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Summary

In the developing hindbrain, the functional loss of
individual Hox genes has revealed some of their roles in
specifying rhombomere (r) identity. However, it is unclear
how Hox genes act in concert to confer the unique identity
to multiple rhombomeres. Moreover, it remains to be
elucidated how these genes interact with other
transcriptional programs to specify distinct neuronal
lineages within each rhombomere. We demonstrate that in
r5, the combined mutation ofHoxa3 and Hoxb3 result in a

results in ectopic expression of the r4-specific determinant
Hoxbl This ectopic expression in turn results in the
differentiation of r4-like facial branchiomotoneurons

within this rhombomere. These studies reveal that
members of the Hox1l and Hox3 paralogous groups
participate in a ‘Hox code’ that is necessary for
coordinating both suppression and activation mechanisms
that ensure distinction between the multiple rhombomeres
in the developing hindbrain.

loss ofPax6-and Olig2-expressing progenitors that give rise
to somatic motoneurons of the abducens nucleus. In r6, the
absence of any combination of the Hox3 paralogous genes Key words: Motoneurons, Hox3, Mouse

Introduction Hox genes in the differentiation of unique cell types later in

An evolutionarily conserved function of Hox genes is tohlndbraln_developm_ent. o .

assign positional information to body segments along the 1here is also evidence that combinations of various Hox
anteroposterior (AP) axis of developing organisms (Ferrier angeNes can elicit emergent phenotypes beyond the contributions
Holland, 2001; Hafen et al., 1984; Lewis, 1978; McGinnis an¢! individual genes (Condie and Capecchi, 1994; Gavalas et
Krumlauf, 1992; Rozowski and Akam, 2002; Weatherbee €@l 1998; Rossel and Capecchi, 1999; Studer et al., 1998). For
al., 1998). In vertebrates, segments or rhombomeres (r) of t§&@mple, the absence of eitiéoxalor Hoxblfunction leads
developing hindbrain have been used as a model to understdfcOome degree of rhombomere identity transformation and cell
the role of Hox genes in segmental patterning (Barrow et alloss is observed (Carpenter et al., 1993; Gaufo et al., 2000;
2000; Bell et al., 1999; Carpenter et al., 1993; Davenne et aizoddard et al., 1996; Mark et al., 1993; Pattyn et al., 2003;
1999; Gaufo et al., 2000; Gavalas et al., 1998; Goddard et aptuder et al., 1996). However, the combined absence of both
1996; Mark et al., 1993; McClintock et al., 2002; Pata et al.genes leads to severe abnormal programmed cell death
1999; Studer et al., 1998; Studer et al., 1996). A plethora desulting in the deletion of multiple rhombomeres and
genetic and embryological experiments have established th@gbsequent reorganization of the hindbrain (Gavalas et al.,
Hox genes are necessary and sufficient to confer a uniqd®98; Rossel and Capecchi, 1999). Therefore, the interaction
identity to rhombomeres in early stages of hindbrairPf these genes is equally important for the determination of
segmentation, as well as cell identity in later stages ofegmental specification as is the contribution of each individual
development. The general phenomenon of Hox gene inducétPX gene to individual rhombomere identity. It remains to be
homeosis — transformation of one body part to another determined how the various Hox genes expressed in the
initially observed in Drosophila appears to be equally hindbrain, r2 to r7, interact with each other to determine
applicable in complex structures such as the vertebra@stinction of each rhombomere as well as integration of
hindbrain. In the mouse, for example, absenceHokbl function across rhombomeres.

function in r4 results in a lack of facial branchiomotoneurons Similarly, given that Hox genes are co-expressed with
(BMNSs) owing to an apparent segmental transformation of r4molecules involved with generic neural specification programs
to an r2-like rhombomere identity (Goddard et al., 1996; Studen later stages of development, it is likely that they can also
et al., 1996). Conversely, after segmentation has establishediateract with these programs to establish unique cell identities
apparent normal r2 in chick embryos, gairHafxb1function  within each rhombomere (Davenne et al., 1999; Gaufo et al.,
results in the ectopic differentiation of r4-like facial BMNs in 2000; Osumi et al., 1997; Pattyn et al., 2003; Takahashi and
r2 (Bell et al., 1999). Thus, although studies of loss of HoXOsumi, 2002). For example, neural progenitors expressing the
gene function has revealed an important role in early segmentadmeodomain proteins Nkx2.2 and Phox2b give rise to all
patterning, the latter study also implicates a significant role faBMNs present in various rhombomeres of the hindbrain.
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The interaction between these molecules with differentn situ hybridization and immunohistochemistry

combinations of Hox proteins expressed at differenfFor whole-mount in situ hybridization, E11.5 neural tubes were
rhombomeres may give rise to functionally distinct BMNSs, suchlissected in cold PBS and fixed in cold 4% formaldehyde for 2-3
as facial BMNs unique to r4 whekoxblis expressed (Gaufo hours and processed féfoxa3 Hoxb3 and Hoxd3 RNA in situ

et al., 2000; Goddard et al., 1996; Pattyn et al., 2003; Studer Istoridization as previously described (Manley and Capecchi, 1998).
al., 1996). Likewise, somatic motoneurons (SMNs) derive fronPetection of Hoxb%"™" was detected by confocal microscopy on

neural progenitors expressing the homeodomain proteins Pa 1.5, live-dissected flat-mount hindbrain preparations. E9.25-E11.5

. ; mbryos were harvested as described above and processed for cryostat
and the bHLH Olig2 are also present at various rhombomere éctioning. Frozen, 1Qum transverse and coronal sections were

"? this [case, _however,_ the HOX. genes |nvolv_ed_ n the'fabeled with rabbit anti-Hoxb1 (1:250, Covance), rabbit anti-Phox2b
differentiation into functionally unique SMNs within each (1:1000, a gift from C. Goridis), rabbit anti-Olig2 (1:5000; a gift from
rhombomere have not been determined (Guidato et al., 2003}, Takebayashi), mouse anti-TuJ1 (1:1000, Covance), rat anti-Hoxb4
In summary, given that Hox gene expression persistgl:25; Developmental Studies Hybridoma Bank, DSHB), mouse anti-
throughout hindbrain development, it is plausible that it play®\kx2.2 (1:25, DSHB), mouse anti-Isl1/2 (1:25; DHSB), rabbit anti-
at least two distinct roles in neuronal specification. First, Hoxchx10 (1:2500; a gift from S. Morton and T. Jessell), mouse anti-
genes are required for assignment of rhombomere identity adPM2 (1:8000; Upstate Biotechnology), rabbit anti-activated
in their absence, for examptoxalandHoxh, such patterning Caspase-3 (1:50; NEB Cell Signaling), TUNEL (manufacturers
is highly perturbed (Gavalas et al., 1998; Rossel and Capecc%[notocol, Roche), mouse anti-NeuN (1:250; Chemicon), rabbit anti-
|

. hAT (1:1000; Chemicon) andBTX (1:500; Molecular Probes).
1999; Studer et al,, 1998). Second, they may play a role | munolabeled sections were developed with Alexa-fluor (1:1000;

differentiating functionally unique motoneurons at a later staggygecular Probes) and Cv5 1:1000: Jackson Immunoresearch)-
of development (Bell et al., 1999; Guidato et al., 2003). Thegnjygated secon)dary an)t/iboélies. Images of fluorescent-labelgd
goal of this study was to identify what combination of HoXsections were captured with the BioRad MRC 1024 confocal
genes are necessary to distinguish rhombomeres r4 to r6, afftroscope and processed with Adobe Photoshop and Microsoft
how these genes effect the production of motoneuron subtyp@werpoint software.

programs unique to these rhombomeres. To achieve this, we

first focused on Hox3 paralogous genel®xa3 Hoxb3 and
Hoxd3, expressed in caudal rhombomeres, and analyzed t,ll%esults

affects of different combinations of Hox3 mutations on theSegmental expression of paralogous Hox3 genes
segmental identities of r4, r5 and r6. Then, to test the role @bincide with domains of motoneuron subtypes in
these Hox genes in neural specification, we looked for ththe hindbrain

presence or absence of specific SMNs in r5 with relation tour analyses focused on the function of Hox genes in the
different combinations of null mutations of the Hox3 genescentral region of the hindbrain spanning r4 to r6, where two
We observed that loss of any of the Hox3 genes results in a rrotoneuron subtypes are characterized by their specific
to r4-like change in cell fate; different double mutation showegjistribution and the expression of distinct combinations of
a graded increase in cell fate change. We also observed a gepgies encoding Hox and non-Hox homeodomain proteins
dosage dependence of SMN specificatioH@fa3andHoxb3  (Briscoe et al., 2000; Carpenter and Sutin, 1983; Gaufo et al.,
in r5. This specification appears to be mediated through thgn00; Pattyn et al., 2000; Pattyn et al., 1997; Saper, 2000) (Fig.
control of the Pax6/Olig2 regulatory pathway for SMN 1A-E). The facial BMNs can be identified by their unique r4
formation, suggesting a direct influence of Hox3 genes 0Brigin and their posterolateral migration into r6 (Fig. 1B,
SMN fate. Together, these observations reveal two functiongreen) (Gaufo et al., 2000). In the same panel, the relative
for Hox3 paralogous genes in the developing hindbrain ifgcation of the abducens somatic motoneurons (SMNs) is
defining segmental identity across multiple rhombomeres angiagrammed to show their positions relative to the BMNSs. In
controlling cell fate within an individual rhombomere. contrast to BMNs, SMNs are born in a ventromedial position
in r5 and migrate laterally within the same rhombomere. In
. transverse sections of the ventral hindbrain of E11.5 control
Materials and methods embryos labeled for Hox§EP Phox2b and Isl1/2, the
Mouse lines differentiation and migration of the BMNs can be further
Mice harboring mutations fafoxb1, Hoxa3 Hoxb3 Hoxd3andPax6 ~ Characterized by their lateral location and combined expression
were previously reported (Ericson et al., 1997; Gaufo et al., 200®f Hoxb1 (green), Phox2b (blue) and Isl1/2 (red) in r4 to r6
Greer et al., 2000; Manley and Capecchi, 1998). The Hd&Xa3 (triple labeling seen as white) and the SMNs are labeled singly
reporter mouse expresses an in-frame fusion between the C termirtwg Isl1/2 in r5 (Fig. 1C-E). In E11.5 control hindbrain
of the Hoxa3 protein and the N terminus of ECFP. This allele wafiatmount, the relative high levels of Hoxa3, Hoxb3 and Hoxd3
?eft‘ﬁrated bS& the tarégﬂetedain?ﬁrti?n of EEh@FPbgene r(]C'Omedg)t expression are restricted to the r4/r5, r6/r7 and r5/r6
0 the second exon drioxaa This lusion has béen shown not 1o nqandaries, respectively, suggesting that Hox3 genes may have
affect Hoxa3 function (K.R.T. and M.R.C, unpublished). Single- or g role in the specification of multiple rhombomere identities as

compound-mutant embryos were generated from intercrossings I th t bt that derived f th
either single- or double-heterozygote mice bearing the mutant allele( ell as the motoneuron subtypes that are derived from these

of interest. Mice were mated overnight and the detection of plugs tHe!ombomeres (Fig. 1F-H).
following morning was considered 0.5 days post-coitum [embryoni : i :

day 0.5, (E0.5)]. Genotyping was performed as previously describt;iflfo;(_‘,3 gg_llwes mediate segment specific suppression

(Gaufo et al., 2000; Greer et al., 2000; Manley and Capecchi, 199@. OX_ ] ] ]

A minimum of two embryos were analyzed for each time point and\nalysis of patterning defects along the AP axis among mice
experimental group. individually homozygous forHoxa3 Hoxb3or Hoxd3revealed
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a mild ectopic expression of Hoxb1 in single mutants (data n@egmental formation occurs normally in Hoxa3 and
shown). However, the ectopic expression of Hoxbl wag¢/oxd3 double mutant embryos
exacerbated in E11 embryos harboring different combinationso determine if the loss dioxa3andHoxd3result in early
of double mutations in the Hox3 genes, wilbxa3’d37/~ segmental defects, we analyzed the expression patterns of
double mutant embryos showing the greatest effect (Fig. 2A44oxb1, Krox20 and Hoxb4 in coronal sections of E9.25-9.5
D; data not shown). The systematic eliminatiorHoka3and  Hoxa3”/d3- double mutant embryos. In both control and
Hoxd3 alleles reveal a gene dosage-dependent effect in théoxa3’d37~ double mutant embryos, Hoxbl expression
severity of ectopic Hoxb1 expression (Fig. 2A-D). Labeling ofwas normal in r4 and in neural crest cells migrating from
Hoxb4, which demarcates the boundary between r6 and r4 (Fig. 2G,H). Krox20 expression in r3 and r5 and the
suggests that the ectopic expression of Hoxb1l is restricted éxpression of Hoxb4 at the border of r6 and r7 also appear
r6 (Fig. 2E,F) (Gould et al., 1998). Hoxb4 also labels neuronsormal in Hoxa3’-d3- double mutant embryos compared
in the marginal layer of r6, presumably neurons that havevith controls (Fig. 2I,H). In r6, however, the expression of
migrated from r7, which are reducedHioxa3’d37- mutant Hoxbl persists itHoxa3’-d3--double mutant embryos at a
embryos. The Hox3 genes may thus function to regulate thgeriod when the expression of Hoxbl is normally down
anterior migration of these neurons. With respect to this studyggulated posterior to r4 (Gaufo et al., 2000) (Fig. 2H,
however, the appearance of ectopic Hoxbl-expressing cells omacket).  Although segmentation and rhombomere
the inner ventricular and outer marginal neuroepithelial layerperiodicity appear normal itloxa3’-d3- double mutant
suggest that these cells are initially born and differentiate in r&mbryos, the persistence of Hoxbl expression in r6
indicates an early defect in segmental identity.

Ectopic Hoxbl expression is associated with
‘ TuJ1 ‘ r4-like facial branchiomotoneuron
differentiation and migration pattern in r6
We next examined the functional consequence of the
ectopic expression of Hoxbl in r6 bfoxa3’d3-
double mutant embryos. To address this issue, we
focused on two well-defined functions of Hoxb1 in r4:
i (1) the expression requirement of Nkx2.2, Phox2b and
h Isl1/2 among BMNSs; and (2) the posterior migration
r5 — SMN of Hoxbl-expressing BMNs from r4 to the
% ventrolateral region of r6 (Gaufo et al., 2000; Goddard
\BMN et al., 1996; Pattyn et al., 2000; Studer et al., 1996)
(Fig. 1C-E). In control embryos, a small population of
these r4-derived Hoxb1-expressing BMNs can be seen
Anterior adjacent to the Nkx2.2-expressing progenitor domain
| in ventral ré (Fig. 3A). IiHoxa3’-d3~-double mutant
embryos, Hoxbl is ectopically expressed in an
Posterior expanded domain of Nkx2.2-expressing cells,
indicative of BMN progenitors (Fig. 3B) (Gaufo et al.,
2000; Pattyn et al., 2000). Co-localization of Isl1/2
with these same Hoxb1-expressing cells suggests that
these progenitors are differentiating into motoneurons
(Fig. 3D). Furthermore, the ectopic expression

Fig. 1. Expression of Hox and non-Hox genes among
motoneuron subtypes in the central hindbrain. (A) Lateral
‘ r4 ‘ ‘ 5 | ‘ 6 ‘ view of an E11 embryo stained with TuJ1 showing the
region of the central hindbrain labeled by 4, 5 and 6 to
indicate the individual rhombomeres examined in this
‘ Hoxa3 ‘ ‘ Hoxb3 | ‘ Hoxd3 ‘ study. (B) Flat-mount preparation of an E11.5 embryo
F G H ' containing a targeted HoxB%P reporter (white). Hoxb3FP
labels the progenitors and differentiating
branchiomotoneurons (BMN) in r4 and their migratory
course (arrow) towards the ventrolateral region of r6. Two
classes of motoneurons, facial BMNs (green) and abducens
somatic motoneurons (SMNSs, red), are represented by
spheres superimposed over the expression of HiXia
illustrate their spatial relationship. (C-E) Transverse
sections of E11.5 embryo spanning r4, r5 and r6 labeled
with Hoxb1GFP (green), Phox2b (blue) and Isl1/2 (red).
(F-H) E11.5 hindbrain flat-mount RNA in situ hybridization
for Hoxa3 Hoxb3andHoxd3 V, Ventral; D, Dorsal.
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‘ Control ‘ ‘ Hoxa3*-d3" I

Hoxa3"d3*" H Hoxa3"d3" l ‘ Control ” Hoxa3" d3™ ‘

Control Hoxa3’ d3"

VIl

xbd TuJd1

Hoxb1 Hc

Fig. 2. Loss ofHoxa3andHoxd3results in ectopic expression of Hoxb1 in r6 with normal rhombomere periodicity. (A-D) Coronal hindbrain
sections, immunolabeled for Hoxb1 of E11 control and mutant embryos with incrementalHosa8andHoxd3alleles. (E,F) Coronal
hindbrain sections of E11 control aHxa3’d3-~double mutant embryos labeled for Hoxb1 (red), Hoxb4 (green) and TuJ1 (blue). Hoxb4
labels the boundary between r6 and r7. The VIith and Vllith cranial sensory ganglia (VII/VIII) are located ventrolatenaditantérior to the
otic vesicle (OV), which borders r5 and r6. (G-L) Coronal hindbrain sections of E9.25 contkébeadid3-- double mutant embryos

labeled for Hoxb1 (G,H), Krox20 (1,J) and Hoxb4 (K,L). Hoxb1 is expressed in r4 and in migrating neural crest cells (NG vEsile

(OV) borders r5 and r6. The bracket in H highlights the ectopic expression of Hoxb1 in r6. The arrows in K and L repbeserdahe

between r6 and r7.

of Phox2b and Isll/2 suggest that these neurons ageriod when the Hoxbl-expressing BMNs have initiated their
differentiating specifically into BMNs (Fig. 3F). migration from r4 (Fig. 3K,L). In both control and

These findings suggest that Hoxb1 is capable of inducing tHeéoxa3’d3-- double mutant embryos, the expression of
ectopic expression of BMN-specific genes within r6. HoweverHoxb1 in r4 is normal. In r5, the initial migration of Hoxb1-
it does not provide evidence for the capacity of thesexpressing cells is also normal in both groups. In r6, the
motoneurons to adopt functional properties, such as posteriectopic expression of Hoxb1 idoxa3’d3”-double mutant
migration, unique to BMNSs in r4. To examine the possibilityembryos is evident compared with control embryos. In r7
that the ectopic Hoxbl-expressing BMNs in r6 have adoptedf Hoxa3”d3”- double mutant embryos, small clusters of
an r4-like migratory capacity, we looked for their presence irHoxbl-expressing neurons, negative for Hoxb4, are clearly
r7 as a consequence of migration from r6. The expression ufsible (Fig. 3L). This observation thus precludes the
Hoxb4 was used to demarcate the posterior boundary of r6 apdssibility that the ectopic Hoxb1-expressing cells in r7 have
also to label cells specific to r7 (Gould et al., 1998). Transversaigrated from the BMN population derived from r4. Together,
sections of E11.5 control embryos show the expression dfhese observations provide strong evidence that the ectopic
Hoxbl in r6 is restricted to a small population of BMNs thatexpression of Hoxbl in r6 is sufficient to activate a BMN
have migrated from r4; whereas MHoxa3’d3~- double differentiation and migration program normally unique to
mutant embryos, Hoxbl is expressed ectopically at a hight. These findings are consistent with a previous report
level throughout r6 (Fig. 3G,H). Analysis of r7 shows nodemonstrating that the localized or global misexpression of
Hoxbl-expressing neurons in control embryos (Fig. 31). ByHoxb1l in r2 of the chick embryo is sufficient to transform cells
contrast, Hoxb1-expressing motoneurons, as confirmed by cot this rhombomere into r4-like BMNs (Bell et al., 1999).
expression with Isl1/2 (data not shown), are observed in r7 dfloreover, the posterior migration of r4-like BMNs from r6
Hoxa37-d37-double mutant embryos (Fig. 3J). Moreover, theinto r7 suggests that r7, like r5, produces local environmental
ectopic Hoxb1-expressing cells in r7 do not express Hoxb4ues required for the migration of even-numbered derived
suggesting that these cells have migrated from r6 and are ritacial’ BMNs (Garel et al., 2000; Studer, 2001).
derived from r7. ] )

To address the possibility that the observed Hoxb1Combined functions of Hoxa3 and Hoxb3 are
expressing cells in r7 ¢loxa3’"d3--double mutant embryos necessary for the specification of r5-derived
were derived from r4 and migrated aberrantly through r6, wéotoneurons
analyzed coronal sections of younger E10.5 embryos at A&among the Hox3 genes, onijoxa3andHoxb3are expressed
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Control Hoxa3"d3*" Control Hoxa3"d3"

Hoxb1 Nkx2.2

i3

Hoxb1 Isl1/2

gol3

Isl1/2

Phox2b

R6 Hoxb1 Hoxb4

Fig. 3. Ectopic expression of Hoxb1 in r6 is associated with activation of r4-like facial branchiomotoneuron differentiation afmhmigrat
(A-F) Transverse sections of ventral r6 in E11.5 control (A,C,E)Hmd37d3--double mutant embryos (B,D,F) labeled for Hoxb1 (green),
Nkx2.2 (red), Isl1/2 (red) and Phox2b (green). The arrows in B, D, F represent ectopic progenitors in the ventriculéindayer of
neuroepithelium in r6. (G,H) Transverse sections of ventral r6 and r7 in E11.5 control (GJ)»a&i-d3-double mutant embryos (H,J)
labeled for Hoxb1 (green) and Hoxb4 (red). (K,L) Coronal sections of E10.5 contridbaa8’-d3--double mutant embryos labeled for
Hoxbl (green) and Hoxb4 (red). The arrows in J and L represent ectopic Hoxb1-expressing cells in r7 that have presuneabisomig8at

in the ventral r5 region from which SMNs are derived (Fig.can be identified by their expression of Nkx2.2, low levels of
1D,F-H). The loss ofloxa3alone, results in a reduction in the Pax6 and high Pax6, respectively (Fig. 4D). The pSMN can be
number of SMNs (data not shown), whereas the elimination dtirther characterized by the expression of Olig2, the high
bothHoxa3andHoxb3in E11.25-E11.5 mutant embryos lead expression of which appears to encompass the low Pax6-
to the complete loss of SMNs, as identified by expression axpressing region (Fig. 4E). These progenitors give rise to
the homeodomain HB9 (Fig. 4A,B) (Arber et al., 1999). BySMNSs of the abducens nucleus, which are specifically labeled
contrast, r4-derived Phox2b-expressing BMNs and r5-derivedly HB9 (Fig. 4F). The more ventral V3 interneurons can be
visceromotoneurons labeled by Isl1/2 and Phox2b ar&lentified by their expression of Phox2b (Fig. 4G). These
unaffected (data not shown). The specific loss of SMNs iinterneurons presumably give rise to serotonergic neurons
Hoxa37 b3 double mutant embryos closely resembles thgHendricks et al., 2003; Pattyn et al., 2003). The SMNs and
phenotype of embryos bearing independent mutations fdr3sin r5 are both labeled by the pan motoneuron marker Isl1/2
Olig2 andPax6(Fig. 4C) (Lu et al., 2002; Novitch et al., 2001; (Fig. 5J,K). The V2 interneurons, as in the spinal cord, are
Takebayashi et al., 2002; Zhou and Anderson, 2002). Howevédacated immediately dorsal to SMNs and can be identified by
in the case of théloxa3’ b3~ double mutant embryos, the the expression of Chx10 (Fig. 4H). Using a H&X&3eporter,
loss of SMNSs is restricted to r5. the expression of Hox&8" and HB9 were found to be co-
To define the stage-specificity of the defects inlocalized in the outer marginal layer of the neuroepithelium
Hoxa37 b3 double mutant embryos, we first characterizedFig. 4l). Although the relative high expression levels of
the normal progenitors and neuronal subtypes in ventral r5 atoxa3-FPare found amongst differentiated cells, its ubiquitous
the onset of SMN specification, prior to the migration of rd-expression throughout the neuroepithelium, from progenitors
derived BMNSs into this region (Fig. 4D-I; data not shown). Into differentiated neurons, suggests a much broader regulatory
E10.25 control embryos, three distinct progenitor domains anale in neuronal patterning.
the neuronal subtypes that arise from them can be identified . )
along the DV axis by their expression of specific homeodomaiffoxa3 and Hoxb3 are early determinants of somatic
proteins (Fig. 4D-1) (Briscoe et al., 2000). In the ventral regiorinotoneuron fate
of r5 just dorsal to the floor plate, the progenitors for V3As described earlier, the restricted loss of motoneurons in r5
interneurons (pV3), SMN (pSMN) and V2 interneurons (pV2)of Hoxa3’©3"-double mutant embryos was specific to SMNs
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Control Hoxa3"b3" Pax6Sey/Sey

Fig. 4. Hox3 andPax6are necessary for the ‘ HBY9 Phox2b r5 E11.25-E11.5
development of somatic motoneurons in r5
(A-C) Transverse sections of ventral r5 in A
E11.25-E11.5 controKoxa3’ b3 double
andPax6>®Y/Semutant embryos labeled for
HBY (green) and Phox2b (red). The SMNs SSUILK
missing in botiHoxa37b3--double and %
Pax6&>eY/Senutant embryos. The ventrolater. V3
expression of Phox2b in both mutant embn
is spared, suggesting that the early
differentiation of visceromotoneurons in r5 |
unaffected by either mutations.

(D-I) Characterization of ventral progenitors
and neuronal subtypes in transverse sectio ¥
ventral r5 in control E10.25 embryos prior t
the migration of r4-derived BMNs. The
progenitors for V3 interneurons, SMNs and
V2 interneurons are characterized by the
expression of Nkx2.2 (red), low and high P:
(green) levels, respectively (D). Olig2 (gree
labels the pSMN domain (red; green Pax6 Nkx2.2 ‘ J Pax6 Olig2 \ [ Olig2 HB9
fluorescent intensity of Olig2 masks the low

red fluorescence of Pax6 staining),
immediately ventral to the high Pax6 pV2
domain (E). pPSMN domain and SMNs are
labeled by HB9 (red) and Olig2 (green),
respectively (F). The SMNs and the V3
interneurons can be distinguished from eac
other by their non-overlapping expression ¢
HB9 (red) and Phox2b (green), respectivel
(G). The V2 interneurons can be distinguisl HB9 Phox2b [ ‘
from the HB9-expressing SMNSs (red) by th...
specific expression of Chx10 (green). A CFP reporter for Hoxa3 (green) labels all cells in r5 with relatively high exprelssamdeg
postmitotic cells, which include the HB9-expressing SMNs (red, ).

N BMN

Chx10 HB9 H Hoxa3“"* HB9

labeled by HB9, with no apparent loss of Phox2b expressiothat the loss of SMNs iHoxa37b37-double mutant embryos
amongst the more ventral V3 interneurons (Fig. 4A,B). Tanay be the result of a change in neuronal fate. To address this
determine the onset of these defects, we analyzed E10.BSsue, we examined the expression pattern of Pax6, which
control and Hoxa3’ b3~ double mutant embryos for the identifies progenitors of SMNs and V2s. In E10.25
expression of Olig2, which specifically labels pMNs (Fig. 5A-Hoxa3”'03"- double mutant embryos, the normal low Pax6
D). The expression of Olig2 and HB9 show a gene dosexpression in the pPSMN domain is qualitatively similar to the
dependent response to the sequential losprd3andHoxb3  more dorsal high Pax6 expression in the pV2 domain (Fig.
alleles. The complete loss of Olig2 expressioHaxa3’ 037~  5I,M). The molecular change in the pSMN domain to that of
double mutant embryos, therefore suggests H@ata3 and the pV2 domain is substantiated by appearance of Chx10-
Hoxb3 are upstream of th®lig2-dependent specification of expressing V2 interneurons immediately dorsal to V3
SMN progenitors. interneurons, a region normally occupied by SMNs (Fig.
To determine the cause of the Olig2-specific loss irbK,0). The ectopic appearance of Chx10-expressing V2
Hoxa37 b3~ double mutant embryos, we examined twointerneurons in the region normally occupied by HB9-
possibilities: (1) programmed cell death; and (2)expressing SMNs was also confirmed in EHHdxa3’h3-
transformation in neuronal fate. To address the first possibilitgjouble mutant embryos compared with controls (Fig. 5L,P). In
we analyzed E10.25 embryos for the expression of TUNEL ana gene dose-dependent manr¢oxa3 and Hoxb3 are thus
activated caspase 3, both markers for programmed cell deattquired for the specification of progenitors that will give rise
(Fig. 5E-H). No differences were observed across experimented SMNs of the abducens nucleus.
groups. Analysis of olderHoxa3’h3”~ double mutant The loss of SMN precursors of the abducens nucleus was also
embryos (E10.5-E11.25) also showed no differences igonfirmed in late stage, E1Boxa3”’03”~ double mutant
TUNEL and caspase 3 expression (data not shown). An assagbryos. In the upper medulla, the r5-derived abducens nucleus
for cell proliferation using the mitosis marker MPM2, showedcan be easily identified by its stereotypic relationship with
normal cell division inrHoxa3”’3"~double mutant embryos axons from the r4-derived facial nucleus. The axons of the facial
compared with controls (Fig. 5E-H). The absence of aberramucleus, known as the genu, circumscribe the abducens nucleus
cell death among the experimental groups left the possibilitin a medial to lateral pattern (Carpenter and Sutin, 1983). The
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‘ Hoxa3*-b3*" [ l Hoxa3*"b3" ‘ ‘ Hoxa3"b3* i

Hoxa3"b3™"

)2 HBY9

|

Control

‘ Hoxa3-/-b3-/- H

l Pax6 NKx2.2 H Phox2b I1sH/2 H hx10 Isi1/2 Phox2b H HB9 Chx10

Fig. 5. Specification of somatic motoneurons in r5 is regulateddxa3andHoxb3in a gene dose-dependent manner. (A-D) Transverse
sections of ventral r5 in E10.25 embryos harboring various mutant alleles in Hoxa3 and Hoxb3 labeled for Olig2 (greenjrad}t (B81)

TUNEL (red), activated caspase 3 (green, CASP3) and the mitotic marker, MPM2 (blue). (I-P) Transverse sections of v&itealb in

control andHoxa3”b3~double mutant embryos labeled for Pax6 (green) and Nkx2.2 (red) (1,M), Phox2b (green) and Isl1/2 (red) (J,N),
Chx10 (green) and Isl1/2 (red), and Phox2b (blue) (K,0); and E11.5 contrblcaad b3~ double mutant embryos labeled for HB9 (green)

and Chx10 (red) (L,P). Cell counts for Chx10-expressing V2 interneurons were determined for representativiel@catuouble

heterozygote) and mutartigxa3b3double homozygote) embryos. Values for the control, 40.0+1.9 (mean/sidets.e.m.), versus double-mutant,

61.6+2.3, were statistically significai®<0.005). The arrows in panels L and P represent clusters of HB9- and Chx10-expressing SMNs and
V2 interneurons, respectively.

genu of the facial nerve is clearly visible in both E18 controHowever, the close proximity of these processes wiiX
andHoxa3’ b3~ -double mutant embryos in the region devoidsuggests a contribution from a motoneuron source, perhaps the
of NeuN expression, a nuclear marker for differentiated neuroraberrant innervation by axons from other cranial motoneurons.
(Fig. 6A,B, arrow). The early embryonic loss of r5-derived

progenitors and precursors of the abducens nucleus js. .

substantiated by the absence of choline acetyltransfera@SCUSSIon

(ChAT) expression irHoxa3" 3~ double mutant embryos In this report, we provide genetic evidence that the paralogous
(Fig. 6C,D). These findings are supported by an associatétbx3 genes influence neuronal identity in two crucial ways. In
reduction in the expression of TuJl, a pan-neuronal markei§, the Hox3 genes are required to genetically suppress the
and acetylcholine receptors (AChR), as visualized ddy expression of the r4-specific determinétuxbl (Fig. 7A,B).
bungarotoxin BTX), in transverse sections of the lateral In ventral r5, the combined functionstdbxa3andHoxb3are
rectus muscle, innervated normally by the abducens nerveecessary for the specification Rdx6 andOlig2-dependent
(Fig. 6E-J). The binding obiBTX in the lateral rectus of somatic motoneuron progenitors that give rise to the abducens
Hoxa3" 3"~ double mutant embryos is consistent with thenucleus (Fig. 7C,D). In their absence, the domain normally
finding that prepatterning of AChRs occurs in the target muscleccupied by somatic motoneuron progenitors appears to be
independent of motor innervation (Yang et al., 2001). Therogrammed for a V2 interneuron fate. Together, these data
remaining expression of TuJ1l in the lateral rectus oprovide evidence that the coordinated activities of Hox3 genes
Hoxa37b3-double mutant embryos may represent peripherahlong the AP axis are required to establish the unique identities
processes from sensory neurons (i.e. trigeminal gangliadf r5 and r6.
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Control

Fig. 6. Hoxa3andHoxb3are necessary for the
formation of the abducens nucleus and normal
target innervation. (A-D) Transverse sections of
the upper medulla in E18 control and -t
Hoxa37b3-double mutant embryos labeled
for the neuron-specific nuclear marker, NeuN
(A,B) and choline acetyltransferase (ChAT)
(C,D). In the control embryo, the region of the
abducens nucleus (dotted outline) can be 3
identified by its stereotypic relationship with the
axons of the genu of the facial nucleus (arrow;
devoid of NeuN expression) and the expression
of ChAT (A,C). In theHoxa3" b3~ double
mutant embryo, the loss of ChAT expression in
the region normally occupied by the abducens
nucleus is not associated with the loss of NeuN
expressing neurons and the formation of the
genu (B,D). (E-J) Transverse section through th
proximal lateral rectus muscle in E18 control
andHoxa37b3"~double mutant embryos
labeled for TuJ1 (green) awdbungarotoxin

binding @BTX, red). (I,J) Merged images of
E,G and F,H, respectively. ChAT

Fig. 7. The paralogous Hox3 genes play two SUMMARY
crucial roles in neuronal fate specification.
(A,B) Along the AP axis of the hindbrain, the | Antero poster ior Axis (r6) || Dorsoventral Axis (r5)

paralogous Hox3 genes are required to supp
B F i C D
idbrai

the expression dfloxbl(green) in r6. The loss
of Hox3 genes results in the ectopic expressi
of Hoxblassociated with the activation of r4-
like facial BMN differentiation and migration
program in r6 — characteristic of a homeotic

transformation. Although the Hox3 genes do ‘Nindbraiw “indbrai‘,
influence r4 directly, the observation that it is “”‘ “,’ ‘4‘ &’
required to genetically suppress the r4-progr: v W . 1]
in r6 ensures that r4 maintains its unique :g ‘T ‘Tl “[151.,'.‘ -
identity. The Hox3 genes thus influence the \ y Y [
identities of at least r4, r5 and r6 during

hindbrain development. (C,D) Along the DV

axis of r5, the combined functionsldbxa3and

Hoxb3are necessary for the specification of
somatic motoneuron progenitors (pSMN) of t | Control || Hox3 Mutant || Control || Hoxa3"b3"
abducens nucleus. Mutationstdxa3and
Hoxb3are associated with the ectopic expression of the more dorsal high expression of the Pax6 V2 interneuron progenitor (p\(@rkdomai
green) into more ventral the pSMN domain (light green). Subsequently, V2 interneurons are ectopic in the domain normediypp &Mpis.

Hox-regulated genetic suppression is an experiments provide ample evidence for the role of Hox genes
evolutionary conserved process required for in general cell survival and the cellular diversification within
segmental identity AP-restricted segments. However, they do not sufficiently

Hox gene loss-of-function and transgenic regulatory analysesxplain how the Hox genes regulate identity amongst
have so far revealed positive regulatory roles for Hox genes fianctionally related groups of neurons (i.e. motoneurons) along
neuronal subtype specification, segmental patterning arttie AP axis of the neural tube.

crossregulatory interactions between Hox genes during Work in Drosophila however, has provided insight into how
hindbrain patterning (Gavalas et al., 1998; Maconochie et althe Hox genes may use the mechanism of genetic suppression
1997; Manzanares et al., 2001; Mark et al., 1993; McClintocko determine segmental identity (Hafen et al., 1984; Lewis,
et al., 2002; Popperl et al., 1995; Rossel and Capecchi, 1998978; Struhl and White, 1985; Weatherbee et al., 1998). For
Studer et al., 1998; Studer et al., 1996). Single and compoursample Ubx normally suppresses multiple genes in the wing
mutations in Hox genes have demonstrated their requiremedévelopmental pathway within the metameric segment that
for the survival of AP-restricted populations of cells togives rise to the haltere such that inlthex mutant these genes
patterning of entire segments of the hindbrain. Thesare de-suppressed and the more posterior haltere is transformed
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into the more anterior wing (Weatherbee et al., 1998). The The observation that the gene-dose dependent |bésxaf3
suppression of the wing program bpx is analogous to our andHoxb3strongly correlates with the loss of Olig2/Hb9 and
current observation of the r6-specific suppression of the facialctopic Chx10 expression suggests a direct role in SMN fate
BMN specification program by the Hox3 genes. This importantlecisions. Furthermore, the expression of the Hox3 genes
crossregulatory phenomenon among members of the Hox3 aathong progenitors and differentiating neurons in r5 (Fig. 1F-
Hox1 paralogous members ensures the individual identity dfi, Fig. 41) supports a possible role for Hox3 genes at later
rhombomeres. Interestingly, the observation tHaixbl is  stages of motoneuron differentiation. This hypothesis has
suppressed specifically in r6 may reflect a developmentaéceived additional support by the recent report Hata3
ground state common amongst even-numbered rhombomergsin-of-function in chick rl-r4 is sufficient to generate SMNs
Thus, as in other serially homologous structures, thé these rhombomeres (Guidato et al., 2003). Roles for the
periodicity of even- and odd-numbered rhombomeres exhibitdox3 genes at different stages of motoneuron specification
common functions (Casares and Mann, 2001; Lumsden, 199@puld be consistent with the observation for the multi-level

Trainor and Krumlauf, 2000; Waskiewicz et al., 2002). developmental regulation of tHgrosophilawing by the Hox

) gene,Ubx (Weatherbee et al., 1998). However, the question
Hox3 genes are upstream of ~ Pax6- and Olig2- remains whether the effect of Hox3 gene mutations is direct or
dependent somatic motoneurons results from a gradual titration of r5 to a more anterior

The phenotypes of mice harboring independent mutations fahombomere — a hallmark of a homeotic transformation. The
the Hox3 paralog®ax6 and Olig2 suggest that these genes present use of conditional mouse models should clarify more
are part of a common regulatory network necessary foprecisely the role of the Hox3 genes on distinct stages of
determining the fate of SMNs (Ericson et al., 1997; Lu et al.motoneuron patterning.
2002; Osumi et al., 1997; Takahashi and Osumi, 2002; Zhou . )
and Anderson, 2002). Although these genes are necessary fogeneral function for paralogous Hox genes in the
the specification of SMNs, the regulatory process by whicigoordination of activation and suppression along
they attain this goal is qualitatively different. As described irthe anteroposterior axis
this study and in a previous report, Hox3 genesRmd@are  The 13 mammalian Hox paralogs, each containing two to four
upstream oDlig2 expression (Novitch et al., 2001). In the lossgenes, are expressed in a nested pattern along the AP axis of
of Hoxa3andHoxb3 howeverPax6is expressed at ectopically the neural tube, from the caudal-most tip of the spinal cord
high levels in the pSMN domain, suggesting tHaka3and to the level of r2 of the hindbrain (Davenne et al., 1999;
Hoxb3 genetically suppres®ax6 expression levels in the Economides et al., 2003). To date, the only published reports
pSMN domain. Our previous report also demonstrated the deddressing the role of paralogous Hox genes on neuronal
suppression dPax6expression in thBlkx2.2expressing BMN  patterning have been the knockouts of the paralogous Hox1 and
progenitor domain in r4 dfloxbl mutant embryos (Gaufo et Hox2 genes (Davenne et al., 1999; Gavalas et al., 1998; Rossel
al., 2000). These observations are analogous to the role of tard Capecchi, 1999; Studer et al., 1998). The characterization
Drosophila Hox gene,Antp, in suppressing the activity of of the Hox1 paralogous mutankéopxalandHoxbl, highlights
eyeless the homologue oPax6in vivo and in vitro (Plaza the basic requirements for these genes in normal hindbrain
et al., 2001). However, a direct interaction between th@atterning (Gavalas et al., 1998; Rossel and Capecchi, 1999;
mammalian Hox anéax genes remains to be tested. Studer et al., 1998). During early hindbrain patterning, prior to
In contrast to the combined loss ldbxa3andHoxb3 the  the closure of the roof platéjoxal and Hoxblare involved
Pax6 mutation results in the expansion or de-suppression dof establishing the AP-restricted identities of at least
the ventralNkx2.2 pV3 domain into the more dorsal SMN rhombomeres 3, 4 and 5. Equally important to this role is the
progenitor domain in r5 (data not shown) (Ericson et al., 1997gquirement forHoxal and Hoxb1 in cell proliferation and
Takahashi and Osumi, 2002). Consequently, the loss of Hox&irvival. In the absence éfoxal and Hoxbl, the hindbrain
andPax6genes leads to ectopic differentiation of V2 and V3undergoes abnormal programmed cell death associated with
interneurons, respectively. The comparison of the Hox3 andeletions of multiple rhombomeres and subsequent
Pax6 genes demonstrates that they are necessary for theorganization (Rossel and Capecchi, 1999). The deletion of
formation of SMNs, but they differ significantly at the level of multiple hindbrain segments precludes analysis of later
specifying SMN progenitors. Genetically, Hox3 genespatterning events associated with the specification of a
suppress the dors&ax6 pV2 domain in the more ventral multitude of neuronal subtypes along the DV axis.
pSMN domain, whereaBax6 suppresses the ventriskx2.2 In contrast to the paralogous Hox1 mutants, the numbers and
pV3 domain in the more dorsal pSMN domain. In contrast tgeriodicity of rhombomeres appear to be normal in paralogous
Pax§ the functions ofOlig2 appear similar taHoxa3 and  Hox2, Hoxa2 and Hoxb2 mutant embryos (Davenne et al.,
Hoxb3in its capacity to specify pSMNSs. In bo®lig2’-and  1999). The normal features of the rhombomeres thus allow for
Hoxa37 b3~ mutant embryos, the loss of SMNSs is associatedhe examination of later events in neuronal patterning. Indeed,
with the de-suppression ¢fax6 and the subsequent ectopic the analysis of Hox2 mutant embryos led to the discovery that
differentiation of V2 interneurons (Lu et al., 2002; Takebayashihe program mediated by Hox genes along the AP axis appear
et al., 2002; Zhou and Anderson, 2002). In both mutants, the influence later patterning events along the DV axis. The
more ventraNkx2.2expressing V3 progenitor domain appearspresent study, however, defines the possible mechanisms by
unaffected, unlike that observed in tiax6 mutant. The which Hox genes may control distinct aspects of AP and DV
functional similarities between the Hox3 a@tig2 genes with  patterning. For example, the functions Hdxa3 and Hoxb3
respect to the specification of SMN progenitors in r5 suggestppear to influence early neuronal fate decisions by regulating
interactions between the pathways mediated by these genesa developmental program common with a SMN-specific
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determinant,Olig2 (Lu et al., 2002; Novitch et al., 2001; mutations cause overgrowth of caudal spinal cord and tail vertdbese.
Takebayashi et al., 2002; Zhou and Anderson, 2002). However,Biol. 2536 ;17}]3b30- b Schedl A B Morton. S.. Kawakami. A

; ; . Ericson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A.,
owing to the .eXtend.ed exp_ressmn Qf the Hox3 genes_ .dur_l van Heyningen, V., Jessell, T. M. and Briscoe, J1997). Pax6 controls
embryogeneS|s, their precise role in neuronal speC|f|cat|on rogenitor cell identity and neuronal fate in response to graded Shh
remains to be characterized. Nevertheless, the direct or indil’ecgignaling.Cell 90, 169-180.
regulation of Olig2 expression, a putative transcriptional Ferlriert, DNEt- aFland Igllang.; \é\g(ZOOl)- Ancient origin of the Hox gene

; ivhli cluster.Nat. Rev. Geneg, 33-38.
epresor by h ear aclonsibadandooINalls et G bommas . v rama. 2000 anv o e
. . . L migratory pathway of facial branchiomotor neuronBsvelopmentl27,
suppression In the progressive specmcatlon of motoneurons. 5297-5307.

The role of the paralogous Hox1, Hox2 and Hox3 groups i®aufo, G. O., Flodby, P. and Capecchi, M. R(2000). Hoxbl controls
the positive regulation of segmental formation and DV ifzh;cgiso;;gzic hedgehog and Mashl signaling pathvizgieslopment
patternlng progra.ms explaln Only n part .th? genetl%aval};\s, A., Studer, M., Lumsden, A., Rijli, F. M., Krumlauf, R. and
mechanism by which segmental neuronal identity is achieved chambon, P. (1998). Hoxal and Hoxbl synergize in patterning the
(Davenne et al., 1999; Gavalas et al.,, 1998; Rossel andhindbrain, cranial nerves and second pharyngeal &etielopmentl25,
Capecchi, 1999; Studer et al., 1998). Combined with the 1123-1136.

; ; ; sGoddard, J. M., Rossel, M., Manley, N. R. and Capecchi, M. R1996).
observations revealing the role of Hox genes in genetlg’ Mice with targeted disruption of Hoxb-1 fail to form the motor nucleus of

suppression along the AP axis, a general mechanism emergege viith nerve Development 22, 3217-3228.
of how neuronal identity is acquired. Remarkably, theGould, A., Itasaki, N. and Krumlauf, R. (1998). Initiation of rhombomeric
fundamental principles of Hox gene function involved in this Hoxb4 expression requires induction by somites and a retinoid pathway.
developmental process are programmed within a single Neuron2l, 39-51. .
paralogous Hox group (where a distinct combination, a ‘Ho>§e’reerf J. M., Puetz, J, Thomas, K. R. and Capecchi, M. R2000).
) MA . ! Maintenance of functional equivalence during paralogous Hox gene
code’, may perform distinct roles). The functions mediated by evolution. Nature403 661-665.
the Hox3 genes in r5 and r6 may represent a phenomengnidato, S., Prin, F. and Guthrie, S.(2003). Somatic motoneurone
reiterated by other Hox paralogs along the entire AP axis of SPt?C'f'Cﬁ“f?g '“dt:e hgdbralmi thelg‘ﬂugglezgg Gsom'te'de“VEd signals,
the neural tube. Ultimately, this developmental process coulg, "2 %7 " HUas e Oé’e”;ﬁi?]g QW 1. (1984). Regulation of
lead to the unique identities of neurons along the entire AP axiSantennapedia transcript distribution by the bithorax complex in Drosophila.
of the embryo. Nature307, 287-289.
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