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atonal is a Drosophila proneural gene that belongs to the family of basic helix-loop-helix (bHLH)- containing
proteins. It is expressed in the chordotonal organs and photoreceptor cells, and flies that lack Atonal protein are
ataxic and blind. Here we report the cloningof ~ atonal homologs from red flour beetle, puffer fish, chicken, mouse,
and human. The bHLH domain is conserved throughout evolution, while the entire coding region is highly similar

in mammals. Both the chicken and the mouse homologs are expressed early in embryogenesis in the hind brain,

and specifically in cells predicted to give rise to the external granular layer of the cerebellum. In addition, these
genes are expressed throughout the dorsal part of the spinal cord, in patterns different from those found for other
genes, like LH-2and wnt-1. The mouse homolog ( Math1) maps to mouse chromosome 6, and the human homolog
(HATH1) to human chromosome 4g22. Two neurological mouse mutants, Lc and chp, were found to map to the
vicinity of Math1, but are not caused by mutations in  Mathl1. The evolutionary conservation of this gene and its
MRNA expression patterns during embryogenesis suggests that it plays a key role in the development of the
vertebrate central nervous system.

INTRODUCTION atonal is a proneurabene that belongs to the family of

bHLH-containing proteins, and that plays an essential role in the
The molecular mechanisms that control mammalian neurdevelopment of theDrosophila nervous system 18). In
development involve many genes, most of which remain to lH@rosophila embryosatonal is expressed in the ectodermal
isolated and characterizel.(Drosophilaand mammals seem to proneural clusters and sensory organ precursors that give rise to
use similar molecular mechanisms to determine which cells withe chordotonal organs, which are receptors for stretch and/or
become part of the nervous syste®). (Many of thegenes vibration (proprioception), as well as in the optic furrow of the
required for the specification of neuronal ident), euronal eye-antennal disc and in the inner proliferative zone of the
differentiation &), and growth cone guidanc®) n Drosophila  developing brain lobel3-15). Deletion of genomic region
have vertebrate homologs, whose sites of expression and functipanning thetonal locus causes a lack of a subset of the PNS
are reminiscent of theDrosophilahomologs {,5-8). Hence, organs that includes all the ventral chordotonal organs and some
progress in understanding neural developmer®raosophila  multiple dendritic neurons1®). In addition, these flies lack
provides an excellent basis for studies aimed at investigating thieotoreceptors and develop an apoptotic atrophy of the imaginal
mechanisms that control neuronal development in the mardisc (L5). Adult flies that laclatonalare viable; however, they are
malian nervous system. blind, uncoordinated and fly poorl¢%).

One class of genes that is of particular interest in neuronalln this study we show th&trosophila atonals evolutionarily
development encodes a family of proteins that contain a basionserved and that its sequence shares high similarity within the
helix-loop-helix (bHLH) motif 6-12). These proteins are bHLH domain with homologs froriribolium casteniun{red
transcription factors with a basic domain necessary for DN#flour beetle),Fugu rubripes(puffer fish), chicken, mouse, and
binding, and two helices that allow the formation of heterodimetsuman. Expression analysis revealed that the mouse and chicken
with other bHLH proteins. homologs are expressed in the dorsal regions of the hind brain and
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spinal cord. We have mapped the maieaalhomolog Mathl)  ORF. Sequence analysis of the human homol&§THZ,
to the central portion of mouse chromosome 6 near two mousevealed that the coding region is intronless (Rjg. The
mutants with neurological features: lurchet)(and cerebellar- predicted HATH1 protein has almost the same size as the mouse
hypoplasia(chp) To determine if the phenotype lirt/+ and  protein (HATH1 is three amino acids shorter than Mathl).
chp/chpmutant mice is caused by a defedvliathl, the coding HATHL1 consists of 354 amino acids, and has a calculated relative
region fromLc andchpwas sequenced and the genomic locus wasolecular weight of 37.8 kDa. Sequence similarity between
studied by Southern analysis. No mutations nor genomldATH1andMathlis very high in the bHLH domain as well as
rearrangements were found Mathl for eitherLc or chp ~ throughout the entire coding region (86 and 89% identity at the
suggesting that these genes are not allelidvathl The human nucleotide and amino acid levels, respectively). The high
atonal homolog HATH1) was cloned and mapped. It is highly similarity extends to the &nd 3 untranslated sequences (79 and
similar to the mousdlathl gene (89% identity) and maps to 83% of nucleotide identity, respectively). In contrast, the
human chromosome 4qg22. The expression patterns of thimilarity between the chicken and mammalian homologs is
vertebrate homologs oDrosophila atonal and the high restricted to the bHLH domain. The bHLH domain from chicken
conservation of the coding sequence within the bHLH domais 97 and 95% identical to that of human and mouse, respectively,
suggest that this gene plays an important role in the developmairttile the sequences flanking the bHLH domain are only 41 and
of the vertebrate nervous system. 46% identical to human and mouse, respectively. It should be
noted that the bHLH domain of Math?7 is less similar to that
of DrosophilaAtonal (51% identity) compared to the domain of

RESULTS Math1 (67% identity). The bHLH of Atonal and its homologs is

identical in length, in contrast to the domain from other

Drosophila genes. The most variable region is the loop
H connecting the two helixes, which gives to each bHLH a typical

The Drosophilaatonal gene belongs to the family of bHL ) . Y ETC
transcription factors, but the sequence and size of the lelfpgth that can be used in addition to overall sequence similarity

domain are sufficiently different to make it distinctive from othef® €stablish homology relationships (Fig,). In vertebrate, the
members of this family (Figl). Degenerate PCR primers | HLH domain is located in the middle of the coding region, while

corresponding to sequences within the basic and the second hi&pProsophilait is located at the carboxy termindld]. It is
domains of theDrosophila atonal protein (3) were used to concluded that given the divergence between the chicken and the

amplify fragments from genomic DNA dtibolium castenium Mammalian genes, the bHLH domain may be the only
(red fiour beetle)Fugu rubripes(puffer fish), and chicken. functionally significant domain in the proteins (see discussion).

Sequencing of the cloned PCR products revealed a high degreg® address the question of homology relationships between

of similarity between the bHLH domain of theosophilaAtonal & orneal 28% 't:rggr?glotghse' threot%lijrtlatlsvee Seerrl]segroa?vl;cilt;bclg '\i/lr?ﬂt]r}e
and the a_mpl|f|_ed homologous domain fro_m th_e varous SpeCI%éaetabanks pThe most similarl)r rotein \Egmso hilaAtonal, with
(67-78% identity). Notably, the cross-species similariggaial -8 @>XHES: | 18 705" 2L [PFEN)] of 6.38 apn Hthee olomns
homologs within the bHLH domain was higher than the smﬂam%N 30 with P Np . Ye%/s Siniar resl b €9 ot
betweenatonal and otherDrosophila bHLH-containing genes -32 with P(N) of 5.7e% |r2nég1r results Elvgere obtained for
(20—5|O(‘|’:@), ?-2(; all the PCR products had the exact same lengt gglgggeimel\)’/ al_lI_JﬁZ g;g.rosogﬂicljai).r%teirfg tﬁtggﬁbzﬂg-
atonal (Fig. 1A). -INSZ, : .

The PCR-generated chicken bHLH fragment was used as a pr%?ﬁ byPthNe sea}rch w?rle ;%N ISJ ar;céACHETE. T5| , with the m(Lchh
to screen a chicken genomic DNA library and several positive clon er P(N) values of 1.7éand 6.4¢", respectively, compare
were identified and partially sequenced. Fragments from thel@ Mathl, and 258 and 3.9¢°, respectively, compared to
chicken clones were subsequently used as probes to screen am @g; olhil\é\/:t?)ﬂa}gi t;‘%c'pl:gfal trfeeilirrg? \évr?g ?ggﬁémﬁgt agg
genomic DNA library. Threellndependent mouse genomic clon ntifﬁa dwas Mathl Witth (N%,of 959 mguch h? her than an
were identified a}ng Cr? arak? teﬂ-zehd' S((ajquencmgf; ﬁf therHLH dome! erDrosophiIaprotéin The homolc.)gy’ reIationsghips are furtr):er
inm rev i 1 m Wi phil ' .
T e e e e
mouse and chicken bHLH domains were almost identical at tifimilarity between the bHLH from various proteins. Itis clearly
protein level (95%). seen that the bHLH domains cloned in this study are most similar

Mouse-specific oligonucleotides were used to analyze by PCR #ifeAtonal. The high scores obtained for the similarity between
expression o&tonalhomolog in four mouse cDNA libraries from Atonal, Mathl and HATH1 provide further support for the claim
embryonic days: E10.5, E12.5, E14.5 and E16.5. Signals wdhat all these genes are homologs, although the data does not
detected in all four libraries. Screening of E10.5 and E12.5 mouREPVe that they are real orthologs.
cDNA libraries with the mouse bHLH fragment resulted in the
isolation of five independent cDNA clones from the E10.5 "brar}Expression patterns ofatonal in chicken and mouse
and only one clone from the E12.5 library. Sequence analysis of the
cDNA clones identified the open reading frame (ORF) of the mou3® analyze the temporal expression Méthl transcripts, a
atonal homolog,Mathl The sequences from genomic and cDNAdevelopmental mouse embryonic northern analysis was
clones were co-linear, suggesting #ath1 coding region consists performed. A fragment dflathlspanning the bHLH domain was
of a single exon. While this work was in progress, the mousgybridized to poly(Aj RNA isolated from mouse embryos at
homolog was identified independently by Akazatval. (16). different stages of development. As shown in Fig.@ single

To identify the human homolog 8ath1l a human genomic 2.5 kb band was detected from E11 to E17 with the strongest
DNA library was screened with\dath1probe encompassing the signal at E11.

Cloning and sequence analysis aftonal homologs
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Figure 1. Comparison between Atonal, related sequences from other species and other bHLH-cBntsioptglagenes. A) Amino acid sequence comparison
between the bHLH domainsBfosophilaAtonal, its homologs and other fruit fly gene products. Shown are the aligned amino acid sequeri2essoptiimAtonal

bHLH domain(13), the closest homolog cloned so far fl@nelegansLIN-32 (38), two isoforms cloned by us framibolium casteniun{red flour beetle)Tribolium
atonalhomologs, TATH1 and TATH2Jugu rubripeqpuffer fish atonal homolog, FATH1), chicken (CATH1), mouse homologs 1 (Mathl) and 2 (Math2) (17), and
human (HATH1). To emphasize the similarity between Atonal and the putative homologs, included are representative bHLH domains endddesbphitabenes

[twist, daughterlessachaetescute lethal of scute asensgenhancer of splitandhairy (adapted from ref. 13)]. These gene products were chosen because they are the
most similar to Atonal. Black boxes represent identical residues compared to Atonal and gray boxes denote conservative substitutions. The percentages of ident
similarity to Atonal are given. The Atonal bHLH domain frBmesophilais more similar to the domain of the putative homologs from other species, than to the bHLH
of otherDrosophilagenes. The bHLH domain from vertebrates has the highest degree of similarity. The human homolog is mor#sitmil#aa toMath2, and

was therefore designatedTH1 (B) Identity dendogram of the bHLH domains shown in (A). All protein sequences were aligned and their degree of similarity illustratec
by the level of branching. This analysis illustrated further that Atonal is more similar to its putative homologs than to other bHLH-containing genes.

In situ hybridization analysis was used to compare the spatielamburger-Hamilton stage 17 (E3) in the rostral section of the
and temporal expression patterns of mouse and chitkeal  neural tube and persists until stage 28 (E6, arrows iMBig.
homologs athl and Cathl, respectively) in the CNS. In the panel 6). Panels 1-3 depict expression in the spinal cord of a stage
mouse, expression is first seen by embryonic day 9 in the dor&2 embryo at the cervical (FigB, panel 1), lumbar (FigiB,
part of the neural tube in neuroblasts situated lateral to the rqminel 2) and caudal (FidB, panel 3) levels. Similar tglathl
plate (Fig4A, panel 1). Serial sections along the anteroposteri@xpression patterGathtpositive cells extend to the roof plate,
axis of an E12 mouse embryo revealed expressidatbflin the  but do not include this structure (FB, panels 4 and 6).
dorsal neurablasts, both in the metencephalon4Rigpanel 2) The nature of thatonal homologs-positive cells in the spinal
and along the entire length of the spinal cord @#g.panels 3 cord is presently unknown. However, several molecular markers
to 10), with the exception of the posterior-most region of thdelineating cell populations in the dorsal region of the neural tube
spinal cord (data not shown). There is strong expressMatbfi. ~ have recently been identified§19). Figure 4C depicts the
in the rhombic lip (Fig4A, panel 3), the region in which the expression oMathl (panels 1 and 4), the LIM/homeodomain
precursors of the external granule neurons of the cerebellum arigene 20), LH-2, (panels 2 and 5) ameht-1(21) (panels 3 and 6)
External granular cells of the postnatal cerebellum stronglpRNA in the caudal (top panels) and cervical regions (bottom
expresatonalin the mousel). Similarly, Cathlexpression in panels) of a day 12 mouse embryonic spinal dd#d? defines
the chick brain was detected between E12 and E18, wharsubsetof dorsal commissural neur@gsgndwnt-1lexpression
maximal granule cell migration occurs (not show@athl defines the dorsal midline of the spinal cad) (Initially, Math1
expression in the chicken spinal cord is identical to that seentianscripts are found in the dorsal-most region that is adjacent and
mouse (Fig4B, panels 1-6). Expression is first seen aroungartially included in thewnt-1 expression domain (compare
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e i i o e e T T e Figure 3. Expression ofatonal during mouse embryonic development. A
: Pl N M gt i : northern blot was probed with a fragmentM#éthl spanning the bHLH
e e T T T R R e domain. In each lane the blot containsg2f poly(A)* RNA, extracted from
e R e LTI K SO o L o e whole mouse embryos at different stages of embryogenesis (Stratagene). A
S e S B R S T A R T single Math1 transcript of 2.5 kb is detected at E11, E15 and E17. Peak
expression is noted at E11. Hybridization witf-actin probe is shown as a
Bl A T T L LN T TR L AL O TR T E E A A TS I T T RS 1145 . P
WY g i W oA L B E L LPpTEFPRRaTTEQEFPFT?PFALE 210 control for Ioadlng variation.
F1oN T A M T A T e e T T I e T T N TR S D e S A O e T K130
il € E & D RN L ET A & & F EJd d i @ H & F a 164
113 o TG T I R T DO O S SR SO OISR T TN TIETIOACTTIC T 1 these t\NO geneS are a.t |eaSt intermingled in the more medial
ELE A B AT B % & 5 4 B N = T 14 . . . .
T e e R domain of the dorsal spinal cord. It is interesting to note that there
g e e A T e A T e are LH-2 positive cells in the lateral region of the spinal cord
{505 i cssssmrrre e 1 WHICh does not expreddlathl This may imply that H-2
Bl AT AENNE O ERTEPR LT R IR R I expression does not depend on the expressidmatfl after
MG AT s s e s migration has taken place. In the developmentally more advanced
o N R e cervical region of the spinal cordnt-1 andMath1 expression
I Y4 BEBEL still partially overlap (FigdC, panels 4 and 6). In contrddgthl
7L T rece M A T T E AR T T LTI ACCTTTT RATTTMOOCFERamATorT 1560 expressing cells andH-2 expressing cells localize to different
1has DT T T TS S AT ST o, TH AL ST 1572

but adjacent regions, wittH-2 positive cells located lateral to
those containinlylathlmRNA. Taken together, these expression
Figure 2. Sequence oftonal human homologHATH1 The nucleotide and studies mdlc.ate thMath1.|s transiently express_eq in both chick
deduced amino acid sequences of the hutearalhomolog gene are presented. and mouse Ina population Of.neurOb_laSt_S reS|d|ng lateral to the
In frame stop codon is marked by an *. The sequence of STS UT6525 fountioof plate. Unlikd_H-2-expression, which is seen in neuroblasts
under GenBank accession number L30585, is 98% identicelAitH1 that migrate |atera||y (F|g]_C, pane|s 2 and Hyjath]_.expression
(nucleotides 245-901), and the primers developed for this STS are shown seen onlv in neuroblast that are immediatelv below the roof
arrows. The basic region, the two helices and the connecting loop are designatza. yin . y

plate and are situated more medially. The partial overlap of the

expression regions bfathlandLH-2in the early stages of spinal
panels 1 and 3 in FigC). Likewise, there is an overlap of the cord development (FigC, panels 1 and 2) raises the possibility
expression domains bfathlandLH-2 (Fig.4C, panels 1 and 2). that Mathl-expressing neurons define a stem cell population
Since RNA in situ hybridization does not afford cellular which serves as a precursobbf-2 neurons and possibly of other
resolution, it is not possible to be certain whether any of theeurons. The evolutionarily conserved localizatiodath1land
hybridizing cells simultaneously expregathl and LH-2.  CathZXpositive cells and the transient expression of these genes,
However, the expression patterns establish that cells expressamg consistent with this hypothesis.

Figure 4. Expression oétonalin chicken and mouseA) Expression pattern dflathlin the spinal cord during early mouse development. (Panel 1) In the spinal
cord of E9 embryoMathl-expressing neuroblasts are found lateral to the roof plate which defines the dorsal midline. (Panels 2—10) E12 embryo section
perpendicular to the anteroposterior axis. Panel 2 shows the anterior-most section, whereas panel 10 shows a section in the caudal region. (Panels 2, 3) Exg
of Math1in neuroepithelium immediately lateral to the roof of the fourth ventricle. The section shown in panel 3 passes through the spinal cord (top) and through
metencephalon at the level of the rhombic lip. Nid&gh1 expression in the rhombic lip region. Panels 4-10 show the typical dorsal pefiatih Expression in

the spinal cord in a region lateral to the roof plate. Abbreviations: nt, neural tuber; r, roof of fourth ventricle; rl, rhombic lip; rp, roof plate; sc, §)ikaimession

pattern ofCathlin the spinal cord of the chick. Panels 1-4 represent transverse sections through the dorsal region of a Hamburger-Hamilton stage 22 chick eml
Panel 1: transverse section at the wing level. Panels 2, 4: transverse section at the lumbar level; panel 4 is a two-fold magnification of panel 2 an@dthdtrates that
is expressed in neuroectoderm lateral to the roof plate. Panel 3: transverse section at the caudal level. Panels 4 and 5 represent transverse sections at the w
of stage 24 and 28 embryos, respectively. Note the marked redudfiathiby stage 28 (panel 6XC) Expression in the spinal cordMfthl (panels 1, 4}, H-2

(panels 2, 5), anaint-1(panels 3, 6) at the caudal (top row) and cervical (bottom row) levels. Adjacent sections of a E12.5 mouse embryo are shown. Since neuroger
proceeds in a rostrocaudal fashion, the caudal sections represent a developmentally earlier stage than sections at théustrdéfane. the dorsal midline.

In the more advanced anterior spinal cbidh2-expressing neurons have migrated laterally. Note a partial overlap of the expression pattern of the three genes in tf
caudal region. A partial overlap of tMath-1andwnt-1 expression domains is also seen at the cervical level. Cells expMatiingjremain in a dorsal position
throughout spinal cord development.
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Figure 5. Genetic mapping dflath1to mouse chromosome A)(Polymorphism in th&lathllocus between C57BL/6J and SPRETUS/Ei mouse strains. Genomic
DNA from interspecific backcross animals [(C57BL#EPRETUS/Ei)Fk SPRETUS/Ei and (C57BL/&ISPRETUS/Ei)Fk C57BL/6J] was digested wiBanH|

and hybridized to Math1 probe. Restriction fragment length polymorphism between the two was identified and used to genotype th&alim@ibution of
Mathland flanking markers in progeny from interspecific backcross mice. Block diagrams of the meiotic breakpoints dvititlal foapping obtained from
interspecific backcross of C57BL/8FPRETUS/EI (BSS, left) and C57BLA&L57BL/6J (BSB, right). Closed boxes represent the C57BL/6J allele and open boxes
the SPRETUSI/Ei allele. The numbers of the progeny carrying each type of chromosome are listed at the) Fottanenfiatic genetic map of mouse chromosome

6. Data obtained from the interspecific backcross panels and the cumulative locus map was used to generate the Mdatietiwasapapped betwe®®6Birll
andD6Mit4 markers, without recombinations with &l marker, to the same interval wheeandchpmap. Shown are the localization\éth1relative to other
markers and the genetic distances between them in cM, based on the BSB and BSS panels.

Mapping of the mouse and humaratonal homologs polymorphism was subsequently used to genotype 93 animals
from a (C57BL/6Xk SPRET/Ei)F1x C57BL/6J backcross, and

The high conservation of Atonal bHLH domain in many specie®2 animals from a (C57BL/63 SPRET/Ei)F1x SPRET/Ei

in addition to the similar expression patterns in the nervousackcross.

system of chicken and mouse, suggesttioatalnomologs have Analysis of the Mathl genotype in progeny from the

an important function in neuronal development in most specigsterspecific backcross mice identified recombination events that

To determine whether a mouse wWithth1 mutation(s) exists, we allowed the regional localization of this gene (5). Mathl

mapped this gene in the mouse. The genetic mapping wamps to the mid portion of mouse chromosome 6 and is flanked

performed using interspecific backcrosses between C57BL/6Y markersD6Birll andD6Mit4 (Fig. 5B,C). The size of this

andMus spretugSPRET/EI). Hybridization of thilathl probe interval was determined previously to be approximately 3.5 cM

to genomic DNA from the two strains identified BanHl (22). To refine our mapping we genotyped the same backcrosses

restriction fragment length polymorphism (Fi§A). This  with a probe derived from the mouse enhancer trap lo&ikl}, (



Human Molecular Genetics, 1996, Vol. 5, No1213

Figure 6. Mapping oHATH1to human chromosome 4¢22 by FISHi-PCR products from a YAC containiRtATH1were used as a probe on human chromosomes.
A consistent signal was obtained only from chromosome 4q22.

which was mapped previously to the mid portion of mousauman metaphase spreads and hybridized to chromosome 4q22
chromosome 6 betwe®@6Bir8 andD6Mit4 (23). Etll encodes (Fig.6). To date, no neurological disease is known to map to this
a nuclear protein that belongs to the SNF2 superfamily a@lytological band. However, the mappingHATH1 within less
proteins. It shows a widespread expression pattern throughdian one megabase B#S1557makes this marker ideal for
development, with particularly high levels present in the Purkinjgenotypic analysis of candidate disorders.
cells of the cerebellum and might be involved in gene regulation
and/or influence chromatin structu8,£4). No recombinations - geqrch forMath1 mutations in chp and Lc mutant mice
betweenMathl andEtl1 were found in 192 animals, indicating
that the two loci are closely linked. Two neurological mutantsTheDrosophilaatonalgene product plays an important role in the
lurcher {c) (25) and cerebellar-hypoplasiahf) (Dr Muriel  neurogenesis of the chordotonal organs that are involved in
Davisson, pers. comm.) have been mapped to the same regjmoprioception. In addition, tretonal homologs were found to
Therefore, the sequence bfathl was analyzed in the two be exclusively expressed in subsets of neurons in the cerebellum,
mutants, as described below. hind brain and spinal cord in both chicken and mouse. The finding
To map the human homolog afonal HATH1, we utilized a thatMathlmaps close to two neurological mutatidres(25) and
monochromosomal human-rodent somatic cell hybrid panel. Bshp (Dr Muriel Davisson, pers. comm.) both of which cause
hybridization ofHindlll-digested DNA from this panel with a ataxia, raised the possibility tidathlmay be disrupted in either
probe spanning the bHLH domalATH1 was detected in the mutant mouse. Therefore, the coding regionMaithl was
hybrid containing human chromosome 4. In addition, we hayeCR-amplified, cloned, and sequenced from affdatethdchp
identified in the GenBank database a human STS, UT6525, ttetmozygotes and the appropriate wild type control animals. No
is identical toHATH1 The primers and conditions developed tomutations were found in thiéathl gene of the mutant mice
amplify this STS were used to screen the CEPH Mega-YA@roughout the coding region. To identify potential genomic
library by PCR. Five YACs (673E5, 848E7, 705E11, 877Al0rearrangement in thélathl locus, Southern analysis was
627A12) were isolated and were shown by Southern analysisgerformed, using various fragments frovtathl coding and
contain the human locus. Searching the genomic databases witim-coding regions and genomic DNA from affected
these YACs revealed that they map to human chromosome 4, drwozygotes, heterozygotes and wild type mice. No genomic
that one of them contains the dinucleotide repeat markezarrangements were detected but the possibility still remained
D4S1557126). This marker maps betweBAS155&ndD4S411  that mutations in regulatory regions, such as the promoter, may
which are cytogenetically localized to 4q13.3-g21.3 andause the phenotype. Therefore, a genetic analysis was performec
4g24-25, respectivel? (). Alu-PCR products of two YACs were to determine more accurately the genetic distance bekhaght
used as probes for fluorescémtsitu hybridization (FISH) on andchporLc. TheMath1ORF was used as a probe on panels of
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interspecific backcrosses. Recombinations were found betweg®). Our expression studies raise the possibility that the dorsal
chp and Mathl (Drs Susan Cook and Muriel Davisson, persneuroectodermal cells which expressnal give rise to the.H-2
comm.), as well as betwekn andMath1 (Dr Nathaniel Heintz, positive commissural neurons. However, the possibility remains,
pers. comm.), which confirmed the conclusion Mathlis not that neuroepithelial cells in the spinal cord will undergo a second
the gene mutated in these mice. migration wave, through the developing dorsal roots, after the
emigration of neural crest cells has been completed, to acquire
various fates30). Thus in vertebrateatonal homologs might be
involved in the specification of the fate of neuronal precursor cells,
In this study we have shown that the bHLH domain encoded B Was shown ibrosophila However, irDrosophilathe progeni-

rs are ectodermal cells, while in vertebrates the progenitors may be

the Drosophila atonal homologs is conserved throughout the X
animal kingdom. This domain was identified in insects, ﬁshalreadycommltted to a neuronal fate or may even be neurons already

; : o qat the timeatonal homologs are expressed.
birds, and mammals and shares high sequence smﬂar@t : : . ,
Homology searches consistently identified the vertebrate t Se€ms feasible to hypothesize that mutatiodaithl may

sequences as the closest to the fruit fly gene, with much hig ct the development of the mouse nervous system based on the

scores obtained between Atonal and the vertebrate homologs thal ©fatonalin the development of ttigrosophilachordotonal

between Atonal and any othBrosophila gene products. In 0rdans, the fact that adult flies that laatonal have poor
addition. the size of the bHLH domain is the samatimal coordination {5), and the expression patterns in the brain and the

homologs from all species tested. Since other bHLH-containi%)'nal cord of vertebrates. A search for mouse and/or human

DISCUSSION

: ; : ; ; sease caused by mutatiorMathl andHATH1, respectively,
Drosophilagenes have varying size, due to differences in the lo s undertaken through their mapping. The mappirganal

length, the unique size found in Atonal homologs may be used | h 6 and to h h
another criterion to establish the homology relationship. T%omo 0gs to mouse chromosome 6 and to human chromosome

conservation of the sequence and the size of the bHLH dom f|22 defines a new linkage conservation between the two species.
from DrosophilaAtonal and the putative homologs from other enes more_centromerchathlmap to human chromosome 7,
speciesuggests that the cloned genes are the homolatga. while the region that is more distal on mouse chromosome 6 maps

The bHLH domain is almost identical in vertebrates, while théplhuman chro_mosor(;l_e 2. H ogical h
whole coding region and its flanking sequences are highly similar twas intriguing to discover that two neurological mutahis
in mammals. It was showrl®) that the bHLH domain is andLc map within 2 cM oMathl We did not find any mutations

necessary and sufficient to promote correct protein dimerizatidf the codingLre/glj_ion dﬂathhllorr] any genomic rearlr:anghements in
and recognition of the DNA target, and might therefore bd0mozygoteLcil.c or chp/chp mutant mice. Furthermore,

; ‘ , : ; combinations betwedviathl and bothchp andLc, excluded
considered the ‘core' of the protein. The high homology bemeiﬁathl as a candidate gene for these mutants. A more direct

theDrosophilaand vertebrate Atonal bHLH domain suggests th i X
the function of the protein is conserved in different species. aPProach to reveal the functionéthlin the development of
Similar conservation of the bHLH domain was found also for thi'€ Nervous system is the generation of mice that lack the gene,

genes of the@chaete-scuteomplex (AS-C). The similarity in the Vgﬁﬁsi)s currently in progress (N.B.A. and H.Y.Z., unpublished
AS-C genes between different species is very akin to our fmdmd C_ghe identification of the human homolddATHL and its

In both cases, animals that are evolutionarily distant show sequen i . )
and size conservation only at the bHLH domain whereas mafiaPPing to human chromosome 4q22 will allow the testing of
tients with unmapped inherited neurological disorders,

malian homologs are conserved throughout the coding regid?Lf'?1 ; e . .
Functional conservation was shown for the hydra homolog of As-gsPecially those manifesting ataxia. The fact that the coding
through its proneural activity Brosophila(28). This may be due '€9ion ofHATHLis encoded in one relatively small exon will
to the fact that although the overall identity between the hydra aﬁHOW the direct amplification and sequence analysiSAFH1
theDrosophilahomologs is low, the bHLH domain is 67% identical. rom patients. In addltlon_,_the use of the adjacent polymorphic
The same conservation of function may apply to atanal ~MarkerDAS1557may facilitate such a screen. .
homologs, which have low overall similarity wirosophila To conc_lude, we have prt_asented data that showthatacross specie
atonal but high degree of similarity at the bHLH domain (e.g. iffonservation of erosophila proneural gene exists thr(_)ughout
chicken and mouse). The demonstration of conservation of neurof§piution: The fact that both sequence and expression pattem
expression patterns in mouse and chicken homolagsrafiin this ~ Sinilarities are identified foatonal homologs may imply that
study, in addition to their sequence conservation, suggestss'@"ar’ even if not identical, path_wc"_;lys for the_ early development of
preservation of a function during the early stages in the developméft NErvous system may occur in insects, birds and mammals.
of the nervous system.

Th_e _ver_tebratatonal homologs_, were shown l:_)y RNA situ MATERIALS AND METHODS
hybridization to be expressed in mouse starting at E9 and in
chicken by Hamburger-Hamilton stage 17. Both homologs arloning of atonal homologs
expressed in the dorsal-most part of the spinal cord and hind
brain, lateral to the roof plate along the entire length of the spin@kgenerate primers corresponding to the basic and second helix
cord. There is also strong expressioMathlandCathlinthe of Drosophila atonal (13) were designed: D2, residues
rhombic lip, which contain the cells that will give rise to the1109-1128 (GCIGCIAA(C/T)GCI(A/C)GIGA(A/G)(C/A)G)
external granular layer of the cerebellum. The rhombic lignd D1, residues 1226-1246 (IAT(G/A)TAIGT(C/T)TGIGC-
expresseblathlandCathlat the stage in which the granular cell CAT(C/A)TG). PCR-amplification was carried out in 10 mM
precursors are being born, prior to their dorsomedial migratiofiyis, pH 8.3, 50 mM KCI, 0.01% gelatin, 1.25 mM Mg@.25
a process that eventually produces the external granular layei each dNTP, 1.25 U AmpliTaq (Cetus){B@nd 1uM of each
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primer. Amplification was performed in MJR thermocycler,and MA6: MA1 (CAGAAGCAAAGGAGGCTGGC), MA2
programmed as follows: 40 cycles of denaturation a€9dr 1  (GCTTCTTGTCGTTGTTGAAGG), MA3 (TCTGCTGCATT-
min, annealing at 5@ for 1 min and elongation at 72 for 1 = CTCCCGAGC) and MA4(GCACCGAGTAACCCCCAGAQG).
min. Sequencing was performed either manually, using As templates for mutation analysis we have used genomic DNA
Sequenase 2.0 kit (USB) or on an ABI 373A sequencer witxtracted fromLc/Lc and chp/chpmutant miceLc/+ mice are
dyedeoxy terminators. Homology searches were performed amaintained at the Jackson Laboratory by mating with
the National Center for Biotechnology Information (NCBI)(C57BL/6J-AwJx CBA/Ca)F1 mice. To obtaihc/Lc homozy-
server by the BLASTP prograr@l), using BLOSUMG62 matrix gotes,Lc/+ mice were intercrossetic/+ mice are ataxic, while
and no filters. Databases searches included GenBank, PRB/Lcmice die within a few hours of delive3d). DNA fromchp'+
SwissProt and PIR. andchp'chpmice was obtained from Dr Muriel. Davisson. Control
The following libraries were screened or utilized for PCRDNA was from C3H/HeJ-dw[J])/+ mice, the inbred strain on which
amplification: Tribolium casteniumembryonic cDNA library chp mutation occurred. The same DNA samples were used in
(kindly provided by Dr Sue Brown), Chicken embryonicSouthern analysisp).
(HH14-17) cDNA library (Stratagene), Mouse embryonic
(E10.5,E12.5, E14.5, E16.5) cDNA libraries (kindly provided byNorthern analysis

Dr Allen Bradley), Mouse 129/Sv genomic library (Stratagene%\,/Iouse developmental northem blot was purchased from

and Human genomic library (kindly provided by Dr Christie , "
Ballantyne). The libraries were screened according to standarg@tagene. In each lane, the blot contajug @f poly(A)” RNA

procedures3?). For cross species hybridization, the filters weréXtracted from whole mouse embryos at different stages of
washed at low stringencyX3SC at 56C; 1x SSC is 0.15 M development. Hybr|d|;at|on was performed according to the
NaCl and 15 mM citric acid), while for cross mammals thdnanufacturer’s instructions usiniylath1PCR product spanning

hybridization stringency was higher (0.1-0SSC at 65C). the bHLH domain as a probe.

Genetic mapping ofMath1 In situ hybridization

To mapMath1genomic DNA from C57BL/6J and SPRETUS/Ei Embryo collection, sectioning and situ hybridization were

. . . - rformed as previously describ&¥)( Fragments of chicken
mouse strains was digested with a battery of restriction enzyn%% ; . .
and hybridized to Math1 probe BanHl digestion produced the 2.9 dmoussatonlal homologs in pt?SII—_I?]S wehre linearized and
largest visible difference between the two, and was thus cho ??] las }eanp. t<’:1tes '{)o tragﬁctrl e elrt] er t cej,- s%?se or antisense

: ; -labeled riboprobes. Photographs are double exposures;

for the genotyping of the animals. Two backcross panels, BSS R . :
BSB (19he Jaycrlj<sc?n Laboratory), were used to idella"ntify the critics|{ hybridization signals are colored, while the grey or blue color

e , . : represents the nuclei stained with Hoechst 33258 dye. Both
rReg;)l:rlgnatlons that define the interval at wilith1maps (see chicken and mouse probe contain the first 60 bp of the bHLH

domain. The chicken probe extends 273 bp upstream to the bHLH

, i domain, while the mouse probe includes about 1'kio 5he
Physical mapping ofHATH1 bHLH domain.

To identify human YACs containingATH1, we used the primers
and conditions developed for STS UT6525 (GenBank accessi®¢KNOWLEDGEMENTS

number L30585), which was found by homology searches to gﬁe thank the YAC core. headed b : :
: ; ; " , y Dr Craig Chinault, and the
identical toHATHL These primers were utilized to screen the CEP ISH core, headed by Dr Antonio Baldini, both at the Genome

Mega YACs library by PCR. DNA was extracted from the POSIVG e nter at Baylor College of Medicine, for the screening of the

YACs in agarose blocks3®), and subjected t&lu-PCR using YAC librar - :
; y and FISH mapping, respectively. We are grateful to
PDJ34 primersyd). FISH was performed on human chromosomeﬁr Eva Eicher for the generous gift of backcross DNA panels,

as described in3f). Chromosomes were counterstained Witha : : : : o
AR ) . : . assistance in analysis of the mouse mapping data and for critical
4 6-diamidin-2-phenylindol-dihydrochlorid (DAPI) to determine .o, ;iey, of the mar)l/uscript. We would IiIE(E,) t(? thank Dr Muriel
the subchromosomal localization of the signal. More than avisson for providingchp DNA and sharing unpublished
chromosomes were examined for each probe. information, Dr Achim Gossler for providing te#{1 probe, Dr
. ) Nathaniel Heintz for sharing unpublished mouse mapping data,
Math1 mutation analysis Dr Igna Van den Veyver for comments on the manuscript, and

To identify mutations in the open reading framéMiaithl, the Catherine Tasnier for catalyzing this fruitful collaboration. H.Y.Z.
following primers were used for PCR amplification: MAS is an Investigator and H.J.B. is an Associate Investigator from the

(ACCTCCTCTAACACGGCAC) and MA6 (AGGGCATTTG- Howard Hughes Medical Insti.tute. This work was.supporte.d by
GTTGTCTCAG). PCR was performed in a Cetus 9600 thermé grant from the National Institutes of Health, National Institute
cycler, programmed as follows: 35 cycles of denaturatiort & 94 Of Neurological Disease and Stroke (NS27699) to H.Y.Z.

for 30 s, annealing at 6C for 30 s and elongation at°Q2 for

100 s, with an extension of the first and last steps. AmplificatioREFERENCES

mix was as above, except for a Mg€bncentration of 3 mM.
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