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SUMMARY

We establish that thejing zinc-finger transcription factor
plays an essential role in controlling CNS midline and
tracheal cell differentiation. jing transcripts and protein
accumulate from stage 9 in the CNS midline, trachea and
in segmental ectodermal stripes. JING protein localizes to
the nuclei of CNS midline and tracheal cells implying a
regulatory role during their development. Loss ofing-lacZ
expression in homozygousim mutants and induction of
jing-lacZ by ectopic sim expression establish thafing is
part of the CNS midline lineage. We have isolated
embryonic recessive lethaljing mutations that display
genetic interactions in the embryonic CNS midline and
trachea, with mutations in the bHLH-PAS genessingle-
mindedand trachealessand their downstream target genes
(slit and breathles}. Loss- and gain-of-function jing is

associated with defects in CNS axon and tracheal tubule
patterning. In jing homozygous mutant embryos,
reductions in marker gene expression and inappropriate
apoptosis in the CNS midline and trachea establish that
jing is essential for the proper differentiation and survival
of these lineages. These results establish thjatg is a key
component of CNS midline and tracheal cell development.
Given the similarities between JING and the vertebrate
CCAAT-binding protein AEBP2, we propose that jing
regulates transcriptional mechanisms in Drosophila
embryos and promotes cellular differentiation in
ectodermal derivatives.
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INTRODUCTION

(Crews, 1998; Morel and Schweisguth, 2000). Development
of the entire CNS midline requires the regulatory functions of

Transcriptional regulatory mechanisms play an important roleim and in the absence afm function midline cells take on
in cell fate determination in both vertebrates and invertebratekateral neuroectodermal fates (Crews, 1998; Estes et al., 2001;
Transcription factors have multiple roles in controlling cellularNambu et al., 1991; Xiao et al., 1996). The midline-inducing
competence or determination and also in regulatingapabilities ofsim were discovered by ectopic expression
differentiation (Cau et al., 2000; Hallam et al., 2000; Moran-experiments (Nambu et al., 1991). Subsequent CNS midline
Rivard et al., 2001; Pierani et al., 2001; Portman and Emmongene regulation involves the combinatorial functions of three
2000). The combinatorial nature of transcriptional regulatiordifferent transcription factors including bHLH-PAS, SOX and
during cellular specification is emerging from studies ofPOU domain-containing proteins (Ma et al., 2000). CNS
diverse embryonic tissues including the nervous system amdidline precursors give rise to midline glia and various
respiratory system (trachea) (Boube et al., 2000; Jurata et ahferneuron and motoneuron lineages including two MP1
2000; Ma et al., 2000; Zelzer and Shilo, 2000). In additionpneurons, two UMI neurons, the MNB and VUMs (Klambt et
different categories of transcription factors can function aal., 1991; Bossing and Technau, 1994; Schmid et al., 1999).
successive steps during cellular development. In this way, The tracheal placodes are specified by FGignaling along
cellular responses may be dictated by the temporal and spatiak dorsoventral axis and Wingless (WG) signaling along
characteristics of multiple and/or diverse types of transcriptiothe anteroposterior axis (Affolter et al., 1994; de Celis et al.,
factors. 1995; Wilk et al., 1996). These cues are responsible for
In Drosophilg the ventral midline and respiratory systemindependently activating primary genes such as the bHLH-PAS
(trachea) are ectodermal derivatives patterned by positionanscription factortrachealess(trh) and the POU domain
cues present in embryos. The ventral midline is patternelanscription factoventral veinlesgvvl) (previously known as
by the combinatorial actions of dorsal/ventral (D/V) anddrifter), which are required in a combinatorial fashion for
neurogenic genes that confine the expression of the bHLH-PAsSibsequent tracheal development (Boube et al., 2000; Isaac and
transcription factorsingle-minded(sim) to the mesectoderm Andrew, 1996; Llimargas and Casanova, 1997; Wilk et al.,
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1996; Zelzer and Shilo, 2000). In the absencé&tofindvvl  standard genetic procedures using P elerjiegtalleles and null
function tracheal cells fail to invaginate and tracheal tubules dalleles of single-minded(sint®) and trachealess(trhl) (Isaac and

not form (de Celis et al., 1995; Isaac and Andrew, 1996; WillAndrew, 1996; _Nambu et al., 1990)._ The second and third balancer
et al., 1996). Ectopitrh expression can induce tracheal pitsChromosomes in these stocks carried féez-markers CyOP[wg-

and therefore it has been considered an inducer of cell fat§4 and TM3PLbx-lacZ. Theslit (sli) reporter PBli 1.0 H\AacZ]
(Wilk et al., 1996). Within the trachea, the DPP pathwa as used to assess transcription of shegene (Ma et al., 2000;

. o T harton et al., 1994). Thareathles§823 P-element excision allele
specifies the fates of branches that will give rise to the dors lambt et al., 1992) and the nli! allele (Nisslein-Volhard et al.,

branch and lateral anterior and posterior branches (Affoltéfgga; Rothberg et al., 1990) were used to assess genetic interactions

et al., 1994; Vincent et al.,, 1997; Wappner et al., 1997)yith multiple jing alleles.

Activation of the EGF receptor pathway is required for P-element lethal stocks were obtained from the Indiana University

specifying the dorsal trunk and visceral branch (Wappner et aDrosophila Stock Center (Bloomington, Indiana). Thag-lacZ

1997). In addition, the WNT pathway is required forenhancer trap straififg®°%4 contains an embryonic recessive lethal

specification of the dorsal trunk (Llimargas, 2000; Chihara anthsertion of the P-element P[PZ] originally designatedOf2p4

Hayashi, 2000). (BDGP) (Karpen and Spradling, 1992; Spradling et al., 1999).
The invertebrate ortholog of the aryl hydrocarbon nuclea! zg?elngzﬁo??;'%ﬁ gs‘;‘;?]”ed ((farrgrt])”lniorizicslseﬂ'}all_lg\slg:tt;/ozr?(; tgbggdbin)

translocator, known &ango(tgo), encodes a. common partner (Liu and Montell, 2001) and we refer to this allelgiagk®3494 Both

for SIM and TRH (Oshiro and S_algo, 1997.’ Sonnenfeld et ala leles do not complement the lethality gifre deficiency Df(2R)ST1

1997; Zelzer et al., 1997). TGO is present in the cytoplasm angli, and Montell, 2001).

translocates to the nucleus upon expression of a dimerizationThe PgimUAS] and Pprd-Gal4] strains were used to ectopically

partner such asim, trh or Spineless-Aristapedi@9 (Emmons  expresssim under control of aprd enhancer in a background

et al.,, 1999; Ward et al., 1998). Therefore, the precisketerozygous for th@ng-lacZ enhancer trap (Brand and Perrimon,

regulation of lineage-specific transcriptional regulators such ak993; Ward et al., 1998; Xiao et al., 1996)siRf{GAL4] and Pptl-

sim, trh andssis critical. In both the CNS midline and trachea, GAL4] were used as drivers to overexprgsg in the CNS midline

TGO::'SIM and TGO:: TRH heterodimers activate common@nd trachea, respectively (Shiga et al., 1996; Ward et al., 1998).

target genes containing asymmetrical E-box sites with a - . y .

ACGTG core (Crews, 1998; Zelzer and Shilo, 2000). These @nﬁ:sgg? L?Ondadﬁlsnm fing, PIUAS-jing] construction and

box sequences are sufficient to drive both midline and tracheal

. . ) Benomic DNA surrounding the P element insertionnigP1094and
expression and are required for the expression of known targg{y«os4o4iies, and includinging-coding sequences, was sequenced

genes including thiereathlesdibroblast growth factor receptor and deposited into GenBank (AF285778). Expressed sequence tags
and the repulsive guidance molecslé (Battye et al., 1999; (ESTs)LD10015, LD36562 and LD10101 were identified by database
Glazer and Shilo, 1991; Kidd et al., 1999; Sonnenfeld et alsearching, obtained from Research Genetics (Birmingham, AL) and
1997; Wharton et al., 1994). subjected to DNA sequence analysis. Gel-purified fragments of PCR-
In this study, we have used genetic and cellular analysis @gnerated genomic and EST DNA were sequenced on both strands by
establish novel roles for thiag zinc-finger transcription factor dye terminator cycle DNA sequencing (Perkin Elmer) using an ABI
in the differentiation of CNS midline and tracheal cells. APRISM Genetic Analyzer. LD36562 and LD10101 sequences were

. : . : identical to FlyBase Genome Annotation Database (GadFly) identifier
genetlp approach to "?'ef‘“fy molecules required for théCGQ403 (http://flybase.bio.indiana.edu/annotl) (Adams et al., 2000).
pomm]tmgnt of CNS mldlln'e qnd trach'eal cells led .to the The jing full-length cDNA (LD36562) was cloned into pUAST
identification and characterization of tfiag locus during (grand and Perrimon, 1993) and together with pUGESpP element
embryogenesis. Theng locus has been previously identified nelper plasmid was injected inyow embryos anav* transformants
in genetic screens and recently characterized for its role ifere selected (Spradling, 1986). Three transgenic |ifgStines
border cell migration inDrosophila ovaries (Karpen and produced similar results in overexpression experiments ussig+-P[
Spradling, 1992; Liu and Montell, 2001). During GAL4] and Pptl-GAL4] as drivers (Shiga et al., 1996; Ward et al.,
embryogenesiging transcripts and protein are detected in thel998). . _ .
CNS midline, trachea and segmental ectodermal stripes. Gend " antibody ~ production, ~ the ~ JING  peptide

dosage and overexpression experiments reveal that approprigfeg*SANKNKRTAAG - (amino acids 81-95) was synthesized
Ievelsg ofjing in thepCNS midlinﬁ)’-} and trachea are crugipal fr(J)r astern Quebec Proteomics Core Facility), coupled to KLH (Sigma)

f fi F CNS . land | itudinal @nd used to generate anti-JING rat antisera (PRF&L). JING antibody
ormation o commissural and longitudinal axons as we pecificity was confirmed by examining embryos homozygous for a

as tracheal tubules, respectively. Loss-of-function mutations ifeficiency injing (Df(2R)ST1) and after ectopic expressionjiofy

jing are associated with reductions in cell-type gene eXpress'QPrd—GAL4/jing-UAS).

and inappropriate apoptosis of CNS midline and tracheal

precursors. These results therefore establish jingt is  Antibodies

required in a positive manner to promote cellularThe following antibodies were used: rat anti-JING (1:100; this work);

differentiation and survival in embryonic ectodermal lineageshAb antif-galactosidase (anfi-gal) (Promega); rabbit polyclonal
anti-gal (Promega); rat polyclonals anti-Single-minded (anti-SIM)
and anti-Trachealess (anti-TRH) (Sonnenfeld et al., 1997; Ward et
al., 1998); anti-Wrapper and mAb 1D4 anti-FASCICLIN I

MATERIALS AND METHODS (Noordemeer et al.,, 1998; Lin et al., 1994) (gifts from C. S.
) ) ) Goodman); mAb anti-Slit (a gift from Spyros Artavanis-Tsakonas);
Drosophila strains and genetics mAb 2A12 (a gift from N. Patel); and rabbit anti-Odd-skipped

The wild-type strain was W8 The tangd (tgo') allele and the (ODD) (Skeath and Doe, 1998; Spana et al., 1995) (a gift from Jim
tgoltrh® double mutant strain have been previously describecBkeath). The following antibodies were obtained from the
(Sonnenfeld et al., 1997). Double mutant stocks were generated Bevelopmental Studies Hybridoma Bank: mAb BP102;
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22C10/FUTSCH (Fuijita et al., 1982; Hummel et al., 2000); and mAISpradling, 1992; Liu and Montell, 2001(2)01094encodes a
4D9 anti-Engrailed/Invected (Patel et al., 1989). zinc-finger transcription factor callgitig and we refer to this
P-element-induced allele fisg®1094(Liu and Montell, 2001).
To address wheth@ng dosage is important for CNS midline
’_&{evelopment,jing P-element insertion mutant alleles were

Hartenstein (Campos-Ortega and Hartenstein, 1985) and processi ced In'heterozf%/g(ius c_omfb lnat;ﬁn VCVKIhSnMJ drputa’glor?sdln genes
for light microscopy was undertaken according to standard protoco 0Se primary efiects arise from the midiing, Inclusing

(Patel, 1994). JING protein distribution was determined by stainin@nd Sli mutations. We also tested hypomorptgo mutations.
whole-mount embryos with rat anti-JING at 1:100 dilution. Antibody CNS axon and midline cell development were assessed in double

staining was visualized using HRP- or rhodamine-conjugatedieterozygous embryos by BP102, anti-SIM or anti-SLI staining
secondary antibodies (Jackson). Balancer chromosomes cdagihg (Klambt et al., 1991; Rothberg et al., 1990; Ward et al., 1998).
for the second@yOP[wg-lacZ]) and third chromosomed13P[ubx  jing®10%alleles perturb CNS axon formation and midline cell
lacZ]) were used to identify homozygous mutant embryos after amidevelopment in double heterozygous combination it
B-gal staining. HRP-labeled embryos were analyzed by ligh{rig. 1C,I; Fig. 2C)tgo! (Fig. 1E,I), andslit (Fig. 11; Fig. 21,K).
microscopy using a Zeiss Axioskop. For example, 54% dfng andsim double heterozygotes show

In situ hybridization was performed ort¥§whole-mount embryos (iargproper commissural and longitudinal axon formation (‘stalled

as described (Tautz and Pfeifle, 1989). DNA probes were generat , 01094 © 19
by random priming using wild-typérosophila genomic DNA axons’). A smaller percentage pfig and sint®® double

(GenBank Accession AF285778) afidg cCDNA (LD36562) as heterozygotes (7.7%) show ‘collapsed axon’ phenotypes similar
templates. All probes showed identical expression patigmgDONA 10 those ofsim or sli homozygotes (Fig. 1B,I) (Nambu et al.,
probes were labeled with dig-11-dUTP (Boehringer Mannheim) and990; Rothberg et al., 1990). The phenotypefngf and sim
their specificity determined by in situ hybridization to embryosdouble heterozygotes are insertion dependent as they revert to
carrying the Df(2R)ST1 deficiency. Embryos were analyzed by lightvild- type after precise excision of the P elemenijirig®1094
microscopy. _ ~flies (Fig. 1D,l; not shown).

jing enhancer trap expression was analyzed after staining CNS axon and midline cell development are perturbed in
heterozygousjing®19%4 embryos with antB-gal and a secondary embryos triple heterozygous fiing, sim andtgo (Fig. 1F,I:

antibody conjugated with FITC or rhodamine at 1/250. TUNEL (TMR . P .
red; Roche) staining was carried out according to previous procedurgég' 2B,E,G). However, unlike in homozygasimmutants, the

and was double stained with anti-SLI, -TRH or -Odd-skipped (Bootl{md“n_e cells injing, SIm f%”d tgo_ triple heterozygotes are

et al., 2000). Fluorescently labeled embryos were mounted in 4% gPecified but then fail to differentiate properly, as determined
propyl gallate to inhibit photobleaching and analyzed on a ZeisBY their displacement from the ventral nerve cord (a feature
Axiovert 100 TV confocal microscope. Optical sections pfiwere ~ characteristic of apoptotic cells) and loss of Sim
recorded in line average mode. All figures were processed usiigimunoreactivity by stage 15 (Fig. 1B; Fig. 2B,E,G)
Adobe Photoshop software. (Sonnenfeld and Jacobs, 1995). The ventral displacement of
the CNS midline cells occurs after reduction of one copy of

Mutagenesis %19 andsim, suggesting that these effects are specific for the

Immunohistochemistry, in situ hybridization and TUNEL
labeling

Embryo staging was carried out according to Campos-Ortega a

An F; lethal complementation screen using ethylmethane sulfonatg,: 5 ; ; ;
(EMS) was performed as described (Grigliatti, 1986; Sonnenfeld Idlrlgeuﬁslzil\% Zg)'ngilﬁle hn?éirr? ;r):i%?rtgs a'I:saoS cs|2|c|)r\:v zlfegastilt?\?es
al., 1997). Three lethal EMS-induc@gdg mutations were tested for it pd' | 9 ”g int . I' tract al th P dli
genetic complementation inter se and with deficiency Df(2R)ST1 (Lu!or!.g' udinal axons cofiapse Into a singie tract along theé midline

and Montell, 2001). All mutant chromosomes were balanced ovef! jing%10%4 tgot sint* triple heterozygotes stained with 1D4
CyOP[wg-lacZ] marked balancers. Thieg3 EMS-induced allele was monoclonal antibody (Fig. 1G,H) (Van Vactor et al., 1993).
sequenced according to previous procedures (Sonnenfeld et al., 199¥hiese phenotypes are, therefore, similar to those of
Embryonic lethal and viable excision (reversioing®%4 and  homozygous mutations islil, which affect midline repulsion
jingK03404a]leles were obtained by standard procedures (Bellen et amechanisms and cause the ventral displacement of midline
1989; Robertson et al., 1988). Lethal and viable excisions wergells (Sonnenfeld and Jacobs, 1994; Battye et al., 1999; Kidd
isolated by loss of eye color and by genetic complementation and wegg al., 1999).

mapped by PCR usingng-specific primers and DNA sequence T4 characterize the relationship betwejgry and CNS

analysis. midline further, we removed one copy of bgtig andsli and
analyzed the development of the CNS axons and midline cells.
Reducing one copy of botfing and sli is associated with
RESULTS collapsed axons (55%), the ventral displacement of *SIM
. ) ) ] o ) midline cells (38%) and reductions in SLI immunoreactivity
Jing mutations display dominant genetic interactions (40%) in stage 14 embryonic nerve cords compared with wild
in the CNS with mutations in ~ sim, tgo and their type (Fig. 1I; Fig. 2I-K). By comparison, 57% siit!® and
target sli slil double heterozygotes have collapsed axons (Fig. 1I) and

Dosage-sensitive genetic interactions between two loci areveentrally displaced midline cells (45%; Fig. 2I), which is
good indicator that two gene products are functionally related:onsistent with the established regulatory rolsiof(Fig. 2H)

We identified thd(2)01094gene (BDGP) in a search for P- (Ma et al., 2000; Wharton et al., 1994). Comparison of SIM
element-induced mutations displaying severe CNS axoand SLI immunoreactivity ifing andsli double heterozygotes
phenotypes in double heterozygous combination with nullherefore reveals that although midline cells are present in these
mutations insim The (2)01094 gene has been previously embryos, they do not adequately expsdssn summary, these
isolated in genetic screens and recently characterized for itesults imply thatjing dosage may be important for the
role in border cell migration iDrosophilaovaries (Karpen and regulation ofsli.
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Fig. 1. Genetic interactions in the CNS.

(A-F) Preparations of stage 14 ventral nerve cords
stained with mAb BP102. Anterior is upwards.

(G,H) Stage 15 embryos stained with mAb 1D4 (anti-
Fasciclin 2). (A) Wild-type CNS axon scaffold with
anterior and posterior commissures (AC and PC)
separating longitudinal connectives (LC).

(B) Collapsed axon phenotype o$iat®

homozygote. (C) ‘Stalled axon’ phenotype of
jing91094 sinH9 double heterozygote. Arrow and
arrowhead indicate improper commissural and
longitudinal formation, respectively. (D) The axon
scaffold develops properly in embryos heterozygous -
for simH® and &jing®1994P element revertaniirfgeY).

(E) The phenotype of embryos heterozygougdot E.
andjing®19%resembles weakim phenotypes (arrow)
andspitzgroup phenotypes (arrowhead). (F) Severe
‘collapsed axon’ phenotype jimg91094 tgot sim®

triple heterozygote. (G) Three wild-type 1D4-positive
longitudinal fascicles run parallel to the midline.

(H) Fusion of longitudinal fascicles jing®19%4 tgot
simt9 triple heterozygotes. (I) Quantificationjofg .
genetic interactions. Double and triple heterozygotes
(genotype) were examined for CNS axon scaffold
formation using mAb BP102. Data are presented as
the percentage of embryos with stalled, collapsed and.
fused axon phenotypes>50 embryos scored in all
cases). Note that reduction of one copygafin a
jing®1094 simdouble heterozygote causes a shift in
distribution from embryos with stalled axon
phenotypes toward those with collapsed axon
phenotypesjing®1994 tgot sinm9). jing®1094and

sir{ﬁg mutations show similar dose sensitivities to
slit.

I Stalled axons
[ Collapsed axons
[ Fused commissures
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Jing mutations interact genetically with
mutations in trh and its target breathless

We next assessed whethging dosage i
important for tracheal development by analy:
jing in trans-heterozygous combination w
mutations in genes whose function is spe
for the embryonic trachea. Tracheal tuk
development was analyzed in doL
heterozygous embryos by staining with :
2A12, which in wild-type embryos stains - T T T T T T ; T T
lumen of all tracheal tubules (Fig. 3A). Tract ML «}*" 63\9 o

tubules do not form in homozygotrhh mutant: g‘ & ané\ RCA ® T s o
(Fig. 3B) (Isaac and Andrew, 1996; Wilk et N\ & O qn@ & é\@ o
1996; Sonnenfeld et al., 1997). Tracheal tu ‘\@ o P \\09
formation is defective after bothh andjing are
reduced by only one copy each. For exan
51% of embryos double heterozygous Genotype

jing@1094andtrhl show a significant loss of mc

tracheal branches by stage 15 (Fig. 3C,E,. ...

addition,jing®1994andtrh double heterozygotes are sensitiveformation of transverse connectives and visceral branches
to the dose ofgo, as 69% of embryos triple heterozygous(Fig. 3D,E).

for these mutations jigg®1994 trhl tgol) show tracheal In conclusion, the genetic analysis presented here provides
phenotypes (Fig. 3E)jing mutations also show dominant strong evidence that proper dosejing in combination with
interactions with a direct target of TGO and TRHthat oftrh or btl is important for tracheal tubule patterning. If
heterodimers, the fibroblast growth factor receptor knowiing functions in a parallel pathway to thattdi andbtl these

as breathless(btl) (Klambt et al., 1992; Oshiro and Saigo, results would then indicate that the pathways must converge on
1997). Ninety eight percent ging®19%%nd btl"8243 double a common component that is necessary for tracheal tubule
heterozygotes show tracheal phenotypes that affect tHermation.
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anti-SIm ;fr?&n?‘sfmw

BT
iF Fig. 2. Genetic interactions alter

CNS midline cell development.

Whole-mount embryos stained

with anti-SIM (A-C,F-1) and

anti-SLI (D,E,J K).

(A-E,H,I) Sagittal section with

anterior towards the left and

(F,G,J,K) frontal views with

anterior upwards. (A) In stage

13 wild-type embryos, SIM-

positive cells are distributed

ventrally to dorsally (arrow) and

are only occasionally outside the

nerve cord (arrowhead). (B) In stagejit®°1994 tgo! sint*? triple heterozygotes, the midline cells

are displaced dorsally (arrowhead) and ventrally (arrow). (C) In stageg?4°%4 sinH® double

heterozygotes, midline cells are displaced ventrally. Arrow denotes absence of dorsal midline cells.

(D) In stage 13 wild-type embryos, SLI-positive glia are present dorsally. (E) In stjigg®t8%4

tgot sim® triple heterozygotes, SLI immunoreactivity is displaced to segment boundaries (arrow)

and ventrally. (F) Stage 15 wild-type embryo showing S@lls. (G) Absence of SIM

immunoreactivity in stage 1jing©1994 tgo! sim triple heterozygotes. (H) Sivimidline cells are

displaced ventrally in stage $#9slil double heterozygotes. (1) Midline cells are displaced

ventrally (arrow) ining®1999slil double heterozygotes. Arrowhead denotes absence of cells.

(J) Wild-type midline SLI immunoreactivity. Stage 14. (K) Reduced SLI immunoreactivity in stage

14jing®1999s|il double heterozygotes. Arrows in J,K indicate SLI immunoreactivity.

p '
P -

Jing s’

1
- anti-SIM
" 01094
anti-sLi ,mu-alu Jing ; tgo'sim"?

Molecular and genetic analysis of the  jing locus Point mutations injing were isolated by a chemical
Thejing locus encodes a transcription factor with homology tamutagenesis. From a screen of 6344 EMS-mutagenized second
the mouse transcription factor AEBP2 (Lui and Montell, 2001)chromosomes, three novghg mutations were isolated for
jing-coding sequence corresponding to the expressed sequerfiaiture to complement the embryonic lethality jofgKk03404
tag (EST) LD36562 rescugimg mutant effects in the ovary, genetically, therefore defining a single complementation group.
confirming the identity of this gene (Lui and Montell, 2001).jing EMS-induced mutations are homozygous embryonic
Fig. 4A shows the proximity of embryonic lethahg P lethal and are lethal irrans to jing P element-induced
element insertions to a transcription unit (LD10015) adjacentutations and a deficiency Df(2R)ST1 coveringjthg locus
to thejing 5' regulatory region. Given the proximity of tfieg (Liu and Montell, 2001). Based on phenotypic analysis of the
P elements to the LD10015 transcription unit, it was importan€NS and trachea, thimg EMS-induced alleles were placed in
to determine whether the latter was affected by these insertiorthe  following allelic series of phenotypic severity:
We therefore performed in situ hybridization on embryoging3>jing2>jingl. Molecular analysis ging3 reveals a single
homozygous fojing P element insertional mutatiorj;1994  nucleotide change in the coding region of this gene, confirming
andjingk03404 ysing digoxigenin-labeled LD10015 EST as athe identity of this complementation group (Fig. 4B). Jihg?
probe. LD10015 mRNA was detected in embryos homozygousutation results in the conversion of tryptoph&h (w1299 to
for eitherjing®109r jingK03404and therefore we conclude that a premature stop codon located in the middle of the second
LD10015 transcription is unaffected by lethialg P element  zinc-finger motif (Fig. 4B). Given the importance of the zinc-
insertions (data not shown). finger motifs and a nuclear localization signal to DNA binding,
Analysis of genomic DNA sequence (GenBank Accessiothe molecular nature of thieg3 mutation is consistent with its
Number, AF285778) surrounding two lethal P-elementtrong loss-of-function and hemizygous phenotypes. The
insertions injing reveals that there are three putative DNAphenotype ofjing® mutant embryos is therefore shown in
binding sites for Tgo::Sim and Tgo::Trh (CMESs), and one fophenotypic analyses.
the HMG SOX protein called Fish-hook (also known as ) )
Dichaete, D — FlyBase) (TACAAT) in the Begulatory region Jjing embryonic expression
of jing (Fig. 4A) (Ma et al., 2000; Oshiro and Saigo, 1997;The expression pattern ofng was studied throughout
Sonnenfeld et al., 1997; Wharton et al., 1994). This raises trembryogenesis with jing-lacZ enhancer trap lingigg©®1094,
possibility thatjing may be a direct transcriptional target of digoxigenin-labelejing DNA probes and a rat JING antibody.
bHLH-PAS heterodimers and SOX proteins includingjing mRNA and protein product are first detected during
TGO:SIM, TGO:TRH or Fish-hook (Crews, 1998; Ma et al.,precellular blastoderm stages, suggesting thaisophila
2000). embryos contain a maternal suppljinf (data not shown). A
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discernablejing expression pattern is appar  p . i

from stage 9, aging transcripts and prote } 8
accumulate in the CNS midline, neuroectod %1 3
and trachea (Fig. 4C-E). A RO

In the wild-type stage 9 CNJing mRNA is
distributed in a dorsoventral pattern that is
continuous between segments (Fig. 4C). LTp i
determine the identity of thding-expressin
CNS cells, co-localization studies w
performed using ging-lacZ enhancer trap ai
confocal microscopy. Embryos carrying fiveg-
lacZ enhancer trap and stained with gl
and anti-SIM show co-localization in subset:
CNS midline cells during stage 9 (Fig. ¢
arrow). As SIM localizes only to midline cells .
the CNS, this result confirms the midl E 100
expression ofing (Crews, 1998). During sta &4 ‘ BN Lows of tracheal tubules |
9, jing transcription also occurs in t
neuroectoderm and in the supraoesoph:
ganglion (Fig. 4C,D).

During stage 10, JING protein is present in
tracheal placodes (Fig. 4F). A pair of JIN
positive cells flank the tracheal placodes dor:
(Fig. 4F). Thejing-lacZ enhancer trap is al
expressed in TRH-positive tracheal cells in
anterior of each placode (Fig. 4G). Tjhmg-lacZ
enhancer trap is co-expressed with and tgo
from stage 10 until stage 16 of embryoger
(data not shown). JING protein is detected it e R TR
tracheal branches throughout embryonic trac o & S M “a'é”’
development, consistent with a role fiing \\“g ¢ \oci" & ' uq,-.‘é' Sl
throughout tracheal tubulogenesis (Fig. 4H). S g 3 Ky

During stage 12/3ing transcripts and prote ¢ & %
product are present in CNS midline cells Genctypo
segmental ectodermal stripes (Fig. 41-K). Fig. 3. Genetic interactions in the trachea. Stage 15 embryos stained with mAb
stage 14jing is strongly expressed in midli 2A12 to visualize tracheal tubules and shown with anterior left in sagittal view.
glia that occupy a characteristic dorsal pos| (A) Wild-type embryo. (B) Absence of grgg?ealltubules in homozygtidsnutants.
in the ventral nerve cord (Fig. 4L,M). Wea (C) Severe loss of tracheal tubulegiimy » trh! double heterozygotes.

- NI . ' S (D) Reductions in tracheal branchegiing 01094 pt|H8243 double heterozygotes.

JIng EXPression 1S de_)tected in ventrally positio (E) Quantification ofing genetic interactions in the trachea. Double and triple
m'dl'ne_ neurons (Fig. 4L, blac!( ar,rOWhead)' heterozygous combinations (genotype). Data show the percentage of embryos with
determine the subcellular localization of JINC o5 of tracheal branches. Tracheal developmetgAlo%4 trhl double

the CNS, wild-type embryos were stained \  heterozygotes is sensitive to the dostgof(jing®10%4 tgol trh1). jing®1094 b H8243
anti-JING and analyzed by confocal microsct  double heterozygotes show the highest percentage of embryos with tracheal tubule
By this method, JING protein can be dete  defects. In all cases more than 65 embryos were scored. DB, Dorsal branch; VB,
within the nuclei of the midline glia (Fig. 4  visceral branch; DT, dorsal trunk; TC, transverse connective; LTa, lateral trunk
arrow) and to a lesser degree in midline neu  anterior; LTp, lateral trunk posterior.

(Fig. 4N, arrowhead). JING protein is l.o.

detectable by confocal microscopy in cells of the laterabB). By contrast, in stage 1&n® homozygotesjing-lacZ
neuroectoderm, as opposedjitgy-lacZ expression (see Fig. enhancer expression is absent in the CNS midline (Fig. 5C,

Jc

jing ibtl

Percentage of embryos

5A) (data not shown). arrow) but still present in the lateral CNS (Fig. 5C, arrowhead)
o o - ] and other areas of embryofjiitg expression (data not shown).

Midline specificity of jing-lacZ expression This result confirms the midline identity of thimg-lacz-

To further analyzging-lacZ, we assessed its expression inexpressing cells.

homozygouging and sim mutants using monoclonal arfi- To assess the midline identity gihg-lacZ enhancer

gal. During stage 14, thgng-lacZ enhancer shows strong expression further, we determined whetken activates the
expression in CNS midline cells (Fig. 5A, arrow) and weakejing-lacZ enhancer by in vivo ectopic expression experiments.
expression in lateral CNS cells (Fig. 5A, arrowhead). InThe ability of sim to induce midline gene expression
homozygouging®1994mutants carrying thgng-lacZP element  ectopically has been established (Nambu et al., 1991; Wilk et
insertion, lacZ expression is reduced in the entire CNSal., 1996; Xiao et al., 1996; Zelzer et al., 19%thexpression
suggesting that this insertion affefitey gene expression and was targeted to the pair-rule ectodermal stripes op#ied
thatjing expression may be controlled by autoregulation (Fig(prd) gene using GAL4/UAS (Brand and Perrimon, 1993) and
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e o
A Jamies TR Fig. 4.jing genomic structure and embryonic
¢ P slemant nserions s clones E - . expression. (A) Genomic interval containiimg
| TACART | LDB65%2 Lpioio ESTs, lethal P element insertions and adjacent gene
- > J | I [T (LD10015). DNA-binding sites of bHLH-PAS
R Smm“f] i ™ * ¥ (CMEs) and SOX HMG protein Dichaete (TACAAT)

SKb are present in theng 5' regulatory region. (Bjing
exon/intron structure and point mutation. Exons
(filled boxes), introns (lines) and protein motifs
(colored boxes). Exon 2 contains repeats of poly-
glutamine (Q), poly-serine (S) and alanine-glutamine
(AQ). CoHa-type zinc fingers (Zn). Thijng3 mutation

is a G-to-A change at nucleotide 3806 of cDNA
Vjing® W'Z2 e stop LD36562 converting W2%to a stop codon.
(C-O) Embryonic expression ¢fg. (C,I,L) In situ
hybridization ofjing digoxigenin-labeled DNA
probes to wild-type embryos. (D,G,J,§)g-lacZ
enhancer trap expression detected via [Bugi
staining and confocal microscopy.
(E,F,H,K,N,O) Anti-JING immunostaining of wild-
type embryos. Confocal microscopy (F,H,N), light
microscopy (E,K,O). (C-E) By stagejhg
transcripts and protein product are present in the CNS
midline (arrows) and neuroectoderm (small
arrowheads) and supraesophageal ganglion
(arrowheads). (D) Colocalization jifig-lacZ product
(antif3-gal, green) and SIM (red) in a subset of CNS
midline precursors at stage 9, as detected via double-
label immunostaining (arrow). (F) Stage 10 embryo
showing JING localization in tracheal placodes
(arrow) and two adjacent cells (small arrowhead). In
this focal plane, JING is observed in three MP
neurons in the CNS (larger arrowhead). (G) Merged
confocal image showing co-localizationjioiy-lacZ
product (antiB-gal, green) and TRH (red) in tracheal
placodes (arrow) detected via double-label
immunostaining of wild-type stage 10 embryos. (H) Localization of JING to all tracheal branches in a stage 15
wild-type embryo. Note nuclear localization of JING. (I-K) At stage 1jR18,transcription occurs in the CNS
midline (arrows) and segmental ectodermal stripes (arrowheads). Small arrowhead in J inditatesSen
cells.jing transcription (L,M) and protein product (N) are highest in midline glia (arrows), as shown in a stage 15
wild-type embryo. Large arrowheads in L-N show midline neurons; small arrowheads in L,Mreiroegative
midline glia. (O) anti-JING immunostaining of homozygous embryos carrying a deletionjimgtgene
(Df(2R)ST1) to reveal the specificity of the antisera.

CMEs

by crossing flies containing the gPf-GAL4] driver, and mutant embryos, commissural growth cones are often absent
heterozygous for thgng-lacZ enhancer, with flies containing in the midline at stage 12 when compared with wild type (Fig.
P[UAS-sim] (Ward et al., 1998). The progeny were stained6A,B). By stage 14, homozygojisg® mutants show losses of
with anti-SIM to confirm ectopic expression (Fig. 5D) and withlongitudinal connections and reduced commissures compared
anti3-gal to identify ectopiging-lacZ expression (Fig. 5E). with wild type (Fig. 6C,D). Embryos double mutant forg
Ectopic expression afimis sufficient to activat§ing-lacZ in and sim display phenotypes similar to those a&fim
ventrally positioned cells in pair-rule ectodermal stripes (Fighomozygotes (Fig. 6E). Therefore, then embryonic CNS
5E,F, arrows). The ventral activation jiig-lacZ by simis  axon phenotype is epistatic to thatjiofy, implying thatjing
consistent with previous results showing the activation ofunctions downstream afim (Avery and Wasserman, 1992).
midline-specific genes by ectopsan expression (Xiao et al., The GAL4/UAS system was used to determine the effects
1996). In summary, the results shown here provide strongf overexpressingjing in the CNS midline (Brand and
evidence thafing expression occurs in CNS midline cells.  Perrimon, 1993). Flies containingsitft GAL4] were crossed

- ) _ ) to flies containing Bihg-UAS] and their progeny stained with
Jing loss- and gain-of-function disrupts CNS axon BP102 to assess CNS axon formation. Expression of one copy
and tracheal tubule development of P[jing-UAS] specifically in the CNS midline is sufficient to
The jing expression pattern and gene dose effects in the CN8hibit commissural and longitudinal axon formation (Fig. 6F).
midline and trachea suggest thpmg function may be Therefore, thejing midline overexpression phenotype is
important for the development of both systems. Thereforeimilar to that resulting fronjing loss of function (Fig. 6D),
CNS axon and tracheal tubule development was assessedaimd phenotypes gihg andsimdouble heterozygotes (Fig. 1C).
jing homozygous mutant embryos stained with monoclonalhese results demonstrate that approprjatg dose is a
antibodies BP102 and 2A12, respectivelyjing3 homozygous requirement for proper CNS axon development in the CNS
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Fig. 5. Thejing-lacZ enhancer is expressed in the midlilaeZ
expression in whole-mount embryos heterozygous fojirigdacz
enhancer trap and stained with gbviral. (A) Strong midlinging-
lacZ expression (arrow) and weaker neuroectodermal expression in
stage 14ing®1094heterozygotes (arrowhead). (B) Redujiag-lacZ
expression in the midline and neuroectoderrjingf1094
homozygotes suggests autoregulation. (Gjin/sint null
mutantsjing-lacZ midline expression is not detectable (arrow) but
lacZ expression still occurs in the neuroectoderm (arrowhead).
(D-F) Embryos heterozygous for tlieg-lacZ enhancer trap, Bfd-
Gal4] and P[UASsim and stained with anti-SIM (D, red), arftigal
(E, green). (E) Ectopijing-lacZ activation (arrows). (F) Merged
images of D,E. (F) Activation ging-lacZ in the ventral region of
prd pair-rule stripes (arrows).

midline. Interestingly, we observe a similar CNS axon
phenotype after overexpression gifn in the CNS midline
(data not shown).

The homozygougng CNS phenotype suggests an alteration
in the mechanisms that guide CNS axons. Fasciclin 2 stainir
using 1D4 mAb, shows that longitudinal fascicles stall within Y
segment boundaries causing breaks in the longitudinal tracts “fu‘(

95% of jing® mutant segments (Fig. 6H, arrowhead210 e el

segments) (Van Vactor et al.,, 1993). A subset of normall

ipsilateral axons of the most medial fascicle project insteaduggest that midline repulsive mechanisms are perturbed in
contralaterally injing® mutants (Fig. 6H, arrowsp=210 jing mutant embryos (Hummel et al., 1999b; Kidd et al., 1999).
segments). As ipsilateral fascicles are prevented from crossingWe next wanted to determine whethieg is involved in

the midline in wild-type embryos (Fig. 6G), these resultdracheal patterning due to its expression pattern and its dose-

prd-GAL4/UAS- sim anti-SIM §prd-GAL4/UAS-sim

Fig. 6.jing loss- and gain-of-
function phenotypes in the CNS ar
trachea. Frontal views showing CN
axon scaffolds (BP102 stain) (A-F)
and longitudinal fascicles (mAb 1C
stain; anti-Fasciclin 2) (G,H).
Sagittal views of stage 15 whole-
mount embryos stained with mAb
2A12 to visualize tracheal tubules
(I-L). (A,B) Pioneering growth cone
do not approach the midline during
stage 12 in homozygolisg3
mutants (B) as they do in wild-type
(A) (arrowheads). (C,D) In stage 1.
jing® mutants, there are variable
absences of either anterior or
posterior commissures (arrow) anc
longitudinal connectives (arrowhee
(D) compared with wild type (C).
(E) jing3;sin® double mutants sho
collapsed axon phenotypes.

(F) Overexpression ging in the
CNS midline §imGAL4/jing-UAS)
disrupts commissural (arrow) and
longitudinal axon formation
(arrowhead). (G) Ipsilateral
projection of wild-type Fasciclin 2-
positive longitudinal bundles. (H) Ir.
jing® homozygotes, longitudinal fascicles inappropriately cross the midline (arrows). Longitudinal fascicles stall within segmehead).
(1,J) Embryos homozygous for a deficiency covejing (Df(2R)ST1) anding3 mutations show defects in the formation of all tracheal
branches, including the dorsal trunk (arrowhead) and transverse connectives (TC) (arrow). Note absence of the viscemhpearchith
Fig. 3A). (K)jing3; trh1 double mutants show loss of all tracheal tubules. (L) Overexpressjiog of the trachealtl-GAL4/jing-UAS)
disrupts all aspects of tracheal tubule development. Branch fusion in the dorsal trunk does not occur (arrowhead) ahdrdredansd
transverse connectives are reduced (arrows). The visceral branch is absent. DB, Dorsal branch; VB, visceral branchiriik;db€sal
transverse connective; LTa, lateral trunk anterior; LTp, lateral trunk posterior.
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sensitive effects with mutations in genes controlling tracheateuroblast (MNB; anti-Engrailed) in wild-type and
development. Embryos homozygous forjiag deficiency homozygousjing® mutant embryos (Fujita et al., 1982;
(Df(2R)ST1) anding® mutations are associated with losses ofHummel et al., 2000; Schmid et al., 1999; Skeath and Doe,
the dorsal trunk, severely disrupted transverse connectives ah8l98; Sonnenfeld and Jacobs, 1994; Spana et al., JBfp).
absences of the visceral branch (Fig. 61,J) compared with wildess-of-function mutations are associated with reductions in the
type (see Fig. 3A). Embryos doubly mutant fimg andtrh expression of all neuronal markers tested. There are absences
lack all tracheal tubules and display phenotypes identical to

trh homozygous mutants (Fig. 6K). Therefotrd, loss-of-
function is epistatic tging loss-of-function, implying th:
jing functions downstream dfh.

To determine the effects of overexpressjimg in the
trachea, flies containing thelP§athlesgbtl)-GAL4] driver
were crossed to those containingii-UAS]. Progen
from this cross were stained with 2A12 antibody
tracheal tubule development was analyzed by
microscopy. Overexpression ging in the trachea
associated with defects in dorsal trunk fusion, as wx
improper formation of the transverse connective, d
branch and visceral branch (Fig. 6L). Therefojiag
overexpression tracheal phenotypes are similgngdoss:
of-function tracheal phenotypes.

Jing CNS midline phenotype

Cell type-specific markers were used to follow CNS mic
development in homozygoyiag mutant embryos. Midlir
cells were identified using anti-SIM and the glial-spe
marker anti-Slit (Nambu et al., 1990; Rothberg et al., 1
Expression otli was assessed in homozygging mutan
embryos using thiacZ reporter P[1.0 HVsli-lacZ] (Ma et
al., 2000; Wharton and Crews, 1993).

There are reductions in the number of SIM-positive
sli-lacZ expressing midline cells in homozygoijisg3
mutants compared with wild-type embryos during <
9 and 11, respectively (Fig. 7A,B,E,F). This cle
demonstrates that the early differentiation of mic
lineages requiresjing function. By later stages
embryogenesis (stage 15), SIM and SLI immunoreac
is drastically reduced jing mutant nerve cords (Fig. 7D,
compared with wild-type (Fig. 7C,G). The presence of
positive cellular profiles in macrophages outside the
suggests that midline lineages are lost by cell death. S
results were obtained using anti-Wrapper as a mar} Fig. 7.jing mutations disrupt CNS midline glial differentiation.
glial identity (data not shown). (A-D) Embryos stained with anti-SIM; (E,B}gal expression in

To address whether midline glia enter apop e_mbry_os ca}rrylngll_reporter P$li 1.0 HVHacZ]; (G,H) anti-SLI stainto
pathways,jing mutant embryos were double-labeled \ visualize midline glia; (I-) Stage 12 embryos_ double Iabeleq with anti-
anti-SLI and TUNEL, and the occurrence of apoptotic SLI (green) and TUNEL (red), and confocal images pfriserial

: S g sections. Sagittal views with anterior towards the left. (AjB)
monitored from stages 12 to 15 (Gavrieli et al., 1992 expression is reduced (arrow) in stagmg® homozygotes (B)

average, there are one or two apoptotic midline glia v compared with wild-type (A). (C,D) Reduced SIM immunoreactivity

an entire nerve cord of a stage 12 wild-type embryo and small size of midline neurons (arrows) and glia (arrowheads) in
71,I', arrowheadn=11 embryos). By contrast, every ne  stage 15ing® homozygotes (D) compared with wild-type (C). (E) Wild-
cord segment ifing® mutant embryos contains apoptt  type stage 11 expression o8P[L.0 HVHacZ] in six midline glia.

glia in addition to the presence of more TUNEL-pos _(F) Psli 1.0_ HVHacZ] expression in average of 3.2 mi_d_Iine g_lia/se_gment
profiles in the CNS (Fig. 7J3;Jn=13 embryos). Tt instage 1Jing3 homozygotes. (G) Wild-type SLI-positive glia during
increased occurrence of apoptotic glia correlates stage 15. (H) Reducgd SLI immunoreactivity (ar.rowhgad) and detection
reductions in SLI immunoreactivity in the midline jafjg3 N Macrophages outside the nerve cord (arrow) in stagagfs

. - homozygotes. (I) Stage 12 wild-typk-lacZ expression (green).
.r.nUtant e.mbr.yos (Fl.g' , arrc_)w_heads) and (_establlshe TUNEL-positive profiles (red) are present only outside the CNS (arrow).
jing function is required for midline glial survival.

. . (I") Close-up view of I. SLI- and TUNEL-positive glia (arrowhead).

Enhancer traps and antibodies were used to follo\ 3y | oss in SLI immunoreactivity (arrowheads) in staggirig?
development of individual motoneurons (VUMs, 22C  homozygotes. Note increase in TUNEL labeling compared with wild
and interneurons, such as the midline precursors (  type. (J) Close-up view of J (arrows, dead glia). TUNEL-positive
dMP2, vMP2; P223, anti-ODD and 22C10) and the me  profiles in the nerve cord (arrowhead).
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of immunoreactivity in the VUMs, MNB and MP1 neuro
lineages in some VNC segmentsjiimg3 mutant embryo
(Fig. 8B,D,F,H) compared with wild type (Fig. 8A,C,E,
There is a loss of ODD immunoreactivity as early as ¢
10 in MP neurons in homozygojisg® mutants compare
to wild-type (Fig. 8l1,J). Similar reductions in the numbe
immunoreactive vMP2 and dMP2 are observed by 2:
staining of stagel0 homozygolisg3® mutant embryo
(Hummel et al., 2000) (data not shown).

Within a particular VNC segment jing3 mutants, ther
is a loss of Engrailed (EN)-positive neurons while
number of EN-expressing neuroectodermal cells rer
equal to that in wild-type embryos (Fig. 8D, arrow)
addition, jing mutant embryos displaying reduced 22«
staining of the VUMs in the CNS midline do not show
visible defects in peripheral nervous system develop
(data not shown). These results strongly suggest th:
primary site ofing CNS function is at the midline.

In summary, these results demonstrate that mi
neuronal and glial populations do not differentiate witl
properjing function and suggest a positive role fioig in
promoting CNS midline cell development.

jing tracheal phenotype

To determine the role ging during tracheal developme
a phenotypic analysis of homozygqimgy mutant embryo
was performed using antibodies to TRH as a marker ¢
identity and to EN for identifying the anterior border of
trachea (Glazer and Shilo, 2001; Isaac and Andrew,
Wilk et al., 1996). Initial defects in tracheal morphoger
occur during tracheal placode stages in emkt
homozygous mutant for ajing alleles (Fig. 9B). Thi
correlates with the nuclear localization of JING in trac
placode cells (Fig. 4). The number of TRH-posi
precursors in stage 10 homozygging3mutant embryos
approximately 22% of the expected number of wild-i
cells (Fig. 9A,B). The relatively normal pattern
ectodermal segmentation ijing® mutant embryos, ¢
revealed by EN staining, suggests that the impi
differentiation of tracheal cells in these mutants is not li
to result from indirect effects of ectodermal patterning |
9B,F). These results also reveal that the positionir
tracheal placodes ijing3 mutants is not altered from tt
of wild-type embryos.

To determine the fate of tracheal lineages we ana
the pattern of cell death by double labeling wild-type
jing® mutant stage 11 embryos with TUNEL and anti-T
(Fig. 9C,D) (Gavrieli et al., 1992). Cell death is
common in the tracheal pits of wild-type stage 11 emt

Fig. 8.jing mutations disrupt midline neuronal differentiation. Wild-type
(A,C,E,G,]) anding® mutant embryos (B,D,F,H,J) stained with neuronal
specific antibodies. Sagittal views of whole-mount stage 14 (A,B) and
stage 10 embryos (1,J). (C-H) Frontal views of dissected stage 15 nerve
cords with anterior up. (A) mAb 22C10 stains the VUM neuron cell
bodies and axons projecting dorsally (arrow) in each nerve cord segment.
(B) Absence of VUM cell bodies and axons in sging3 segments
(arrow). (C) Six wild-type Engrailed (EN)-positive neurons (detecting
the VUMs and MNB). (D) Absence of EN-positive neurons in the CNS
midline of somging3segments (arrow) and reductions in others.
Neuroectodermal EN-positive neurons are not reduced from wild-type.
(E,F) Wild-type P223 enhancer trap expression in the MP1, vMP2 and
dMP2 neurons. (F) Downregulation of P223 expression in MP lineages
of jing® homozygotes. (G) Wild-type Odd-skipped (ODD) expression in
MP1 and dMP2 neurons. (H) Reduced ODD expressiingéd MP1

and dMP2 neurons. (l) Stage 10 embryo double-labeled with anti-ODD
and TUNEL. Apoptotic MP lineages are not detectable. (J) Stage 10
jing® homozygous mutant embryo double-labeled with anti-ODD and
TUNEL. Note that ODD immunoreactivity is significantly reduced
compared with wild type. TUNEL-positive MP neurons are not present
in this embryo.

(Fig. 9C). On average, there is a maximum of t.cc

TUNEL- and TRH-positive cells within an entire stage 11

In jing® homozygous mutant embryos, tracheal cells

wild-type embryo 1§=24). By contrast, there is an average ofinvaginate but the tracheal branches do not migrate properly

20 TUNEL- and TRH-positive precursors in stage jihg3

anteriorly across EN-positive stripes as they do in wild-type

mutant embryos (Fig. 9D1=34). There is also an increase in embryos (Fig. 9E,F). In addition, fewer TRH-positive cells
the number of apoptotic profiles surrounding the tracheal pitsxpress EN in homozygoymg? mutant embryos compared

in jing3® compared with wild-type embryos (Fig. 9C,D, with wild-type at stage 12 (Fig. 9E,F). By stage 15img?3
arrowhead). Cell death is observed by TUNEL labelingnutant embryos, parts of the dorsal trunk, the dorsal branch

throughout embryogenesis in all tracheal

branches

iand transverse connectives are missing and correlate with a loss

homozygousjing3 mutant embryos, suggesting that theof cells by apoptosis (Fig. 9l; data not shown). In addition, the
requirement fofing function is not branch specific (data not visceral branch does not form jimg3 mutant embryos (Fig.

shown).

9l). Therefore, the EGFR-dependent visceral and dorsal trunk
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-
LTp
anti-TRH | +

anti-TRH | jing @

Fig. 9.jing tracheal phenotype. (A) Wild-type stage 10 embryo. Tracheal nuclei are visualized with anti-Trachealess (TRH, red) ardibodies an
anti-Engrailed (EN, green) references the anterior tracheal border. A subset of tracheal cells express EN (arrows, yeBwrietig}

stage 10 homozygous mutant embryos, the number of TRH-positive precursors is reduced. However, the segmental EN-pgsitide stripe
positioning of the placodes appear normal. (C) Wild-type stage 11 embryo stained with anti-TRH (green) and TUNEL (red) srewing a
apoptotic tracheal cell (arrow). (D) Stagejitig3 mutant embryo stained with anti-TRH (green) and TUNEL (red). Many apoptotic tracheal
cells are present (arrows) and more apoptotic cells surround the pits than in wild-type embryos (arrowhead). (E) Wild-tyjp¢ stadpeyl 2
shows migration of primary branches across EN-positive stripes. A domain of EN-positive tracheal cells encompassestheegigmental
stripe (bracket). (F) The domain of EN-positive migrating tracheal cells is smaller (bracket) in some gtagferiizant segments and absent
in others (arrowhead). (G,H) Wild-type stage 15 embryo stained with both anti-TRH (green, G) and TUNEL (redjiRy3@tape 15
homozygous mutant embryo stained with anti-TRH (green, 1) and TUNEL (red, J)jifigdmutant embryos the EGFR-dependent branches
are most severely affected. The visceral branch does not form and regions of the dorsal branch are absent (arrows).dfteeltsimtibe
DPP-dependent branches (DB and TC) is reduced compared with wild type. (J) By contrast, the overall apoptotigipgfenmntamt

embryos is not significantly elevated from wild type. DB, dorsal branch; DT, dorsal trunk; VB, visceral branch; TC, transpecive; LTa,
lateral trunk anterior; LTp, lateral trunk posterior.

branches appear more severely affected than Dpe-  specific to the midline. The loss of CNS midline and tracheal
dependent dorsal and ganglionic branches, as well as tkells in homozygougng mutant embryos is at least partially
transverse connectives ijing3mutant embryos (Fig. 91). mediated by cell death. Therefore, during embryogefiesis
Despite the death of tracheal cellging mutant embryos, the is required for terminal differentiation and viability of CNS
overall embryonic pattern of cell death is not significantlymidline and tracheal cells.
altered by the end of embryogenesis from that of wild-type o o
embryos (Fig. 9H,J). Therefore, the tracheal defectingn ~ Role of jing in the CNS midline
mutants are not likely to result from widespread defects ifThe results presented here show that CNS midline neurons and
embryonic differentiation. glia do not differentiate properly in homozyggusy mutant
embryos. Several lines of evidence support this. The expression
of cell-type-specific markers of midline neuronal and glial
DISCUSSION identity is altered iging mutants compared with that in wild-
type embryos. For example, expression ofdliacz 1.0 HV
In this study, we provide evidence that proper functioning ofeporter initiates in six midline glia in each wild-type nerve
thejing zinc-finger transcription factor is required in the CNScord segment during stage 11 (Wharton and Crews, 1993). By
midline and trachea for patterning of CNS axons and tracheabntrast,sli-lacZ 1.0 HV reporter expression jmg mutants
tubules, respectively. Theng expression pattern, embryonic initiates in only an average of three midline glia per nerve cord
lethality, and loss- and gain-of-function phenotypes aresegment by stage 11. In addition, there are reductions in the
consistent with an embryonic role for this locus. Given theaumber of SIM-positive midline cells and ODD-positive/
recent characterization §ihg during the migration of border 22C10-positive MP neurons by stage 9ing3 homozygous
cells in Drosophila ovaries, these studies highlight the mutant embryos, respectively. Therefore, early midline glial
important role of this gene during cellular differentiation (Luiand neuronal differentiation is aberrant in homozygjms
and Montell, 2001). mutant embryos. By the end of embryogenesis, many neuronal
Loss-of-functionjing alleles result in aberrant expression ofand glial cell type markers are barely detectable in
all CNS midline and tracheal markers tested. Loss of midlineomozygouging mutant ventral nerve cords.
enexpression in segments that have no detectable changes ifThe loss ofim, sli, oddand 22C1GUtschexpression ifing
lateral en expression shows thging mutants have defects mutants may reflect improper activation/regulation of gene
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expression or may be secondary to cell loss. To address tmsitant embryos. Reduced glial numbers and SLI production
issue, we analyzed the pattern of cell death in the CNS midliria jing mutants are consistent with the reduction in midline
of jing mutant embryos. Apoptosis occurs in the midline glialrepulsion of longitudinal pathways as visualized by Fasciclin
lineage in wild-type embryos and begins during stage 12 t@ staining (Fig. 6H). The remaining SLI protein product in
refine the number of cells from six to an average of three pstage 12jing mutant nerve cords, however, is apparently
nerve cord segment by the end of embryogenesis (Sonnenfeddfficient to prevent a total collapse of the longitudinal
and Jacobs, 1995; Zhou et al.,, 1995). In homozygimgs connectives, as observed in homozygsiusandsli mutations
mutants, however, there are more apoptotic glia during stagdlambu et al., 1990).
12 than in wild-type embryos and this correlates with the loss o
of SLI-positive glia. It is, therefore, likely that the loss in CNSRole of jing in the trachea
midline gene expression jing mutants results from a loss of This work has identified multiple roles fging in tracheal
cells. In summary, the loss in expression of cell identitymorphogenesis. The earliest functionjinf is to allocate the
markers and inappropriate cell death lead us to conclude thedrrect number of cells to the tracheal placodes. Several lines
midline neurons and glia do not differentiate properlyirig of evidence support this. The number of tracheal placode cells
mutant embryos. is significantly reduced from wild-type in homozygojirsy

The arthropod ventral nerve cord is characterized by theutant embryos. In addition, tracheal precursors dignm
ladder-like pattern of the major CNS axon tracts. The nervewutant embryos, suggesting thatg is essential for their
cord is segmental and each neuromere is connected hifferentiation. As JING localizes to the nuclei of tracheal
longitudinal axons, which are separated by anterior anglacode cells and contains potential DNA-binding and
posterior commissures. Disruption of this patterjify gain-  transactivation domains, it is possible that it regulates genes
of-function specifically in the CNS midline reveals theessential for the differentiation and survival of tracheal
requirement for propging function within these cells for axon precursors (Mitchell and Tijian, 1989).
patterning. In addition, homozygous mutgittg embryos Although loss ofing function affects cellular differentiation
display reductions in CNS midline cells while neuroectodermain all tracheal lineages, it appears to have more severe effects
and peripheral nervous system development is unperturbeoh dorsal trunk and visceral branch development. The dorsal
Together, these results show tlfiag mutations have strong trunk and visceral branches derive from the same position in
effects on the CNS midline and thatg dosage is crucial for the tracheal placode and are induced by Epidermal Growth
their development. Factor Receptor (EGFR) (Wappner et al., 1997). EGFR is

Genetic analysis of axon patterning in @sophilaCNS  activated in the central portion of the tracheal placodes by the
has revealed the important role of neuron-glial function in thisestricted expression ahomboid (rho) (Bier et al., 1990;
process (Klambt et al., 1991; Hummel et al., 1999b). Mutationklimargas and Casanova, 1997; Sturtevant et al., 1996;
leading to reductions in midline neuron numbers correlate withiVappner et al., 1997). The defects in dorsal trunk and visceral
a reduction in the number of commissural tracts, wheredsranch formation in homozygoysmg mutant embryos are
mutations leading to reductions in midline glia numbers showimilar to those in embryos homozygous mutant Egfr
fused commissure phenotypes (Hummel et al., 1999a). Thesignaling (Llimargas and Casanova, 1997; Wappner et al.,
observations are consistent with the hypothesis that midlin€997). Given that mutations iRgfr pathway genes do not
neurons (such as the VUMs) are required to attracaffect tracheal placode cell numbers, we proposgitizamay
commissural growth cones initially to the CNS midline, function prior to EGFR signaling.
whereas midline glia are required subsequently for the Several lines of evidence suggest thatg functions
organization of commissural axons (Hummel et al., 1999b)pecifically in tracheal cells. First, we detect JING protein
Based on these observations, we propose that defects in thihin nuclei of tracheal precursors and differentiated lineages.
differentiation of midline neuronal precursors, such as th&econd, defective placodes jing mutants are observed in
VUMs, in jing loss-of-function mutants inhibit the attraction hemisegments with normain expression patterns indicating
of commissural growth cones to the CNS midline during stagthat defects in the metamerization process do not caugeghe
12. As the attraction of commissural axons to the CNSracheal phenotype. However, we cannot rule out the
midline precedes the separation of anterior from posterigoossibility that Hedgehog signaling in segmental ectodermal
commissures, the defects in midline neuronal differentiatiostripes is affected bjng mutations. A requirement fdrh in
and the associated lack of growth cones in the midlijmgf determining proper tracheal placode numbers in some
mutants probably mask subsequent defects in glial-associatedmisegments has recently been shown (Glazer and Shilo,
functions (Klambt et al., 1991). During axon patterning, the2001). Third, the most severe defects in tracheal patterning in
MP1 interneurons participate in the formation of specifiging mutant embryos occur in the dorsal trunk and visceral
longitudinal pathways (Lin et al., 1995; Hidalgo and Brandbranch, suggesting that there is some specificiipgdracheal
1997). Therefore, the defects in MP1 neuronal differentiatiofunction. Last, overexpressionjofg specifically in the trachea
in jing mutants may account for the inhibition in the formationresults in defects in tracheal patterning that resejimgéoss-
of the longitudinal connectives. of-function phenotypes.

Signals generated by CNS midline cells control the B o )
commissural axon pattern by either guiding growth cone®oes jing functionin sim-and trh-dependent
toward the midline or preventing them from crossing thePathways?
midline (Battye et al., 1999; Harris et al., 1996; Kidd et al. Based on genetic and phenotypic analyses, we propose a role
1999; Tessier-Lavigne and Goodman, 1996). Defects in gliafor jing downstream oim andtrh during CNS midline and
associated functions occur in the CNS of homozydogs tracheal development, respectively. Fijisig expression is not
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observed prior to that of eitheimor trh in the CNS midline An interesting parallel between the ovarian and embryonic
and trachea, respectiveljng expression is detected in the pathways involvingjing is the activation ofbtl. btl is
CNS midline during stage 9, which is after the initiatiosiof ~ expressed in embryonic tracheal and midline glial cells, as
expression and establishment of midline fates (Crews, 1998)ell as border cells of the ovary, and is essential for their
JING protein is present in tracheal precursor nuclei, coincidemhigration (Glazer and Shilo, 1991; Klambt et al., 1992;
with TRH during stage 10. Second, the CNS axon and trachelslurphy et al., 1995)btl is a direct target of C/EBP and
phenotypes of homozygoiiag mutations are less severe than TRH:: TGO heterodimers in vitro (Murphy et al.,, 1995;
those of homozygousim and trh mutations, respectively. Oshiro and Saigo, 1997). Therefore, the strong dominant
However, we cannot rule out that maternal JING may rescuateractions betweejing and btl in the embryonic trachea
the effects of zygotifing mutations or thajing functions in a  coupled with the role gfng in border cell migration implies
combinatorial fashion and therefore may not display severan important link between the maternal and embryonic
phenotypes (Ma et al., 2000). Thijghg can be activated by pathways involving jing. C/EBP is expressed in the
ectopic expression a$im, suggesting thasim may regulate embryonic trachea aftdstl expression begins (Rorth et al.,
jing. The presence of three E-box ACGTG core sites in‘'the 3992). Therefore, C/EBP probably does not regulatg or
regulatory region ofing suggest that this regulation may be btl in the trachea, as it does in border cells. Furthermore,
direct. Fourth, thesim and trh embryonic phenotypes are C/EBP expression is not sufficient to cause ectdpic
epistatic to that ofing, as shown by double mutant analysis.expression and therefore, it is proposed that this transcription
Finally, jing mutations genetically interact with mutations in factor carries out the gene expression program initiated by
bHLH-PAS target genes such sisandbtl (Ma et al., 2000; other factors (Murphy et al., 1995). In this way, C/EBP can
Oshiro and Saigo, 1997). The ventral displacement of midlinunction in very different pathways, including fat metabolism
cells injing andsli double heterozygotes strongly suggests thain adipocytes, long-term memory in Aplysia neurons and cell

jing is required for propesli regulation. migration in the ovarian border cells (Murphy et al., 1995).
. o ) The transcriptional capabilities ging have not yet been
Jing and CCAAT-binding proteins tested and therefore it is not known whetjireg co-operates

In Drosophilaovaries,jing is an essential downstream targetwith TGO::TRH or TGO::SIM heterodimers in activation of
of the vertebrate homolog of the basic region/leucine zippdstl or other targets.

transcription factor CCAAT enhancer-binding protein )

(C/IEBP), which is required for border cell migration (Liu andModel of JING function

Montell, 2001). The JING protein is most similar to the mousaVe propose that bHLH-PAS heterodimers may actijiate
protein AEBP2, which was identified by its binding to atranscription by binding any or all of the three CNS midline
regulatory sequence in the adipocytp2 gene. Given that elements (CMESs) present in thérggulatory region ofing
C/EBP also binds this sequence, it is proposed that JING arfBig. 10). The initiation or maintenance jofg transcription
C/EBP coordinate cell differentiation in a co-operative mannemay also require the function of additional transcription factors
(He et al., 1999; Liu and Montell, 2001). such as VVL in the CNS midline and trachea or Fish-hook in

Fig. 10.Model for the role of the TGO:: TRH neurogeni c
JING Zn-finger transcription factc TGO:SIM 4

in CNS midline and tracheal cell ?

differentiation. Heterodimers of A/ \\A
TGO:SIM and TGO:TRH may bir N ._S-_%,—l -—S—"—r&l»
to the CMEs in the'Fegulatory Jing 5 - KE TACAAT (%MFE %MFE
region ofjing. In the CNS midline, regulatory region - FIsH? 1.1 T
the SOX HMG protein Dichaete

(FISH in the figure) may also binc
its target site, TACAAT, to promot

AP, DV —»

CNS midline precur sor ¢ > tracheal precursor
differ entiation (Stg. 9) JING differ entiation (Stg. 10)

jing transcription. JING enters the * *
nucleus of CNS midline and TGO::SIM-FISH
tracheal cells where it may perfor l |
?O{eegi]slraéory r(()jle. This regulatory ?1  DFRMSS  rhoacivaion TGONTRH

quired for the 1 ac W i dorsal trunk
differentiation and survival of CN! INGg —P g0 i | visceral branch
midline and tracheal precursors, gg Unknown survival factors : DFR
possibly through the control of QM-
EGFR signaling and/or other TGO'[SIM FIISH * (Stg. 11) JING \q@f‘de”‘
uncharacterized survival factors. ? I DFR _ .
Alternatively,jing may function to I dli transverse connectives,
maintain the transcriptional outpt JING activation dorsal branch,
initiated by bHLH-PAS, POU and ganglionic branch
SOX regulatory molecules, and

failure to do so results in cell dea.. ..
JING function is required throughout CNS midline and tracheal development for the formation of a functional central néenoasidys
tracheal tubule network. Question marks denote that direct interactions have not been demonstrated.
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