivided into
discrete pools, each destined to innervate a single muscle target in
the limb5. The differential rostrocaudal domains of expression of the
Hoxc5–Hoxc8 protein pair parallel motor pool position within the
brachial LMC43 (J.D. and T. J., unpublished data), and later profiles
of Hox gene expression are also indicative of motor pool restric-
tion10,31,32. Although the targeted inactivation of Hoxc8, Hoxa10 and
Hoxd10 in mice causes defects in motor axon projections in the
limb44,45, the cellular basis of these defects remains unclear. Our

findings raise the possibility that MN columnar and pool identities,
and consequent patterns of motor innervation in the limb,
are established through the selective activities of complementary
homeodomain protein pairs embedded within individual Hox
clusters. A

Methods
Expression constructs
For expression of FGF8, the murine complementary DNA was cloned into the pCMX
cytomegalovirus (CMV)-based expression vector. Full-length Hox cDNAs were obtained
by RT–PCR of embryonic day (E)10.5–E12.5 mouse or stage (st)25–st27 chick embryo
total RNA using the One-Step RT–PCR kit (Invitrogen) and were confirmed by DNA
sequencing. The mouse Hoxc6 cDNA corresponded to the longer PRII transcript. cDNAs
were cloned into pCAGGS or pHb9 vectors by standard procedures. For generation of
Drosophila EnR (amino acids 2–229) derivatives, cDNAs were cloned by PCR to generate
in-frame fusion proteins.

In ovo electroporation
Electroporation was performed as described18. Results shown for each experiment are
representative of at least eight electroporated embryos. For misexpression of Hox-c
proteins in chick embryos, plasmids were titrated to achieve levels of protein
expression qualitatively similar to endogenous levels. Typically this was in the range of
100–500 mg ml21 for the pCAGGS vector and 3–4 ng ml21 for the Hb9 vector, using
CMV/GFP or Hb9/GFP plasmids as carrier DNA. Similarly, the CMV/FGF8 plasmid was
titrated to a level (between 100–200 ng ml21) where somite and dorsoventral patterning
and generic aspects of MN generation were unaffected.

In situ hybridization histochemistry and immunohistochemistry
In situ hybridization was performed as described17. Chick probes for analysis of Hoxc6,
Hoxc9, Hoxa9, Hoxb9 and Hoxd9 expression were provided by C. Tabin. Probes against
Hoxa6 and Hoxb6 were obtained by RT–PCR, using sequence information obtained from
the chick EST data consortium. Antibodies against Hox-c proteins and LIM
homeodomain proteins were used as previously described11,17. Additional antibodies were
obtained as follows: goat anti-Hoxa9 (Santa Cruz Biotechnology, SC-17155), mouse anti-
phospho MAPK (Sigma, M8159).
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