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SUMMARY

The development of the vertebrate nervous system depends Xenopus Neurogenin related and N-tubulin, markers of
upon striking a balance between differentiating neurons early neurogenesis in the embryoXdbx overexpression
and neural progenitors in the early embryo. Our findings  inhibits neuronal differentiation in the embryo and when
suggest that the homeodomain-containing geneXdbx  co-injected with Xash3 Xdbx inhibits the ability of Xash3
regulates this balance by maintaining neural progenitor to induce ectopic neurogenesisOne role of Xdbx during
populations within specific regions of the neuroectoderm. normal development may therefore be to restrict spatially
In posterior regions of the Xenopus embryo, Xdbx is  neuronal differentiation within the neural plate, possibly
expressed in a bilaterally symmetric stripe that lies at the by altering the neuronal differentiation function of Xash3
middle of the mediolateral axis of the neural plate. This

stripe of Xdbx expression overlaps the expression domain

of the proneural basic/helix-loop-helix-containing gene, Key words: Homeodomain, Neurogenesis, Neural progenitors,
Xash3 and is juxtaposed to the expression domains of XenopusXdbx

INTRODUCTION neuroectoderm that have the potential to induce ectopic
neuronal differentiation when overexpressed. These positive
Neural progenitors substantially outnumber differentiatingeffectors include the zinc finger transcription factor genes,
neurons at early stages of vertebrate nervous syste@li2, Gli3 andZicR1(Brewster et al., 1998; Lee et al., 1997;
development. The eventual fate of these progenitors is in pavtarine et al., 1997; Mizuseki et al., 1998a), the HMG domain-
linked to the timing of their differentiation as neuronal subtypegontaining gene,SoxD (Mizuseki et al., 1998b), and the
are generated at specific times during development. THeomeodomain-containing gendrol (Gomez-Skarmeta et al.,
temporal regulation of neuronal differentiation and thel998). What negative regulators counter the effects of these
maintenance of a pool of neural progenitors therefore insure thgénes to maintain progenitor domains in the embryo? The
the diversity of neuronal cell fates is generated during nervousansmembrane receptoX-Notchl may play a role in this
system development. Théenopusembryo provides a useful process.X-Notchlis expressed throughout the neural plate
system for studying the factors that maintain this balance g€offman et al., 1990) and, in contrast to positive effectors, the
undifferentiated progenitors and differentiating neurons areverexpression of either a constitutively active formXof
maintained in a stereotypic, regionalized pattern within théotchl (Chitnis et al., 1995; Coffman et al., 1993) or
neural plate (Hartenstein, 1989, 1993). Differentiating neurondownstream effectors of thidotch signaling pathway (Marcu
in posterior regions of the embryo form three bilaterallyet al., 1998; Wettstein et al., 1997) leads to an expansion of the
symmetric columns with respect to the mediolateral axis of theeural progenitor domain within the embryo and the inhibition
neural plate. These neurons, termed primary neurons, aoéneuronal differentiation.
derived exclusively from progenitors in the deep layer of the The integration oX-Notchlfunction with positive effectors
neural plate (Hartenstein, 1989). Primary neurons are boundéal retain a balance between neurons and progenitors has been
by domains of regionally distinct, undifferentiated neuralmost clearly defined within the early neuronal precursors that
progenitors that lie in both the superficial and deep layers of ttgive rise to primary neurons (for review, Chitnis, 1999). These
neural plate. The specific neuronal and non-neuronal fates néuronal precursors are first marked by expression of the
these progenitors is not fully established, although maintenan&asic/helix-loop-helix (bHLH)-containing transcription factor
of these progenitors is in part required to fuel subsequent wavgsene, Xenopus Neurogenin related (K-Ngnrl, Ma et al.,
of differentiation in the embryo, eventually replacing most1996). X-Ngnrl induces neuronal differentiation when
primary neurons and contributing the majority of neurons andverexpressed in neural precursors (Ma et al., 1996). However,
glia to the mature nervous system. the neuronal differentiation function #Ngnrlis limited by
A number of genes are expressed broadly within théateral inhibition (Ma et al., 1996) mediated ¥yNotchland
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its ligand,X-Deltal(Chitnis et al., 1995). Only a subsetXf tube, an expression pattern overlapping thaKash3 Xdbx

Ngnri-positive precursors escap&sNotchl inhibition and  overexpression specifically inhibits neuronal differentiation

differentiates to primary neurons marked by expressidd-of within the neural plate and, in co-injection experimeXtx

tubulin and other markers of neuronal differentiationinhibits the ability of Xash3to promote ectopic neuronal

(Oschwald et al., 1991). The escape from lateral inhibition iglifferentiation. When taken together, our results suggest that

mediated by the induction of a number of other positiveXdbxmay function within the midpoint progenitor population

effectors including the HLH-containing geé;oe-2(Dubois  to inhibit neuronal differentiation, possibly through modulating

et al, 1998), the zinc finger-containing geng;MyT1l the function ofXash3

(Bellefroid et al., 1996) and the bHLH-containing gene,

NeuroD (Chitnis and Kintner, 1996; Lee et al., 1995). The

maintenance of progenitor populations within early domains JdMATERIALS AND METHODS

neurogenesis is therefore a finely tuned process, requiring the ,

combined action of positive effectors, includdgNgnrl, and  Molecular cloning of the  Xdbx gene

negative effectors, such AsNotchl A probe con_ta_lining the homeodomain region of _the chickkaxE
RegionalizedX-Ngnr1 expression defines domains of early 96n€ (Rangini et al., 1991) was used at low stringency to screen a

. . . . Xenopusstage 17 cDNA library (Kintner and Melton, 1987). A 2.1
neurogenesis. Are there negative effectors that similarly defi . cDNA clone Kdby was isolated in a screen of approximatel§ 10

neuraj progemtorl doma'”s in the embryo? The hom(.aOdoma"BTaques. The putative protein-coding region contained within this
containing geneXiro3 is expressed at highest levels in neuralgione was sequenced in its entirety.

progenitors and when overexpressgdp3 inhibits neuronal

differentiation in the embryo (Bellefroid et al., 1998). Theln situ hybridization analyses

Xenopuginc finger transcription factor gedec2 may also play  The Xdbxclone was linearized witBglll and transcribed with T7 to

a role in patterning neuronal differentiation in the early embryogenerate a 1.6 kb antisense probeXidbx Antisense probes foX-

Zic2 expression defines neural progenitor domains in th&lES-5andHairy-2A were generated by digesting wilamHI and
embryo and is expressed at highest levels in the lateral neufggnscribing with T3 and T7, respectively. Probes Rotubulin
plate (Brewster et al., 1998). When overexpressed in the ea gﬁ;g%;&ge;ﬁ?lbgéﬁ%“g;;&f dhe;'rg \fl(gjgj E(g%ag{gg(zgtagﬂx_lggg-
embryo,Zl(_:Z 'nhlblts. the expression dil-tubulin and other Chitnis et al., 1995; Espeseth et al., 1995; Hemmati-BrivanI(;u et all.,
neuronal dlfferentl_atlon markers (Brew_ster etal., 1998)' A_t _thei991; Krieg et al., 1989; Lee et al., 1995; Ma et al., 1996; Richter et
molecular level, Zic2 function may be integrated with positive,| "1988: Zimmerman et al., 1993).

regulators of neurogenesis by direct competition with Gli2 and whole-mount in situ hybridization analyses were performed using
Gli3 for DNA-binding sites (Aruga et al., 1994; Brewster et al.,previously described techniques (Harland, 1991; Hemmati-Brivanlou
1998). In addition to its ability to suppress neurogenesis withiat al., 1990). For double in situ hybridizations, embryos were
the embryoZic2 overexpression also results in an expansion ofimultaneously hybridized with a fluorescein-substituteltx probe
neural crest (Brewster et al., 1998). These findings suggest trad either a digoxigenin-substituteXtNgnrl, N-tubulin Xash3

multiple pathways converge to limit neuronal differentiation inKrox20 or En2 probe. Following overnight incubation with anti-
the developing nervous system. fluorescein antibody at a dilution of 1:2000, embryos were washed in

MAB (100 mM maleic acid/150 mM NacCl, pH 7.5) and developed

In ord(:rr] to furt'iher.examflne th_e mlc_)le((:jular |nte|ract|ons t.':%sing a magenta phos (3.5 ul of 50 mg/ml solution/ml)/red tetrazolium
govern € patterning ot regionalized neural progeni 0$4.5 ul of 75 mg/ml solution/ml) chromagen solution. After the

populations, we searched for genes expressed specificaliy,ction had developed to the correct intensity, embryos were washed
within the boundary progenitor domain at the middle of then MAB and incubated in 0.1 M EDTA/MAB for 20 minutes at 65°C.
mediolateral axis. This domain is defined at gastrula stages Bimbryos were then washed twice for 10 minutes at room temperature
development by expression of the bHLH-containing genepn methanol followed by three 10 minute washes in MAB. Embryos
Xash3 (Turner and Weintraub, 1994; Zimmerman et al.,were incubated overnight in anti-digoxigenin antibody at a dilution of
1993). Xash3 has opposing dose-dependent effects whed:1000. After washing in MAB, embryos were developed with BCIP
overexpressed in the embryo. At low dos¥ash3induces (3.5 ul of 50 mg/ml solution/ml) at 37°C. Selected embryos were
ectopic neurogenesis in a majority of embryos while at higifehydrated and mounted in paraplast for sectioning.

doses the effect ofash3overexpression is to inhibit neuronal construction of Xdbx and GR-Xash3 constructs for

differentiation (Chitnis and Kintner, 1996; Ferreiro et al., 1994)injection

The high-dose effect ofash3to block neuronal differentiation o\ constructs for injection were subcloned into the CS2 derivative,
results from direct activation of thiotch lateral inhibition  cs2 NLS MT (Rupp et al., 1994; Turner and Weintraub, 1994), which
pathway viaX-Deltal induction (Chitnis and Kintner, 1996). contains an SV40 T antigen nuclear localization sequence (NLS) as
Although the precise role okash3in the embryo remains well as sequences encoding 6 myc epitope tags (MT). All constructs
uncertain, the fact that earKash3expression is not linked to were sequenced to insure correct protein-coding joins. Xaiax
sites of early neurogenesis in the neural plate suggests that gx@ression constructXdbxmetand Xdbxvmet were generated that
neuronal differentiation capacity d&ash3within the midpoint contained the full-length protein-coding domain Xdbx but the

progenitor population is inhibited through interaction with proteins differed in their N-terminal amino acids. These constructs
: yielded indistinguishable results in overexpression assays. The
molecules such asotchthat repress neurogenesis. dbxmetconstruct includes 60 bp of Xdbx flanking sequence in

In the_ Cu_rrent study, we describe the Iso_latlon aNnGqdition to the normaXdbxstart codon (see Fig. 1A). Thabxvmet
characterization oKdbx aXenopushomolog of murineDbx  onstruct includes the amino acids MetGlyGlyGly N-terminal to the
(Lu et al., 1992)Xdbxis first expressed at the midpoint of the start site ofxdbx Both derivatives were subcloned in frame with the
mediolateral axis of the neural plate and is subsequentlownstream NLS and MT region of the CS2 vector. A homeodomain
expressed at the middle of the dorsoventral axis of the neuralbne KdbxHD) and a homeodomain deletiokdboxAHD) construct
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were also generatecKdbxHD contains the homeodomain coding high homology with the homeodomain region of the zebrafish
region of Xdbx (GlyMet...SerLys) linked to two N-terminal Met hix1gene (Fig. 1B; Fjose et al., 1994), the only domaimixi
codons. TheXdbxAHD construct is a variant ofdbxvmetin which  for which published sequence is available. In contrast to these
the homeodomain-coding region (GlyMet...SerLys) has beenytensive homologies, the homology betwetbxand other

VPl6xdbxponstiuct inoludes sequences encoding the amino aciqcPers of thélx class of homeadomain genes is specific to
MetGlyGlyGly N-terminal to sequences encoding the 78 C-terminal € hon:eo'?rc])'mala reglo? .Wgh no relgzl_onslBof zoénct)bgyt
amino acids of herpes simplex virus VP16 (AlaPro...GlyGly) which@Pparent within other protein domains (Fig. ana data no

are in tum linked to downstream sequences encoding thgnOWn).In summary, these homology comparisons suggest that
homeodomain ofXdbx The EnRXdbx construct links sequences Xdbx Dbxand possibly zebrafidfix1 represent evolutionarily
encoding the 298 N-terminal amino acidsDrbsophila Engrailed — conserved orthologs.
(MetAla...LeuGly) to theXdbxhomeodomain region.

TheXash3expression constru@R-Xash3inks the protein-coding Expression of Xdbx during Xenopus development
region ofXash3to sequences encoding the ligand-binding domain offhe expression oXdbx during Xenopusdevelopment was
the Glucocorticoid Receptorgene. Sequences encoding the characterized using whole-mount in  situ hybridization
glucocorticoid ligand-binding domain (aa 512-777; Hollenberg et al. echniques. The expression Xéibx appears neural specific.

1985) were subcloned in frame with the downstream NLS and M P .

region of CS2. Th&Xash3protein-coding domain (Zimmerman et al., (_jtg?(eﬁprescsjlon IS flrsth_ietegfd Iln neutral_ plate stage ep]t?:’yos
1993) was subcloned in frame with all of these regions, yielding ithin two domains (. 9. )- In an erior regions o N
fusion protein consisting of GR-NLS-MT-Xash3. In this construct, €MPryo, Xdbx expression is detected within a zone at the

Xash3function is hormone regulated in a manner similar to thatnidline of the neural plate (Fig. 2A, arrowhead, C) while, in

previously reported for the related bHLH-containing gemgpD  posterior regionsXdbxis expressed in a bilaterally symmetric

(Kolm and Sive, 1995). stripe that lies at the middle of the mediolateral axis (Fig. 2A
and B, arrow). This pattern &fdbxexpression is maintained

Preparation and injection of mMRNA throughout neural fold stages of development.
The Xdbxmet Xdbxvmet XdbxHD XdbxAHD, ErfXdbx and Following neural tube closureXdbx is maintained in

VP16XdbxmRNAs were prepared for injection by linearizing with posterior regions of the embryo at the midpoint of the

Noti and transcribing with SP6X-Ngnrl, X-Notchl/ICD, X- - .
Deltals™Y, lacZ mRNAs were prepared for injection as previously dorsoventral axis of the neural wbe (Fig. 2D, arrow, E). The

described (Chitnis et al., 1995; Chitnis and Kintner, 1996; Ma et al.e,’xpreSSIon dO”?a'” apparent at the anterior mld_llne of the
1996; Vize et al, 1991) All mRNAs were synthesized usingn€ural plate (Fig. 2A, arrowhead), the presumptive ventral
recommended protocols (Ambion). Yields were calculated based diggion of the neural tube, is not detectable following neural
incorporation of a radioactive tracer nucleotide. Embryos from eithefube closure. At stages intermediate to stage 20 and stage 28,
wild-type or albino Xenopus laeviswere injected in a single an anteroposterior striped pattern Xélbx appears within
blastomere at the 2-cell stage of development. In panels shown, 108aterior regions of the embryo (data not shown). By stage 28,
200 pg of theXdbxmetor XdbxvmetmRNA, 1 ng ofXdbxHD  these stripes have coalesced to yield a uniform zonéalox
XdbyAHD, EnfXdbx or VP16Xdbx 1 ng of GR-Xash31 ng ofX-  expression (Fig. 2F). In anterior region&bx expression is
deltal>™" and 1 ng ofX-Notchl/ICDwere injected in a volume of 5,461y specific to the dorsal neural tube (Fig. 2G). Expression
either 5 or 10 nl. 100 pg &cZmRNA was included in each injection. ;" re hosterior regions of the embryo remains specific to the

Injection of lower doses oKdbx (10 or 1 pg) showed a similar . . . . . . .
phenotype but in a lower percentage of embryos. GReXash3 midpoint of the dorsoventral axis (Fig. 2H). This midpoint

GR-Xash®X-DeltalSTU  GR-Xash3/Xdbxvmetand GR-Xash3/x- €Xpression is restricted to the ventricular zone suggesting that
DeltalSTYXdbxvmeitnjections, embryos were incubated inrdi®e  Xdbxexpression is specific to mitotic progenitors within the
dexamethasone after stage 7 in order to activate the GR-Xash3 fusid@veloping nervous system (Fig. 2H).
protein. In the absence of dexamethasone, ectd®piwbulin
expression was not observed iBR-Xashdnjected embryos. Mapping Xdbx expression with respect to the
Exposure of uninjected embryos to dexamethasone had no effect anteroposterior and mediolateral axes
patterns ofN-tubulin expression. Staged embryos were fixed for 1| grder to gain a more detailed view of the pattertXaipx
hour in MEMFA. For_ in situ hyb_rldlzatlon, embryos were first expression in early neural development, we compaigiok
analyzed for expression of co-injectdigal before transfer t0 o\ oqqinn to that of other regionalized neural markers. The
methanol and storage a20°C. . . . . .
Xdbx expression boundaries in anterior regions of the
developing nervous system were mapped relativkrex20

RESULTS andEngrailed 2(En2) using double-label, whole-mount in situ
) hybridization technique€n?2 is expressed specifically at the
Isolation of the  Xenopus Dbx gene midbrain-hindbrain boundary in the developing nervous

The murineDbx gene (Lu et al., 1992) is a member of thesystem (Hemmati-Brivanlou et al., 1991). In embryos double-
hix family of genes encoding homeodomain-containinglabeled withEn2 and Xdbx the anterior domain oXdbx
transcription factors. We have isolated thenopushomolog  expression lies immediately rostral to r@2domain (Fig. 3A,

of this gene in a low-stringency screen akenopusneurula  Xdbx arrowheadEn2 asterisk).

stage cDNA libraryXdbxis homologous t®bxthroughout its The posterior striped domain ofdbx expression was
protein-coding domain with an overall homology of greatercompared to that oKrox20, a gene expressed specifically
than 73% (Fig. 1A; Lu et al., 1992). Within the homeodomairwithin rhombomeres 3 and 5 of the developing hindbrain
region, homology betweeBbx and Xdbx approaches 97% (Bradley et al., 1993). The anterior limit of the striped domain
(Fig. 1B) while the homology in non-homeodomain regions ioverlaps the rhombomere 5 domain Kfox20 expression
approximately 68% (Fig. 1A; Lu et al., 199Xdbxalso shares indicating that the bilaterally symmetric stripe ofdbx
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expression is specific to the posterior hindbrain and spinal coembryos injected withX-Ngnrl In both sets of injected

(Fig. 3B, Xdbx arrow;Krox20, asterisks).

embryos, there was a reciprocal relationship between the

The posterior domain okdbx expression was also mapped expression of theXdbx and X-Ngnrl genes. In embryos
relative to the mediolateral domainsXdsh3 X-NgnrlandN-  overexpressing Xdbx  X-Ngnrl expression  was
tubulin expressionXash3is expressed at the apparent midpointdownregulated (30/40 embryos, Fig. 3H) while, in embryos
of the mediolateral axis commencing at mid-gastrula stages oferexpressing<-Ngnrl, endogenous{dbx expression was

development (Zimmerman et al.,

and Xash3 expression indicate -
that Xdbx overlaps the Xash:
expression domain at the mid
of the mediolateral axis althou
Xash3 expression extends to
more medial region of tf
axis (Fig. 3C,E, Xdbx arrow;
Xash3 gray arrow; superficii
light blue staining in E i
background reactivity resultit
from prolonged chromager
incubation). In contras
comparison oXdbxexpression t
that of X-Ngnrl and N-tubulin
at the neural plate stage
development indicates juxtapos
patterns of expressioX-Ngnrlis
expressed in three symme
domains of neuronal precurs
that correlate with sites of prime
neurogenesis (Ma et al., 199Hl).
tubulinis expressed subsequen
X-Ngnrlwithin these domains al
is specific to differentiatin
primary neurons (Oschwald et .
1991; Richter et al., 198t
Comparison ofXdbx expressiol
to that of X-Ngnrl and N-tubulin
indicates that, within the poster
neural plate, Xdbx expressiol
juxtaposes the two most mec
zones ofX-Ngnrl and N-tubulin
expression (Fig. 3D,F,GXdbx
arrow; X-Ngnrl and N-tub
asterisks). Our findings sugg
that Xdbxis not expressed with
primary neurons or the
precursors but rather is expres
together with Xash3 in neura
progenitors within the neural pla

Negative crossregulation of
Xdbx and X-Ngnrl
expression

The finding thaXdbxexpressiol
forms a boundary betwe
domains ofX-Ngnrl expressiol
suggested that these ge
might negatively regulate ea
other at a transcriptional lev
We therefore examined t
expression of X-Ngnrl in
embryos injected withXdbx as
well as the expression &fdbxin

1993). ComparisoXdifix  downregulated (8/11 embryos, Fig. 3I).

A.

ATG ATG TTC CCA AGC CTC TTA GCT CCC

GCG GIG TAC CCC AAT CTA CTG AGA CCC ACC 60
M M F P S L L A P P

A V. Y P N L L R T 20
ACT GCC CTG TCC AAC CAC ACC AGC TTT TTA 120
T A L S N H T S F L 40

CCG ACT CTG ACG CTG CCA CAG TCT ATC
P T L T L P Q s |

ATA GAA GAC TTG ATC AGG ATC AGC CGA
| E D L | R 1 S R

GCA GGA TTC CTG CCC AGG GCT GIC CCA CCT 180
A G F L P R A V P P 60

CCC AGC ATG TCC CCT CCA ACC TCT GAA
P §S M S P P T S E

CCC AAC TGC ATG AGC GAG ACA TCA GAC TTG 240
P c M S E T S D L 80

(.f))é U§ .O% 'Ua

GCA AGA AGA GAG GGT CCA AAC CAG ACT TCA ATT
AR R E G P N Q T s I

TCC AAC AAC AGT TCC CCT TTT CTG 300
S N N S S P F L 100

AAG TTT GGA GTC AAT GCA ATC CTC TCC TCC AGC
K F G V N A | L § s s

AGG ACA GAG TCG GCA CAA GIC TTG 360
R T E S A Q V 120

N
TCT
S
CCT
P L
CTC CCC AGC GCC CAT CCA AAG CCC TTC ACC TTC CCT TAC TTT GAA GGA TCC TTC CAG CCT 420
L P S A H P K P T F P Y F E G S F Q P 140
TCG TTC
S F
CGG
R
TTC
F

F

TTC ATT AGA TCT TCC TAT TTC CCA GCT TCC TCT GTG GIG CCC ATC CCC GGC ACA 480
F | R S S Y F P A S S v VvV P | P G T 160
TCC TGG CCC CTG GIC GCT CGA GGG AAG CCC CGC GGC ATG TTG CGC AGA GCC GIG TTC 540
s w P L V A R G K P R G M L R R A V F 180
TCA GAT GIC CAA CGC AAA GCT CTA GAG AAG ATG CAG AAG CAG AAA TAT ATC AGC AAA 600
S D V Q R K A L E K M Q K Q K Y | S K 200
CCG GAC AGA AAG AAA CTG GCT GGG AAG CTG GGG CTC AAA GAC TCT CAG GTA AAA ATT TGG 660
P D R K K L A G K L G L K _D S Q V K 1 W 220
TTC CAG AAT CGG CGA ATG AAG TGG CGA AAC TCC AAG GAA CGG GAA TTG CTG TCC TCC GGA 720
F_Q N R R M K W R N S K E R E L L S S G 240
GGG TGC AGG GAG CAG ACA CTA CCC ACC AAA TTT AAC CCC CAC CCA GAC CTC AGT GAC GIG 780
G C R E Q T L p T K F N P H P D L S D V 260
AGC AAG AAA TCC TCG GGG GAG GGA GAG GAG GAG CCA TTG TGC CCA GGA AAC AGC CCC GCC 840
S K K s s G E G E E E P L c P G N S P A 280
CAC GCC TTG CCT TAT CAA TGC CCA GAG CAC CAT TTA AGA CTT GAT ACC CAG CTT CCT TCC 900
H A L P Y Q C P E H H L R L D T Q L P S 300
TCC CCT TTT AAC TCC AGC AGT GCC AGT AAA CCC TCA GAC TTC TCA GAC TCA GAG GAA GAG 960
s P F N S S S A S K P s D F s D S E E E 320
GGA GGG GAA CAG GAA GAA GAG ATC ACA GIC TCC TAA 996
G G E Q E E E |1 T VvV s * 332
B.

Gene 10 20 30 40 50 60 Identity
Xdbx GVLRRAVFSD VOQRKALEKMF QKOKY! SKPD RKKLAGKLGL KDSQVKI WFQ NRRVKWRNSK 100%
(21D ¢ I Armme mmmmmeeeee meeeeen 98%
Dbx ~ eeeeeeeeee e T- ommmmeee e e - S R R T 97%
CHoxE leeeee-- ED-------- ---ncn-- T- ----- IN-- -BE-------e cmmmcmenn 88%
Dbx2 R EE-------n cmnnnnnn T- -R--VS-- -E----cne memmmeeene 87%
H x RSW5-----N L---G--R El---VT--- -- Q—AM-- T-A--V--- ------- H - 68%
H2. 0 RSWS-----N L---G—I1Q -Q---T--- -R---AR-N T-A---V--- ------- HTR 65%

Fig. 1. Xdbxencodes ahlx class homeodomain-containing protein. (A) Rabxsequence and

putative protein-coding domain are shown. The homeodomain region is underlinétkhe
sequence is available through GenBank (accession number AF253504). (B) Comparisofubkthe
homeodomain to other members of tthehomeodomain family. Dashes indicate conserved residues.
The genes listed include zebraffdkl (Fjose et al., 1994), muriizbx (Lu et al., 1992), chick
ChoxE(Rangini et al., 1991), muriri@bx2 (Shaoji et al., 1996), murindIx (Allen et al., 1991) and
Drosophila H2.0(Barad et al., 1988).
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A B P Lee et al., 1995). In embryos overexpres{dgx NeuroDand
i@‘ BRI X-Deltal expression was downregulatedNe(uroD, 5/5
A e h LR R N embryosX-Deltal, 6/9 embryos; Fig. 4B and data not shown).
ST, 1,'-4'"' AT A As N-tubulin, NeuroD and X-Deltal expression is positively
) correlated with neuronal differentiation during normal
c M development, these data support an opposing rol&dbxkin
i Sk inhibiting neurogenesis within the developing embryo.
ST.14 ST.14 ' The homeodomain region of  Xdbx is sufficient for
D E , function
' 5& ﬁ‘ In order to investigate the functional domains of the Xdbx

A 55 protein, we constructed two variants Xflbx XdbxHD and
T XdbxAHD, and tested their function iXenopusembryos.
oy XdbxHD encodes only the homeodomain region of the Xdbx
protein andXdbxAHD contains a specific deletion of the same
' homeodomain region. In responsexidbxHD overexpression,
ST.20 GEoD. N-tubulin expression was downregulated at the neural plate
stage (16/35 embryos; Fig. 4C). In contrast, embryos
overexpressingXdbxAHD showed normal patterns of N-
am tubulin expression (17/19 embryos; data not shown). These
SR Bre findings suggest that the homeodomain region of Xdbx is both
gt | required and sufficient for inhibiting neuronal differentiation
; #3s in the embryo. However, the inhibition observed following
VI G XdbxHD overexpression was not as efficient as that observed
: sl following overexpression of the full-lengtiXdbx protein-
28 SR8 coding domain (compare 45% fodbxHD versus 86% for
T ' Xdbx suggesting that other regions of the protein cooperate to
Fig. 2. Xdbxexpression duringtenopusevelopment. Whole-mount  enhance the function of the homeodomain region.
in situ hybridization oXdbxat stage 14 (A), stage 20 (D) and stage  In order to assess whether the inhibitory effects<dbx
28 (F). The expression domain at the midline of the axis in anterior on neuronal differentiation were mediated either Vvia
regions is ingicateqtg?_r;] arrowhead (A). Crbc;lsst se<|:|ti°'”S of thti$ transcriptional activation or repression, we linked either a
region are shown in C. € expression In a pilaterally symmetric HT
stgpe in posterior regions is ingicated by an arrow (Ay,Dgl. Cross Qggegrp‘ljogous transcr’lptlonal repre.ssor_F(,EIHan and Manley,
; Jaynes and O’Farrell, 1991; Smith and Jaynes, 1996) or

sections within this region of the embryo revEdbxexpression at o - . ;
the midpoint of the mediolateral axis of the neural plate (B) and & heterologous transcriptional activator (VP16; Sadowski et al.,

subsequently at the midpoint of the dorsoventral axis of the neural 1988; Treizenberg et al., 1988) to the homeodomain region
tube (E). At later stages of development (stage 28{dHx of the Xdbx protein-coding domain and tested function in

expression is prominent in anterior regions of the embryo. Cross ~ overexpression assays. The overexpression of &tk Xdbx
sections indicate thatdbxexpression is dorsally restricted within or EnRXdbxin developing embryos resulted in the inhibition
anterior regions of this domain (G) but remains specific to the of N-tubulinexpression\{P16Xdbx20/37 embryofnRdex,
midpoint of the dorsoventral axis within the posterior hindbrain (H). 11/26 embryos; data not shown). These results suggest that
Note_that within this regioXdbxexpression is specific to cells atthe the function of the Xdbx homeodomain is dominant to
ventricular surface. heterologous repressor or activator regions.

et

ST.28 ST,

Effects of Xdbx overexpression on patterns of Xdbx overexpression does not disrupt the early
neurogenesis within the neural plate regionalization of the neuroectoderm

Our finding thatXdbxis expressed in neural progenitors andXdbx overexpression inhibits a number of neuronal
that Xdbx overexpression downregulates expressionXef differentiation markers includingN-tubulin, X-Ngnrl and
Ngnrl, a positive effector of neurogenesis, suggestedkifia® ~ NeuroD We next investigated the expression of neural markers
might play the opposing role of inhibiting neurogenesis withimot specifically associated with differentiating neurons in order
neural progenitors. Embryos injected witbxwere therefore to determine the range #fdbxfunction.N-CAMis expressed
characterized for expression of the neuronal differentiatiomn both progenitor and differentiated neuron populations (Krieg
markerN-tubulin,which marks zones of primary neurogenesiset al., 1989). In contrast to neuronal differentiation markers,
in the embryo (Oschwald et al., 1991; Richter et al., 1988). lexpression of N-CAM was not inhibited in embryos
response toXdbx overexpressionN-tubulin expression was overexpressingdbx(10/11 embryos; Fig. 4D). Some embryos
downregulated at the neural plate stage of development (44/8khibited lower levels ofN-CAM expression but, unlike
embryos; Fig. 4A). the complete absence bftubulin expression in response to
Additional markers of neuronal differentiation were alsoXdbx overexpressionN-CAM expression always remained
investigated inXdbxinjected embryos. Expression of the detectable (Fig. 4D). In addition, the overexpressioXax
bHLH-containing geneNeuroD and the neurogenic gené  resulted in a lateral expansion of tNeCAM-positive domain
Deltal precede and then overlap domains Mftubulin  in a minority of embryos (3/11 embryos; data not shown).
expression during normal development (Chitnis et al., 1995; We also examined the expressionXaish3and F-cadherin
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Xdbx/Xash3 Xdbx/N-tub Fig. 4. Xdbxoverexpression inhibits neuronal differentiation but not
H | neural patterning. The effects Xflbxoverexpression on the
‘r:/ — expression oN-tubulin(A), NeuroD(B), N-CAM(D), Xash3(E) and
F-cadherin(F) are shown. (C) The effect KlbxHDoverexpression
on the expression &-tubulin In all panels, the injected side of the
embryo is indicated by an arrow. Light-blue staining represents
— - expression of the co-inject@dgal lineage tracer.
"
X-Ngnr-1 Xdbx Xdbx X-Ngnr-1

Xdbx function appears independent of  X-Notchl and

Fig. 3. Xdbxexpression is restricted with regards to the mediolateral xjro3 activity

and anteroposterior axes of the neural plate. (A) Comparison of the P . L .

anteripr dc_)lpnain oKdbxexpression (arrO\F/)vhead() t)o tha_tl%i-z ;I'he)l(r(;fgl)l()ltlon of n?uro?arl] d'Fere?rtT']"i’}t'?n ?arrﬁés mrg:‘/?gl?;se
(asterisk) in neural plate stage embryos. (B) Comparisiliu Oh , 0\aerer>](p ession 1Is Sb ar 10 hich )m%l ba y
o (o osh ey sl ey 1 e e whoutL,
neurula stage embryos. (C,D) ComparisoXdthx(arrow an ¥ ;
arrowhead)?(ash3(g gray arrow) anpe(-Ngnrl(D, asterisks) Coffman et al., 1993). We therefore examined the effects of
expression in neural plate stage embryos. (E-G) Cross-sections of activatedNotchsignaling onXdbxexpression. Althougkdbx
embryo co-hybridized witiXdbx(black arrow) anKash3(E, gray and X-Notchlhave a similar overexpression phenotyie,
arrow),X-Ngnr1(F, asterisks) anN-tubulin(G, asterisks) are shown. Notch1signaling does not activaédbx expression. In fact,
Xdbxexpression is marked by a red precipitate and expression of they gy expression was inhibited in embryos that overexpressed
other genes is marked by a light-blue precipitate. Scattered light-blue, o nefitytively active form of th&-Notchi receptor (8/10
precipitate at surface in E is background BCIP reactivity resulting embryos; Fig. 5A). We also examinetbx expression in

from prolonged chromagenic incubation (approximately 72 hours). . . . . .
(H) Effects ofxdbxoverexpression oX-Ngnrlexpression. (I) Effects €MDbryos in which thé&lotchsignaling cascade was disrupted

of X-Ngnriloverexpression oXdbxexpression. (H,I) Arrow indicates ~ Via overexpression of a dominant negative variaix-dfeltal,
injected side of the embryo. Light-blue staining represents expressioX-Deltal>™ . In embryos overexpressini-Deltal>™ an
of co-injected3-gal lineage tracer. increased density of neuronal differentiation as markeN-by
tubulin expression was noted in domains of primary
neurogenesis as previously reported (Chitnis et al., 1995 and
two markers expressed wikdbx within the midpoint neural data not shown). Normal patterns Xfilbx expression were
progenitor population. BothXash3 and F-cadherin initiate  observed in these embryos (5/5 embryos; Fig. 5B).
expression at gastrula stages of development, prior to the onsetVe next examined downstream mediators of Mwch
of Xdbx expression in the embryo (Espeseth et al., 199%athway in embryos overexpressiXdbx includingHairy-2A
Zimmerman et al., 1993). In embryos overexpressfdpx  andX-HES-5 TheHairy-2A gene is normally expressed at the
normal expression oKash3and F-cadherinwas noted in a boundaries of the neural plate (Turner and Weintraub, 1994)
majority of embryosXash3 7/10 embryosF-cadherin 20/20  while X-HES-5is expressed in bilaterally symmetric stripes
embryo, Fig. 4E,F). Taken together, these overexpression resultong the mediolateral axis of the neuroectoderm that
suggest thaXdbxdoes not affect the early regionalization of theapparently overlap domains XfDeltalexpression (P. Wilson
neuroectoderm but instead specifically inhibits neuronadnd K. Z., unpublished data). IKdbxinjected embryos,
differentiation within the developing neural plate. neither Hairy-2A nor X-HES-5 expression was positively
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overexpression oKdbxexpression are showKiro3 expression in
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the embryo is indicated by an arrow. Light-blue staining represents
expression of the co-inject@dgal lineage tracer.

Fig. 6. Xdbxinhibits the
neuronal differentiation
function ofXash3 The effects
of GR-Xash3A,C) injection
andGR-Xash3/XdbkB), GR-
N-Tub  Xash@X-Detta-15"™/Xdbx Xash3/X-Delta2 '’ (D) and
regulated (0/8 and 0/5 embryos respectively; data not shown). GR-Xash3/X-Deltal/Xdbx
These combined results suggest Xaixdoes not function as (E) co-injections on the

either an upstream or downstream positive transcriptioneﬂfqoreSSion Og'lt.”b”"”are.smwn' See F(;Q-“A).for ege?éwfbx
effector of thex-Notchlpathway alone orN-tubulinexpression. Arrows indicate injected side o

) .y . . embryo and light blue staining represents expression of the co-
The homeodomain-containing gexieo3 is expressed at the inject)édB-gaI |?neage tracer. grep P

midpoint of the mediolateral axis of neural plate stage embryos

andXiro3 overexpression blocks neuronal differentiation in the

embryo (Bellefroid et al., 1998). In order to examine whethefsee Materials and Method€3R-Xash3overexpression led to
Xdbx and Xiro3 function within the same transcriptional ectopic neurogenesis (12/28 embryos; Fig. 6A) in a number of
pathway, we examined both the regulatiorKdbxexpression embryos as previously reported ash3(Chitnis and Kintner,

in Xiro3-injected embryos andiro3 expression inXdbx 1996). However, wheisR-Xash3and Xdbx were co-injected
injected embryos. In embryos overexpressign3, Xdbx into the embryo, no ectopic neurogenesis was observed (0/21
expression was downregulated (9/10 embryos; Fig. 5C). lambryos; Fig. 6B). In addition, normal patterns of primary
embryos overexpressingdbx Xiro3 expression was either neurogenesis were disrupted iGR-XashBXdbxinjected
normal or downregulated in the majority of embryos (normalembryos (19/21 embryos; Fig. 6B).

5/12 embryos; downregulated 5/12 embryos; Fig. 5D and dataln a subset of embryos, the effect @R-Xash3

not shown). In a subset of embryos, the expression domain o¥erexpression was to inhibit rather than to promote neuronal
Xiro3 was broadened in responsexabxoverexpression (2/12 differentiation (8/17 embryos decreass-tubuling 6/17
embryos and data not shown). The downregulatioXdifx = embryos increase; Fig. 6A,C) suggesting the possibility that
expression in responseX@o3 and the mixediro3 expression  Xdbxfunctioned in cooperation witkash3to inhibit neuronal
phenotype that we observe followingdbx overexpression differentiation. The ability oXash3to limit neurogenesis in
suggests that the common ability of these molecules to inhibibe embryo depends updnDeltalmediated activation of the
N-tubulin expression is not mediated through positiveNotchpathway (Chitnis and Kintner, 1996). The inhibition of

transcriptional crossregulation betweédbxand Xiro3. X-Deltal function in Xash3expressing embryos by co-
o _ injection of the dominant negatiielta variantX-Deltal>™V
Xdbx inhibits Xash3 function relieves inhibition and results in a dense pattern of ectopic

The ability ofXdbxto inhibit neurogenesis when overexpressecheurogenesis in the majority of embryos (Chitnis and Kintner,
is correlated with its normal expression in the midpoint neural996; 12/18 embryos increasd-tubulin 2/18 embryos
progenitor domain. This domain also expres&esh3 a bHLH-  decreaseN-tubulin Fig. 6D). In contrast, the co-injection of
containing transcription factor that when overexpressed caXidbxtogether withGR-Xash3and X-DeltalSTV results in the
drive neurogenesis in the embryo in a dose-dependent maniehibition of N-tubulin expression in the majority of embryos
(Chitnis and Kintner, 1996; Ferreiro et al., 1994). In order tq11/17 embryos decreadetubulinn 2/17 increaseN-tubulin
investigate the ability ofXdbx to modulate the neuronal Fig. 6E). ThusKdbxdoes not positively cooperate wikash3
differentiation function ofXash3 we assayed their integrated via Notchactivation to inhibit neurogenesis but rather appears
effects on neuronal differentiation. For these experiments, w® activate an independent pathway to alter the neuronal
used aXash3fusion construct that linked théash3protein-  differentiation function oXash3

coding domain to the ligand-binding domain of the

Glucocorticoid Receptagene (Hollenberg et al., 1985). In this piscuUssION

construct, Xash3 function is dependent upon hormone addition

and thus all embryos shown were incubated in dexamethasofike homeobox motif is common to a large number of genes
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that play important roles during vertebrate developmengt al., 1998). The dominance of the Xdbx homeodomain to both
(Gehring et al., 1994). Our current studies have focused onaa heterologous activator (VP16) as well as a heterologous
single, evolutionarily conserved member of thig class of repressor (Ef) that we observe in overexpression assays might
homeodomain-containing gen&slbx The expression ofdbx  be explained by interactions mediated by the homeodomain with
is restricted with respect to both the anteroposterior anddditional dominantly acting transcriptional regulatory proteins.
mediolateral axes of the neural plate, indicating a regionallfhe activity of the homeodomain region of Xdbx in functional
specific role in nervous system development. Overexpressi@ssays, albeit lower than the activity of the wild-type protein,
studies in Xenopus embryos indicate thaiXdbx inhibits  therefore provides a starting point for further study of both the
neuronal differentiation suggesting that it may function toXdbx-DNA and/or Xdbx-protein interactions that govern
restrict neurogenesis temporally and spatially within thdunctional activity.

developing nervous system. ] ]
Xdbx may act to refine patterns of neurogenesis

Pattern of Xdbx expression during development within the neural plate

Expression of th&Xdbxgene initiates at the neural plate stageThe spatially restricted expression of the proneural bHLH
of development and appears neural specific. At early stagegene X-Ngnrl is important for the stereotypic pattern of
Xdbx expression is regionally restricted both within anteriorprimary neurogenesis during normal developmerX-&ignrl
and posterior domains of the embryo. Within anterior regiongnisexpression drives neurogenesis throughout the neural plate
Xdbxis expressed at the midline of the mediolateral axis of théMa et al., 1996). In contraskdbx overexpression has the
neuroectoderm in a zone immediately adjacent to the domaopposite effect of suppressing neurogenesis throughout the
of En2expression. Based on the fate map odaropusieural neural plate. We have noted a reciprocal transcriptional
plate (Eagleson and Harris, 1990), this region will later giveelationship between the expression of these getidgnrl
rise to diencephalic derivatives but Xslbx expression is and Xdbx are normally expressed in juxtaposed domains
transient within this zone the more specific fate of thesaithin the neural plate and our findings indicate that the
progenitors remains unknown. overexpression of one gene has a negative effect upon
Xdbxis also expressed in longitudinal stripes that first definexpression of the other. This negative reciprocal transcriptional
the middle of the mediolateral axis of the neural plate andegulation may shape the expression borders of each gene
subsequently define the midpoint of the dorsoventral axis afuring normal development and the negative regulatioX- of
the neural tube. This regional expression is shared with murifdgnrlexpression byXdbxmay in turn play a role in inhibiting
Dbx and zebrafisthix1 (Fjose et al., 1994; Lu et al., 1992) as neurogenesis within the midpoint progenitor population at
well as with more divergent members of this family, includingearly stages of nervous system development.
murine Dbx2 and chickenChoxE(Rangini et al., 1991; Shoji Xdbx expression is also downregulated by the
et al, 1996). The transient expression Xfibx within overexpression ootchand Xiro3, genes that inhibit rather
ventricular zone progenitors in the frog precludes tracking ththan promote neuronal differentiation in the embryo. Why is
differentiated fate of theXdbxexpressing progenitors. Xdbxdownregulated both by genes that promote as well as
However, recent work in both mouse and chick suggests thathibit neuronal differentiation? AsX-Ngnrl and Xiro3
Dbx1 and Dbx2 progenitors are bound for an interneuron fateinduce X-Deltal (Bellefroid et al., 1998; Ma et al., 1996)
(Matise et al., 1999; Pierani et al., 1999). Expression studiesxpression, it is possible that the downregulatioXaibxin
in the chick spinal cord indicate that the Dbx1l protein isembryos overexpressing-Ngnrl and Xiro3 is an indirect
transiently co-localized with two differentiated markers of VOconsequence of Notch activation. Alternatively, the
interneurons, Lim1/2 and Evx1/2 (Pierani et al., 1999). downregulation ofXdbx in response to both genes that
Moreover, the downregulation Bbx1expression is correlated promote an early neural progenitor state as well in response
with a loss of VO interneurons while downregulatiorDdfx2  to genes that promote neuronal differentiation may reflect the
expression correlates with a loss of the V1 interneurotransient expression pattern oKdbx during normal

population (Pierani et al., 1999). developmentXdbxis not expressed in differentiated neurons
. ) and in neural progenitorsXdbx expression initiates
The role of the Xdbx homeodomain region subsequent tXash3and F-cadherin(Espeseth et al., 1995;

The homeodomain region ¥flbxis both required and sufficient Zimmerman et al., 1993), suggesting the possibility Xutix

to inhibit N-tubulin expression when overexpressed in theexpression specifically marks an intermediate stage in the
embryo indicating the importance of this domain Xdbx  differentiation of these progenitors.

function. The homeodomain region facilitates the DNA-binding

properties of the homeodomain class of proteins (for reviewVhat role does Xdbx play in molecular interactions

Gehring et al., 1994). Recent studies have shown that the DN& the midpoint of the mediolateral axis?

target specificities of homeodomain-containing proteins can b®ne of the earliest markers of the midpoint of the
altered by protein-protein interactions (Mann and Affolter, 1998neuroectoderm is the proneural bHLH gen&ash3
Wilson and Desplan, 1995). Sites of protein-protein interactiofZimmerman et al., 1993). Overexpression studies indicate that
have been mapped both within homeodomain as well as noKash3 can act as a dose-dependent positive effector of
homeodomain regions of proteins. In addition, these interactiomeurogenesis (Chitnis and Kintner, 1996). The eventual
occur both with other homeodomain-containing proteins (foneuronal or non-neuronal fateX#sh3expressing progenitors
review, Mann and Affolter, 1998; Wilson and Desplan, 1995) ass not known in the embryo; however, it is clear that neuronal
well as with other classes of transcription factors, including zindifferentiation is not observed in domainsXatsh3expression
finger and bHLH-containing proteins (Johnson et al., 1997; Leat early stages of development. What factors modiXagh3
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function to inhibit neuronal differentiation? Activated-  stage of development, the majority of neurons and glia of the
Notchlsignaling may play a role in shapid@sh3function  mature Xenopusnervous system derive at later time points
during development. Co-injection experiments indicate thafrom the neural progenitor populations of the neural plate stage
Xash3expressing progenitors remain responsive to activateembryo. The integration of positive and negative inducers
Notch signaling (Chitnis and Kintner, 1996) and likely creates a balance between neuronal differentiation and
overexpression experiments indicate théash3 induces progenitor cell maintenance throughout the neural plate.
expression of theNotch ligand, X-Deltal As activatedX-  Recently several pairings of positive and negative inducers
Notchl results in the inhibition of neuronal differentiation have been identified within vertebrate embryos, including
(Chitnis et al., 1995), the responsivenesXash3expressing Gli/Zic2 (Brewster et al., 1998)Xash3/Notch(Chitnis and
cells toNotchmay play a role in inhibiting the differentiation Kintner, 1996) anX-NgnrZNotch(Ma et al., 1996). In these
of Xash3positive progenitors. pairings, one gene is widely expressedli (and Notch

Our current analyses suggest tRabxmay play a distinct Brewster et al., 1998; Coffman et al., 1990; Marine et al., 1997)
role in controlling Xash3 function within the midpoint while the other is expressed specifically within neural
progenitors of the posterior neural plate. Overexpression gfrogenitors Zic2 and Xash3 Brewster et al.,, 1998;
Xdbxdoes not downregulate the expressioiXash3and thus Zimmerman et al., 1993Xdbxand Xash3therefore represent
Xdbxdoes not inhibiXash3at a transcriptional level. However, a novel pairing in that each gene is expressed specifically
Xdbxis capable of altering the neuronal differentiation functionwithin a domain of neural progenitors. The integrated functions
of Xash3 When co-injected into the embry¥dbxinhibits the  of regionalized pairs such Zsash3andXdbxmay complement
ectopic neuronal differentiation that results wheash3is  previously defined mechanisms and represent another level of
injected alone. Given the ability #fash3to both promote and control in the maintenance of progenitor populations in the
inhibit neuronal differentiation when overexpressed, thiearly embryo. The maintenance of neural progenitors for later
alteration in the neuronal differentiation function Xsh3 differentiation therefore appears to depend on the additive
could result either from an inhibition or an enhancement oéffects of a number of independent molecular pathways.
Xash3 function. We favor the hypothesis thAtdbx has a
negative rather than a cooperative effectXash3function We are grateful to Drs Mary E. Hatten, Gordon Fishell, Jane
based on our finding thatdbx function is independent of Johnson, James Millonig and Peter Fisher for their insights during the
lateral inhibition, the mechanism responsible for the high dos?reparapo_n of this manuscript. We thank Dr Ali Hemmati-Brivanlou
inhibitory effects ofXash3on neuronal differentiation. or providing access to technical resources within his laboratory, Dr

) L Jim Jaynes for providing thengrailedplasmid, Dr Tom Jessell for
The overlap inXash3and Xdbxexpression is not complete providing the chickChoxEclone, Dr Chris Kintner for providing-

even at the midpoint of the axis suggesting that these gengsyherin X-Deltal and X-Notch1/ICD constructs, Dr Nancy
may interact with additional genes in other regions of theapalopulu for providingXiro3 constructs, Dr Hazel Sive for
embryo. In this regard, recent characterizatiorDbkl and  providing themyoD/GRplasmid and primer sequences and Dr Paul
Dbx2expression in chick indicates tHabx2is expressed in a Wilson for providing X-HES-5 and X-Hairy-2A. K. Z. also
broader domain with respect to the dorsoventral axis of thacknowledges Mary Beth Hatten for her extraordinary support and
spinal cord than iBbx1 (Pierani et al., 1999). The isolation of encouragement. This work was supported by an NIH First Award
additionalDbx homologs inXenopusmay therefore identify a (R29 HD32968).
related gene that more completely overlaps thash3
expression domain, particularly at the midpoint of the
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