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The Drosophila ribbon gene encodes a nuclear BTB domain protein that

promotes epithelial migration and morphogenesis

Katherine Shim 1, Kimberly J. Blake 2*, Joseph Jack 2+ and Mark A. Krasnow 1.8

IHoward Hughes Medical Institute and Department of Biochemistry, Stanford University, Stanford, CA 94305-5307, USA
2Department of Anatomy, University of Connecticut Health Center, Farmington, CT 06030, USA

*Present address: Mitchell College, New London, CT 06320, USA
*Present address: 9 Cricket Lane, Simsbury, CT 06070, USA
8Author for correspondence (e-mail: krasnow@cmgm.stanford.edu)

Accepted 10 September 2001

SUMMARY

During development of the Drosophila tracheal

(respiratory) system, the cell bodies and apical and basal
surfaces of the tracheal epithelium normally move in
concert as new branches bud and grow out to form tubes.
We show that mutations in theDrosophila ribbon(rib) gene

disrupt this coupling: the basal surface continues to extend
towards its normal targets, but movement and
morphogenesis of the tracheal cell bodies and apical
surface is severely impaired, resulting in long basal

in transmission of the FGF signal from the basal surface to
the rest of the cell or in the apical cell migration and
tubulogenesis machinery.rib encodes a nuclear protein
with a BTB/POZ domain and Pipsqueak DNA-binding
motif. It is expressed in the developing tracheal system and
other morphogenetically active epithelia, many of which
are also affected inrib mutants. We propose that Rib is a
key regulator of epithelial morphogenesis that promotes
migration and morphogenesis of the tracheal cell bodies

membrane protrusions but little net movement or branch
formation. rib mutant tracheal cells are still responsive to
the Branchless fibroblast growth factor (FGF) that guides
branch outgrowth, and they express apical membrane
markers normally. This suggests that the defect lies either

and apical surface and other morphogenetic movements.

Key words:Drosophila ribbon, BTB/POZ domain, Pipsqueak
domain, Trachea, Branching morphogenesis, FGF, Epithelial
migration

INTRODUCTION The coordination of events at the apical and basal sides of an
epithelium is of special interest because, unlike isolated cells
Many crucial events in animal development occur bylike fibroblasts, the environment on each side of an epithelial
movement and morphogenesis of epithelia. Perhaps tleell is very different. The composition of the extracellular
simplest, at least conceptually, is spreading of an epitheli@hatrix is distinct, and the signaling molecules and receptors
sheet, as in chick epiboly (Downie, 1976) and dorsal closuréhat trigger the morphogenetic events are typically localized on
of the Drosophilaembryo (Kiehart et al., 2000). Other eventsone side (Kim, 1997).
involve three-dimensional changes in epithelial structure, like The Drosophilatracheal (respiratory) system is a branched
the epithelial invaginations that drive formation of the threenetwork of epithelial tubes that provides a tractable genetic
germ layers at gastrulation (Costa et al., 1993) and underlgystem for analyzing epithelial morphogenesis (Manning and
sprouting of new buds during branching morphogenesi&rasnow, 1993; Samakovlis et al., 1996). Tracheal tubes are
(Bard, 1990). Some epithelia undergo an extreme structural simple epithelial monolayer, with the apical surface lining
transformation at epithelial-mesenchymal transitions: theéhe lumen and the basal surface forming the tube exterior.
epithelium separates into individual motile cells and epitheliaDevelopment of the tracheal system begins by invagination
character is lost. of 20 ectodermal placodes, each of which forms an epithelial
Because cells in an epithelium are attached, morphogenesac of ~80 cells. Over an 8 hour period in mid-
events require coordination of the behavior of cells located @&mbryogenesis, six primary branches bud from each sac,
different positions in the epithelium. These events also requif®llowed by about two dozen secondary branches.
coordination of the behaviors of different parts of eachSubsequently, hundreds of fine terminal branches sprout
constituent cell. For example, the apical and basal surfaces afiring the several days of larval life. All of these budding
epithelial cells usually move together during morphogenetievents take place without loss of epithelial integrity and in
events, but occasionally they show strikingly differentthe absence of cell division or death (Samakovlis et al., 1996):
behaviors. During epithelial invaginations, the apical surfac¢he extensively branched network forms exclusively by
constricts, while the basal surface expands (Fristrom, 1988pithelial migration and morphogenesis.
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Dozens of genes have been identified that are required forDf(2R)P34 and Df(2R)PC29 (Lindsley and Zimm, 1992)
tracheal branching (Manning and Krasnow, 1993; Metzger anttp:/flybase.bio.indiana.edu/), abd(2R)GC8andenl*C! (Gertler
Krasnow, 1999; Affolter and Shilo, 2000). These have beguft al., 1995) are siblings generated from the same parental strains. The
to separate the morphogenetic process into genetically distin@t_“s'(-;)l(fO Lﬁﬁsss bﬁ?/shesrif:]g(?r:zn%'gg”gAfjrgrr?\?e”rf V%/?]?C:’;]) i;vaesxpll:lesgge(jto
steps. Several genes are required for the initial specification ; ' - :
tracpheal cell fgte and invggination to form trgcheal sacsg.]:o""oIIy in the embryo, and UASHE+2 (Sutherland et al., 1996).
Another set of genes is required to assign distinct fates to eagfiitagenesis

branch primordium before budding begins. Yet, other sets qfggenizeddp cn bwmales (aged 1-3 days after eclosion) were
genes are required for sprouting of primary, secondary angeated with 25 mM ethyl methane sulfonate (EMS) overnight and
terminal branches. mated tasco/CyOfemales for 3-5 days (L. Messina, B. Lubarsky and
Three primary branch genes have been characterized M: A. K., unpublished)dp cn bw{*] /CyO progeny were tested: two
branchless(bnl), breathless(btl) and stumps(smg. These out of 2086 mutagenized chromosomes screened failed to
encode components of a fibroblast growth factor (FGFyomplement the lethality aib®3 rib! andrib? and were named
signaling pathway that directs budding and outgrowth of th&b"’ andribP1e.
primary branchesbnl encodes a FGF expressed by smally ibodies and immunostaining

Clusf[ers of cells surrounding each sac, at each position Wheé(ranbryo fixation and immunostaining were as described (Samakovlis
a primary branch buds (Sutherland et al., 1996). Bnl serves @?al., 1996). Primary antisera were TL1 and mAb 2A12 against

a chemoattractant, activating the Btl FGF receptor, a receptgbcheal lumenal anfigens (Samakovlis et al., 1996), mAb 2-161
tyrosine kinase expressed on the tracheal epithelium (KlamBhainst DSRF  (1:1000 dilution, from M. Gilman), anti-
et al., 1992). This directs budding and outgrowth of primaryiphosphorylated-ERK (1:500, Sigma) and dhtjalactosidase
branches to Bnl signaling centersmsencodes a putative (1:1500, Cappel). Tracheal cells were visualized by staining embryos
adapter molecule expressed in tracheal cells and appearsctarying thel-eve-1P[lacZ] insertion (Perrimon et al., 1991) with
function downstream of Btl (Michelson et al., 1998; Vincent efanti-$-galactosidase. Embryos were visualized with a Zeiss Axiophot
al., 1998; Imam et al., 1999). The FGF pathway also play&icroscope under Nomarsk_l optics or a Molecular Dynamics
important roles controlling subsequent sprouting events. ;YIuInProbe 2010 laser scanning confocal microscope. For confocal
induces expression of some secondary (pajnted and uorescence microscopy;eve-lembryos were stained with aifti-

- . ; : galactosidase and anti-Crumbs mAb Cqg4 (1:1000) (Tepass et al.,
terminal branching genes (eldisteredDSRF) in cells located 1990). Signal was developed by horseradish peroxidase (HRP)-

at the ends of outgrowing primary branches, which go on t@;iay7ed deposition of either cyanine 3- or fluorescein-labeled
form secondary and ultimately terminal branches (Sutherlangramide reagent (NEN Life Science Products).

et al., 1996). Polyclonal rabbit anti-peptide antisera were raised against synthetic
We have characterized a fourth primary branch geneeptides in Rib (Research Genetics, Huntsville, AL). Antisera
ribbon (rib). Although the gross phenotyperith mutants is  (Ab21802K) generated against the C-terminal peptide P3
similar to that obnl, btlandsms cellular analysis shows that (LKRELMEGEDAQARAD, Fig. 5) from two separate rabbits gave
there is not a complete block to primary branch outgrowth?Absz'T(')'g;Mitaf'{‘cm pattern 'irr‘m‘?’uhncz'zz{jnoxi':rt] ‘:‘Vr\?ob%ce’?ﬂd'ggt'sgrla
cesa opepasnic exensons s o ans g ovarseorBR B 10 G T S R RO
: . ! . . ), gave a similar pattern. Thee-Rib antisera were used at 1:1000
mlgratlon and morphoge”‘?s's’ of the trachr—;al Ce”.bOdles afjution and developed by HRP immunohistochemistry or HRP-
apical surfacerib has previously been implicated in severalaaiyzed fluorescein tyramide reagent deposition and counterstained
epithelial morphogenetic events (Nusslein-Volhard et al.with DAPI (1 pg/ml in glycerol mounting medium) (Patel, 1994).
1984, Jack and Myette, 1997, Blake et al., 1998; Blake etal., S
1999). We show thatib encodes a putative transcription RNA in situ hybridization
factor expressed in the trachea and other morphogenetically situ hybridization of whole-mount embryos was carried out with
active epithelia, and we propose that it functions as #igoxigenin-labeled, single-stranded RNA probes and developed by

regulator of epithelial migration and morphogenesis. alkaline phosphatase immunohistochemistry (Kopczynski et al.,
1996).bnl probe was synthesized from Z3-2 cDNA (Sutherland et al.,

1996); btl probe was synthesized from pDS7064 (from D.
Sutherland), which contains a 3.3 EbdRI fragment containing the
entire Btl-coding regiorrib probe was a mixture of two overlapping

] probes synthesized from pKS3a and pKS4e, spanning a 1.6 kb region
Fly strains of rib between 5TGGTGGACGA and 5AGGGAGAACT. rib

ribl, rib2 andribz! have been described elsewhere (Nusslein-Volhardontrol probes against the antisense strand gave no signal.

et al., 1984; Blake et al., 1998Rf(2R)rib®*12 was generated by ) ) )

moblization of Terminal-3 Ry*,lacZ] transposon (Samakovlis et al., Genetic mapping of = rib

1996) (K. Guillemin, PhD thesis, Stanford University, 199R)*12  Meiotic recombination in aora?,+/+rib? transheterozygote was
failed to complement the lethality &2)k0881Q a lethal P insertion scored. Forty-twocora'rib* chromosomes were generated out of
in proliferation disrupter (prod) (Torok et al., 1997)enabled-8 70,073 chromosomes screened. DNA sequencing in the genomic
(end8) andenlB” (Gertler et al., 1995)(2)08713 a lethal P insertion  interval betweertora andrib identified five polymorphisms (PM1-5)
nearcoracle (cora); andribl, rib2, ribz, ribP7 andribP16. Southern  between theora? andrib! chromosomesrip! chromosome sequence
blot analysis indicated that the centromere-proximal breakpoint ashown in bold): PM1 (at 21 kb in Fig. 4C) GKIG)CGAATTTCTA
ribex12 lies between the Terminal-3 W{,lacZ] insertion site and (Hhal site underlined); PM2 (at 28 kb) TBXGTTAAAGAC TTAG

prod, within 40 nucleotides '5to genomic sequence -5 (bold region deleted iwora? chromosomeDded site underlined);
TGGCCAACTCTTCCTC. The distal breakpoint lies beyaiixl but PM3 (at 40 kb) CTT/G)CAGGTCAAGGG (st); PM4 (at 70 kb)

was not precisely defined. GAATCT(C/IT)TT(T/C)TTGCACA (Xmn); and PM5 (at 92 kb)

MATERIALS AND METHODS
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GAG(A/C)TCCACTCGAG  (Gad). cora‘ribt*  recombinant  Molecular biology

chromosomes were scored for the polymorphisms by restriction full-lengthrib cDNA (LD16058; Research Genetics) was sequenced
digestion with the indicated enzymes of PCR fragments containingsenBank Accession Number, AF416603). NCBI tBLASTn
the polymorphic sites. _ _ homology searches (www.ncbi.nlm.nih.gov), Baylor College of
To map the centromere-proximal endpointff2R)GC8and the  Medicine BEAUTY post-processing (searchlauncher.bcm.tmc.edu)
distal endpoint oDf(2R)P34 PCR fragments ranging from 300-600 and InterPro pattern prediction searches (www.ebi.ac.uk) were used to
bp were amplified from genomic DNA prepared from heterozygousdentify BTB/POZ and Pipsqueak motifs.
Df(2R)GC8/CyCand Df(2R)P34/CyOflies and their sibling control g identify mutations inib EMS alleles, DNA fragments (0.6-1
chromosomeenlCY/CyO and Df(2R)PC29/CyQrespectively. PCR  kb) spanning theib-coding sequence and intron-exon junctions were
products were purified and sequenced using dideoxy chain terminatgmplified by PCR using genomic DNA isolated fraitn/CyO, rib%
chemistry on a capillary electrophoresis DNA sequencer (ABI310¢yQ, ribz/CyO, ribP7/CyO andribP§/CyO adult flies as template.
Applied Biosystems). The presence of overlapping nucleotide peaSCR products were sequenced and polymorphisms betweeit the
on the sequence chromatogram, confirmed by sequence of baihd CyO chromosomes were identified as overlapping peaks on the
strands, identified polymorphisms between the test chromosorrgéquence chromatogram. Becaui$é, rib2 and ribZ! were derived
(Df(2R)GC8 Df(2R)P34 enlFC! or Df(2R)PC29 and theCyO  from isogenic parents, as werdP? and ribP16, polymorphisms
balancer chromosome. The presence of a polymorphism in bothique to a particularib allele were assumed to be EMS-induced

deficiency (e.g.Df(2R)GC8/CyQ and its sibling control (e.9. mutations. Putative EMS-induced mutations were confirmed by
enl*CYCy0) PCR products indicated that this region was not deletedequence of two independent PCR products.

in the deficiency, whereas selective absence of a polymorphism in the
deficiency PCR product was taken as evidence that the region was

deleted. Polymorphisms present in bbf(2R)GC8andenClwere:  RESULTS
ATG(A/C)TCCCTT, AAT(G/T)GAAGCTGATT, CTC(C/G)GAATA-
TGTGCTG, CAT(A/G)AGTTTCTTAC (PCR product 1; Fig. 4); : - :
COC(AIC)C(AIC)AACCCATT, GCGAIC)TATTGCAAC (product - achedl branches fail to form in  rib mutants

2); ACACGCTGGAACAS* (product 3); and TCC(C/G)ACCCGAA- ImpreC|Se EXCISIOI."I of the Terminal-3 P'[,WCZJ tracheal )
AGC (product 4). Polymorphisms presententCl but absent in  Marker at cytological position 56A-B generated a mutation
Df(2R)GC8were CGA(A/G)CTCAGGGTTTGC and ATA(G/T)AG- (ex12) that severely impaired tracheal branch outgrowth. In
GCCCAAATTGC (product 5). Polymorphisms present in bothwild-type embryos, all primary branches have grown out and
Df(2R)PC29/CyOand Df(2R)P34/CyOwere CTAAAAAAAA(C/-  the dorsal trunk branches have fused by stage 13, as seen by

A)(TIA)* (product 8); GAGAGAGAAATA(T/G)* (product 9); (C/T)-  staining with tracheal antiserum TL1 (Fig. 1A,B). éx12
ATGATGTGCG, (AIT)ATGAGTGCCC, (C/G)CCGGGAGCTG and mytants, there was little branch outgrowth, and the trachea

Egg&ﬁgTﬁ’)‘:gg;ﬁgph(iga?g‘:)‘;gselnoéﬂzg;g ng@gﬁg&%ﬁ? remained as a series of elongate, mostly unbranched sacs (Fig.
in Df(2R)P34/CyOwere TTCG(C/A)AAG (product 6) and (C/A)- 1C), similar tobnl null mutants at this stage (Fig. 1E). The

AAGATGCCC and GAAAAAAAAA(G/A)(G/A)AA* (product 7) block in branch OUtgrOWth iBx12 mutants was not absolute
PCR products are numbered from left to right as shown in Fig. 4g?€cause after stage 14, although 99% of tracheal branches
The asterisks above indicate that beyond this point in the sequent@180) remained stalled, 1% formed and grew out excessively
chromatogram there were multiple apparent polymorphism@&nd in aberrant directions (Fig. 1G,H). By stage 14, several
presumably due to a deletion or insertion. other morphogenesis defects became apparent, including

bni°?, st.13

Fig. 1. Effect ofrib mutations on tracheal branch outgrowth. (A) Three tracheal sacs in stage 11 wild-type (+) embryo stained with TL1
antiserum to show apical surface (lumen) of tracheal epithelium. (B) Similar view of stage 13 wild-type embryo. Primary lmee thekied
and dorsal trunk (DT) branches have fused. (C,D) Stagi®32andribP? homozygotes. Little branch budding or outgrowth has occurred.
(E) Stage 1®nlP homozygote for comparison. (F) Five tracheal metameres of stage 14 wild-type embryaig@&andribP?
homozygotes at similar stage. Outgrowth of most branches is stalled, but there is rare aberrant branch outgrowth (a&ibwheabisin

this and other figures show lateral views (dorsal upwards, anterior leftwards) unless noted. Scale bargninEA1B; in H, 10um in F-H.
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A Fig. 2.Basal surface of tracheal epithelium continues to migrate in
Tracheal cells rib mutants. (A) Budding primary branch growing toward Bnl FGF
5t Branchless signaling center. Cytoplasmic processes extend from the basal
source . .
surface of the lead cells, and cell bodies and apical surface follow.

- \ '._:_'-:‘. (B,D) Four tracheal metameres (Tr1-4) of stageiti? (B) and

ribex12(D) embryos stained with TL1 antiserum to show lumen and

apical surface. Note limited outgrowth of apical surfacéhin
Cytaplasmic mutant. (C,E) Same view of similarly stagd* andrib®xt2
extensions .

embryos carryingrachealess-lacZeporter {-eve-1/4 and
immunostained foB-galactosidase to show tracheal cells and basal
surface. Basal cytoplasmic processes extend from the tips of growing
branches (brackets) in batlbb* andrib®12embryos; the processes
are sometimes more numerous (asterisks) and longer (arrowhead) in
the mutant. (F-K) Confocal fluorescence micrographs of tracheal
metamere Tr5 in stage 1®* (F-H) andrib®2(]-K) embryos
carryingtrachealess-lacZ1-eve-1/4 and double stained for the
apical marker Crumbs and fBrgalactosidase to show cells and
basal surface. Red (Crumbs) channel (F,l), grBega(actosidase)
channel (G,J), and merged image (H,K). Cytoplasmic processes
extend from the tips of growing branches (brackets) in bibthand
ribe12embryos. Processes are sometimes more numerous (asterisk)
and longer (arrowheads) in the mutant. (L-O) Ventral view (anterior
left) of stage 13ib* (L,M) andrib®*12(N,O) embryos carrying
trachealess-lacZ1-eve-1/4 and immunostained f@-galactosidase.
Visceral tracheal branches (boxed in L,N) migrate internally onto the
gut. Detail of boxed regions (M,0O) show two visceral branches on
the gut surface; cytoplasmic processes are more numerous in mutant.
Scale bars: in D, 2@m for B-E; in |, ~40um for F-K; in N, 20um
for L,N.

the otherrib alleles, which are all 100% homozygous lethal, a
small number ofibP1¥Df(2R)P34(2.2% of expectedy=180),
ribP18rib1 andribP19rib2 (2.7%,n=297) escapers survived to
adulthood.

The basal surface of the tracheal epithelium
continues to migrate in  rib mutants

The TL1 tracheal antiserum used in the above experiments
stains the apical surface and lumen of the developing tracheal
epithelium. To further characterize the tracheal migration
defects, we examinetb?, rib2, andrib®12mutants using the
tracheal cytoplasmic markéreve-1 a viable PpcZ] insert in
trachealess We found that despite the severe defect in
movement of the apical tracheal surface described above, the
basal surface continued to extend actively in the mutants.

A schematic diagram of a migrating tracheal branch is
failure of epidermal dorsal closure and midgut constrictiorshown in Fig. 2A. In wild type, the basal surface of the tracheal
formation (not shown). epithelium is broad and smooth with an occasional

Complementation tests with genes in cytological regiorpseudopodium extending from cells at the growing tip, much
56A-C and molecular characterizationeofl2(see Materials like those seen at the leading edge of migrating fibroblasts (Fig.
and Methods and below) indicated that the excision removedC,G,H,M). As the basal surface extends toward the Bnl FGF
a number of genes includinmip, so we call iDf(2R)rie*120r  signaling centers, the cell bodies and apical surface follow (Fig.
ribe*12for short. Loss ofib function was responsible for the 2B,F), and basal cytoplasmic extensions are never very
tracheal phenotype, becauwi®" andrib2 homozygotes, as well prominent. Irrib mutants, pseudopodia still extended from the
as ribYrib®12 and rib%/ribex12 embryos all showed similar basal surface (Fig. 2E,J,K,0), and were more numerous and
defects in branch outgrowth. This suggests thetandrib2  pronounced than in wild type (asterisks in Fig. 2E,K,O),
are strong loss of function or amorphic (null) alleles. Weoccasionally forming extremely long processes that appeared
identified two new mutations imib (ribP? and ribP16) by  to reach their normal targets (arrowheads in Fig. 2E,K). This
screening 2086 second chromosomes carrying EMS-inducelissociation of the migration of the apical and basal tracheal
lethal mutations for failure to complemeitt®*12orribl. These surfaces was evident at stage 12 and continued for several
too showed tracheal outgrowth defects (Fig. 1D,H), althoughours into stage 14 (data not shown). At this later stage, the
the defects imibP16 were much less severe (data not shown)apical surface began to deform in the direction of the basal
implying that it is a weaker allele. Consistent with this, unlikecytoplasmic extensions, but even at this later stage the net

rib
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Fig. 3.Bnl FGF pathway gene expression and function in
rib mutants. (A) In situ hybridization fdml FGF mRNA
(blue) in stage 12 heterozygatits* embryo (ibP7/CyO,ftz-
lacZ). (Out-of-focus brown staining is immunostaining for
B-galactosidase frorftz-lacZ) (B) Same view ofibP?
homozygotebnl mRNA expression pattern is not grossly
affected. Arrowheaddynl expression domains,33, 4, 5/7
(Sutherland et al., 1996). (C) In situ hybridizationtitr
{ . FGFR mRNA in stage 12 heterozygoist embryo
+ 1ibP7 T (ribP7/Cy0, ftz-lacZ. (D) Same view ofibP” homozygote.

= Tracheal branch outgrowth is stalled btitmRNA is
expressed normally. (E) Four tracheal metameres of wild-
type embryo double stained for the 2A12 tracheal lumenal
antigen (brown) and DSRilistered a Bnl-induced gene
(blue). DSRF expression is induced in cells at the ends of
primary branches (bracket, arrowheads). (F) Same view of
ribe12embryo. Tracheal branches do not grow out
normally and DSRF expression is not induced (asterisks).
(G) UAS-bnl/+;69B-GAL4/+embryo stained for DSRF.
Ectopicbnl expression induces DSRF expression
throughout the tracheal system. BAS-bnl/+; ribex12
69B-GAL4/+embryo stained for DSRF. Although thib
mutation blocks branch outgrowth, it does not prebaht
induction of DSRF expression throughout the trachea. (To
aid in embryo genotyping, this preparation was also stained
for B-galactosidase expressed from a TW-lacZ
balancer chromosome in the cross, and hence has higher
background staining than G.) (JAS-bnl/+; 69B-GAL4/+
embryo stained for diphospho-ERK. Ectopic Bnl
| 69B>bn!|J 69B>bnl;: ribex12 expression activates ERK throughout the tracheal system.

. _ be (J) Same view oJAS-bnl/+; ribex12 69B-GAL4/+embryo.
w %) ' Although therib mutation blocks branch outgrowth, it does
. not prevenbnl-induced phosphorylation of ERK
throughout the trachea. Scale bars: in Dp@0for A-D; in

= F, 10um for E,F; in J, 2Qum for G-J.

bnl RNA

bil RNA

aDSRF

69B>bn/ [H

aDSRF

adpERK

distance traveled by the apical side was far less than in wilBE,F). However, this appears to be a secondary consequence
type. The apical defect is unlikely to reflect a general defect inf the migration defect, because whenbal transgene
apical-basal polarity of the tracheal epithelium because th@ASbnl) was expressed ubiquitouslyrib mutants to expose
apical determinant Crumbs (Tepass et al., 1990), the apictile stalled tracheal cells to high concentrations of Bnl, MAPK
marker TL1, and an apically localized mRNA (K. S. and M.was activated andblisteredDSRF expression was induced

A. K., unpublished) were expressed and localized properly d@hroughout the tracheal epithelium (Fig. 3H,J), asribt

the apical tracheal surface il mutants (Fig. 2D,l and data animals (Fig. 3G,l). We conclude thiéi mutant tracheal cells

not shown). We conclude thdab mutations selectively affect can respond to Bnl. This suggests that the migration defect
movement and morphogenesis of the tracheal cell bodies anesults from either an inability to transmit the Bnl signal from

apical surface. the basal surface to the cell bodies and apical surface, or an
] inability of the cell bodies and apical surface to respond once
rib mutants can respond to Bnl FGF they receive the signal.

We examined whether Bnl FGF signaling was affectedbin . )
mutants. In situ hybridization féml andbtl transcripts showed fib encodes a BTB domain protein
that both were expressed grossly normallyiir¥” embryos  rib maps meiotically to 2-88 (Nusslein-Volhard et al., 1984).
(Fig. 3B,D), a null allele ofrib (see below). Furthermore, Complementation tests with deficiencies in the region placed
unlike bnlP1 mutants, in which only an occasional trachealrib in cytological interval 56B5 to 56C1 (Fig. 4A). The left
cytoplasmic extension was detected (data not shownjbin and right endpoints of this interval were defined molecularly
mutants cytoplasmic extensions formed and grew towards theFig. 4B). This was done by scanning the region for single
normal targets (Fig. 2E,K,N), implying that the Bnl pathwaynucleotide polymorphisms (SNPs) that distinguished sibling
was active. deficiency chromosomes from tliyO balancer chromosome.
To examine more directly whetheb~ tracheal cells can Polymorphisms that were missingDif(2R)GC8or Df(2R)P34
sense and respond to Bnl, we assayed downstream componesitsomosomes over the balancer were assumed to be due to
in the Bnl signaling pathway. We found that expression of theeletion of that region in the deficiency chromosome. This
terminal branch genélisteredDSRF, which is normally localizedrib to an ~150 kb interval between 5-HT1A receptor
induced by Bnl signaling at the ends of growing primarygene and predicted gene CG7230 (Fig. 4B).
branches, was not induced to high levelsitnmutants (Fig. The position of theib! mutation was refined by meiotic
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Fig. 4. Genetic mapping aib. (A) Map of deficiencies in the 55B-
56D region and their lethal complementation behavior vlitljat
least threeib alleles were testedjib maps to the interval (*)
between the left endpoint Bff(2R)GC8(56B5) and the right
endpoint ofDf(2R)P34(56C1). (B) Sequence polymorphism
mapping of the left endpoint &ff(2R)GC8and right endpoint of
Df(2R)P34 Region deleted (—) or present (+)Df(2R)GC8or

recombination mapping with respectdora? and five nearby
polymorphic markers including PM1 and PM2 (Fig. 41
mapped 0.12 cM to the right obra2, 0.07 cM to the right of
PM1 and 0.03 cM to the right of PM2. This localiz#of to

a ~9 kb region (+28 to +37 kb in Fig. 4C) at the extreme right
end of the 150 kb interval defined by deficiency mapping.
CG7230 is the only transcription unit in the 9 kb region, and
extrapolation of the recombination mapping data predicted that
rib® lies within the CG7230 transcription unit (Fig. 4C,D).

To confirm that CG7230 isb, we sequenced the CG7230-
coding region and intron-exon junctions of the friile EMS
alleles. CG7230 encodes a protein with a BTBIdB brac,
Tramtrack, _Boad) domain and a Pipsqueak (Psg) DNA-
binding motif (see below). All fiveb alleles contain mutations
that remove or alter a conserved element in the protein (Fig.
5A). ribl andribP? carry nonsense mutations that truncate the
predicted protein at residues 22 and 283, respectively,
removing half or more of the protein and one or both functional
motifs, consistent with their assignment as amorphic alleles.
rib2 and rib?! carry an identical missense mutation which
changes a highly conserved arginine (Arg58) in the BTB
domain (Ahmad et al., 1998) to histidine. This change is
apparently highly deleterious because both alleles behave as
amorphic alleles.ribP16, a hypomorphic allele, carries a
missense mutation that changes Ser389 in the predicted Psq
DNA-binding motif to cysteine. We also showed by whole-
mount in situ hybridization that CG7230 transcript is absent in
Df(2R)P34 embryos (data not shown), so although the
deficiency does not impinge on CG7230 coding sequence (Fig.
4D), it must remove essential regulatory elements. The coding
regions of the two genes flanking CG7230 (CG7229 and
CG11906) were also sequenced in1ibE7 andribP16 alleles
and no mutations were found. We conclude that CG7230.is

An EST representing CG7230 was sequenced and compared
with the Drosophilagenomic sequence (Adams et al., 2000).
Fig. 4D shows the deduced gene structure. There is a single
predicted open reading frame that encodes a 661 residue (71
kDa) protein (Fig. 5A). There are stop codons in all three
reading frames upstream of the coding sequence, implying that
this is a complete coding sequence.

Blast sequence homology searches with the deduced Rib
protein sequence identified a region similar to BTB (or POZ
for Poxvirus and zinc finger) domains, a protein-protein
interaction domain found in zinc finger transcription factors

Df(2R)P34chromosome as indicated by the absence (=) or presencg,ng actin-associated proteins of DiwsophilaKelch family

(+) of a sequence polymorphism at that position (see Materials and
Methods). Positions of some known and predicted genes (indicated
by CG number) are shown. (C) Meiotic recombination mapping of
rib® with respect taore?. cora*rib* recombinant chromosomes
(n=42) resulting from a crossover betwesme? andrib in a
cora?,+/+,rib transheterozygote were genotyped for five
polymorphic markers (PM1-5) in the region. The percentages of
recombinant chromosomes carrying tlig chromosome allele of
PM1, PM2 and PM3 are shown. None carriedrth&chromosome
allele of PM4 or PM5, which map further to the right (not shown).
This mappedib! to the right of PM2 (dotted line at 28 kb), in an ~9
kb interval (*) bounded by the right endpoint@fi{2R)P34(dotted

line at 37 kb). Extrapolation (broken line) placig in the CG7230
locus. Positions of transcripts in the region are shown.

(D) Organization of CG7230 locus and cDNA. Boxes, exons; black,
coding region; dotted line, right endpoint@f(2R)P34 broken line,
extrapolated position afb? (from C); arrow, actual position ait?
mutation (see Fig. 5A).

(Bardwell and Treisman, 1994; Zollman et al., 1994). Like
other BTB domains, the BTB domain in Ribbon is ~120
residues and located close to the N terminus. It shares 35-38%
identity (~60% similarity) with three founding members of the
BTB family, theDrosophiladevelopmental regulatory proteins
Bric a brac, Tramtrack and Broad-complex transcription factor
(Fig. 5B). The BTB domain of Rib is slightly more similar
(40% identity, 63% similarity) to the BTB domain of
longitudinals lacking (lola), a zinc-finger nuclear factor
implicated in axon growth and targeting in tBeosophila
nervous system (Giniger et al., 1994). Other BTB domains
show less identity, such as Kelch (25% identity) and human
promyelocytic leukemia zinc finger (PLZF) protein (24%
identity).

Many BTB domain proteins also contain a zinc-finger DNA-
binding domain, but we were unable to identify a zinc finger
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A early Drosophila egg, embryo and adult eye (Weber et al.,
1995; Horowitz and Berg, 1996). The Psq DNA binding
rib”’ rib domain consists of four tandem repeats of an ~50 amino acid
UGG->UGA AGA->UGA
->! -> . . .
W225t0 R283St0 motif (Lehmann et al., 1998), each of which is 30-48%
| Pp1 P NLS P2 P3 . . . . . .
— = = identical to each other and 28-36% identical to the region in
ol o1 661 Rib (Fig. 5C). The Psq repeats also show similarity to the helix-
rib®, rib?1 rib turn-helix DNA-binding domain of a number of prokaryotic
CGC->CAC AGU->UGU . . . P
R58H S389C recombinases including. coliHin Invertase (Lehmann et al.,
1998). A single Psqg motif is found iDrosophila Tyrosine
B Kinase Related (Tkr) protein (Haller et al., 1987). Interestingly,
10 €20 30 40 ° ; _ ; ; 0
Rib  YCIRWNNFGTNLYOILALHEY ESYVBESL vVDCEOE QB8R _both Psq and Tkr also contain N terminal BTB domains (36%
Lola  FCLRWNNHOSTLISVFDTLLENETLVDCTLAKEGKARK 4 7 identity between the Psg and Rib BTB domains; 32% between
Bab FCLRWNNYQTNLTTIFDQLLQNECFVDVTLACIMBRSEK 142 H H H
Broad FCLRWNNYQSSITSAFENLRDDEAFVDVTLACEGRER 4 7 Tkr and Rib). Psq, Rib, and Tkr thus define a new subtype of
Ttk FCLRWNNHQSNLLSVFDQLLHAETFTDVILAVEGEHL 4 6 BTB domain proteins with a Psq DNA-binding motif.
Psq FSLRWNNYQNTSVFQQLREDLSFVDVTLSCEHGRIEK 50
Tkr YSLRWNNHQNHILRAFDAKTKTLVDVTLVCAETSIRAK 1 55 . . . . .
coxmmes ke £ ey e ox e rib is expressed in epithelia undergoing
morphogenetic movements
50 60 70 80
Rib  VVLAANSYFQHILKDVPODHESIIL PG\KGFEIAALLQY 98 rib expression during development was analyzed by in situ
Lola VVLSACPYFATLLQEQYERHP- IFIL KDWKYQELRAINDY 87 Y . . .
Bab MW/LSACSYFQTLLAEPCQH- IVI MRDVNWSINAIVEF 1 82 hybrldlzatlon of whole-mount embryos (Flg ﬁb transcript
Broad VVLSACPYFRELLKSTPCKHP- VILLODVNRAVDLHALVEF 87 i i
o y B REn ol S A ety S was detected m_the d_eveloplng tracheal system, as the tr_acheal
Psq  VVLSACSTYF&LLLENPCKHPTIIL PADIIFTDL KTIDF 91 precursor cells invaginate to form tracheal sacs and primary
Thr MEERQEHERRVFAERCKEP- VI BKDFRIEWVIDAIVDE 95 branches bud and grow out from the sacs (Fig. 6G and data not
ot shown).rib was also expressed in a variety of other tissues, in
90 100 110 120 H inei H i
Rib B TBET VRSO PE IRTAKEEDKGE YDNMKENHAS\VIS 8 a complex and dynamic pattern that coincides V\_/lth various
Lola  MYRGEVNISQDQLAAIHAAESLQIKGLSDNRTGGGYK 12 7 morphogenetic movements (Fig. 6C-J). For examiiewas
Bab MYRGEINVSQDQIBLLRIAE MLKVRGLADVTMEAATAA222 : . - _ H
Broad IYHGEVNVH@SLQSFIKTAEVLRVSGLTQQQAEDTHSHL 7 first detected at stages 5-8 (~2.5-3.5 hours AEL) in the
;tk \“;NYE?;EYSJTDE(%EEFELQEALF&RT\QAE%L%tcT:g/’iEﬁKg%ﬁgf primordia of the anterior and posterior midgut as they
sq ; ; i . i
Tkt MYRGEISWQORLOTLIOAGESLOVRGLVESSHTPTP 23 5 invaginate to form tubes (Fig. 6B-D); expression turned on
E . ce el w again in the tubes a couple hours later (stages 10-14, ~5-11
hours AEL) as they extend and form the central portion of the
C 0 20 30 R gut (Fig. 6H-J)rib expression was also seen in the developing
Rib KRYKQYTRAMINCAIQAVREE MSALQASRYGLPSRTL 404 mesoderm at or just after its ectodermal invagination and
Psq r1 NGPKAWTQDENSALDAIKNOWSLTKASAIYGIPSTTL 760 H H i
Peq 12 GGKSWNEDALONALEALRSGQISMASKAFGIPSSTL 814 epithelial-to-mesenchymal transition, as the mesodermal cells
Psq r3 AAPTTWPEDLERALEAIRAGNTSWKASAEFGPTGTL 869 begin their dorsal migration (~4 hours AEL; Fig. 6C,&).
et X T b s e S W e was also expressed in the stomodeum and proctodeum, as they
e CoEe e invaginate to form the foregut and hindgut, and as the
0 Malpighian tubules bud (Fig. 6E, H)b was expressed broadly
Rib YODKVRCLNITT 41 5 in the epidermis from stage 10 to 15 (~5-13 hours AEL) as it
Psq r1 WOQRAHWGIET 771 . . . .
Psq r2 YKIARREGIRL 825 migrates during dorsal closure (Fig. 61). Some of these sites of
Psq r3 YGR&REGIEL 880 I I 1 1 1
Pe re BCRRRadov 955 rib expression are also associated with morphological defects

Tkr

LMYMV- RKYXKX 833

in rib mutants (see Discussion).
Although rib is expressed during many morphogenetic

::ig. 5.PrimfalgyT thr(lchturg o(f Ri%protelig. l(gg Diagrz?_rlTl; lej_owing . movements, some morphogenetic events are not associated
ocations of omain (residues ~6-130, gray 1ill), FIpsqueak —ith rih expression. For examplgjb was not expressed
(PSQ) motif (367-415, white fill) and bipartite nuclear localization strongly during cephalic furrow formation or formation of the

sequence (NLS, 395-412, 409-426). The positions and consequences ,  : . .
of ribP7, ribl, rib2, ribzl andribP16 mutations are indicated, as are anterior and posterior transverse folds (Fig. 6C,D).

locations of three peptides (P1,P2,P3) used to generate Rib antiseriq.bb . | tei
(B) Sequence alignment of BTB domains of Rib, Longitudinals ibbon'is a nuc ear. protein ] ) )
lacking (Lola), Bric & brac (Bab), Broad-complex (Broad), TramtrackTwo polyclonal antisera were raised against non-overlapping
(Ttk), Pipsqueak (Psq) and Tyrosine kinase related (Tkr). Residues peptides in Rib (Fig. 5A). In stains of whole-mount embryos,
identical to Rib are shaded. Marks below sequence indicate residueBoth antisera showed the same pattern of Rib protein
identical (*) or similar () among proteins shown, or identical among expression, which followed the patternrif transcripts (Fig.
all BTB domain proteins. Large black circle, locations of changes 7A-D and data not shown). Staining is specific for Rib because
caused byib”’ mutation andib® andrib?* mutations. (C) Sequence it \yas absent inibex12 (Fig. 7F) and inribP?, a nonsense
alignment of Psq moltifs in Rib, Psq and Tkr. Large black circle, 1 yiation that truncates the protein N-terminal to the epitopes
location ofribP16 mutation. : . B \ L
Rib staining showed a cellular distribution consistent with
nuclear localization (Fig. 7A,C,E). This was confirmed by co-
motif in Rib using PROSITE. However, Blast/BEAUTY staining with the nuclear dye DAPI, which showed coincidence
searches with the Rib-coding region revealed a 49 residud Rib and DAPI staining except in regions near the centromere
region (residues 367 to 415) with similarity to the DNA-which stain intensely with DAPI (Hiraoka et al., 1990) but
binding domain of Psg, a protein involved in patterning theexcluded Rib (Fig. 7G-I).
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st. 7 (dorsal)

st. 11

st. 11

— st. 13

. 13 (ventral)

Rib protein

Fig. 6. Expression ofib mRNA. In situ

hybridization of wild-type embryos wittib RNA

probe at embryo stages indicated. (A) Stage 1 (0-15
minutes after egg lay). No transcript is detected.

(B) Stage 5 (~3 hours). (C) Stage 7 (~3.5 hours).
Note expression in cells invaginating to form
anterior and posterior midgut (amg, pmg).

(D) Dorsal view of same embrydb transcript is

not detected in cells invaginating to form cephalic
furrow (cf) and posterior transverse fold (ptf).

(E) Stage 8/9 (~4 hours). Expression has turned off
in the pmg and initiated in the proctodeum (pr) as it
invaginates and in mesoderm as cells take on
mesenchymal character and begin migration.

(F) Stage 10 (~5 hours)b expression has initiated
throughout the epidermis and is enriched in
segmental patches (arrowhead). (G) Stage 11 (~7
hours), surface view. Noté expression in tracheal
cells as they invaginate to form tracheal pits (tp).
(H) Same as G, internal focal plane. Noke

transcript in the amg, pmg, foregut (fg) and hindgut
(hg) regions, and mesodermal clusters (ms).

(I) Stage 13 (~10 hours)b is expressed throughout
the epidermis (ep) as it spreads during dorsal
closure. Transcript is also seen in the amg and pmg
deep to the focal plane. (J) Stage 13, ventral view.
rib transcript is present broadly throughout the
embryo including the amg and pmg, as the cells
migrate towards each other and form the central gut
tube, and the hindgut as it elongates. Broad
expression continues in stage 14 and 15 (not shown).
Scale bar: 3@um.

Fig. 7.Rib protein expression and localization.
Wild-type (A,C,E) andib®12(F) embryos stained
with anti-Rib (P3) antiserum Ab21802K. No Rib
expression is detected in mutant (F). (BriD)RNA
distribution at similar stages for comparison. st,
stomodeum; ms, mesoderm; pr, proctodeum; ep,
epidermis; as, amnioserosa. (G-I) Detail of ventral
epidermis in stage 14 embryo double stained with
Rib antiserum (fluorescein) and DAPI. (G) DAPI
channel. (H) Rib (fluorescein) channel. (I) Merged
image. Rib staining is coincident with DAPI except
for the centromeric region (arrowhead) which stains
intensely only with DAPI. Scale bar: 30n in A-F;
~2umin G-I.
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©0, be common to a number of other epithelial morphogenetic
AR events.
.:-. o Qe
basal A Ae [of .% Rib is a putative transcription factor
rib* — ° Tz — & rib encodes a 71 kD protein with a BTB motif most similar to
apical b those found in other developmental regulatory proteins, and a
separate motif similar to the DNA binding domain of Psq. The
%@ presence of two motifs found in transcription factors, together
}f with the immunolocalization data showing that Rib is nuclear,
ot J - suggest that Rib is a DNA-binding transcription factor that
ib- S[sle]=[s — ,—Taf;@—a@ — ﬁ "3%?[? promotes tracheal migration and tubulogenesis by regulating
the expression of target genes. Because BTB domains are
Fig. 8. Schematic ofib tracheal phenotype. hib mutants, basal known to serve as protein-protein interaction domains
cytoplasmic processes extend toward Bnl signaling centers, but cell(Bardwell and Treisman, 1994), Rib may act as a homo- or
bodies and apical tracheal surface fail to follow. heterodimer or higher order complex. Although its targets in

the trachea are unknowrb mutants affect the expression of
the zippermyosin heavy chain in migrating epidermis during

DISCUSSION dorsal closure (Blake et al., 1998). Thagper could be a
o . o target of Rib, at least in epidermis.

rib is required for tracheal migration and The genetic analysis indicates thiatfunctions downstream

tubulogenesis but not cytoplasmic extension or parallel to the Bnl FGF pathway. If Rib functions

rib mutations impede budding and outgrowth of all primarydownstream in the FGF pathway, for example, if its
tracheal branches, causing a severe phenotype grossly simileanscriptional regulatory activity is regulated by RAS/MAPK
to that of mutations irbnl, btl and sms These other genes signaling like the Yan (Rebay and Rubin, 1995; Hacohen et al.,
encode components of a FGF signaling pathway that guidd998), DSRF (Guillemin et al., 1996) and possibly Pointed
migration of the primary branches as they bud and assembBrunner et al., 1994) transcription complexes, then this would
into tubes. The migrations are led by basal cytoplasmiprovide a natural way of coupling morphogenetic events in the
extensions from tracheal cells located at the tip of each butfacheal cell bodies and apical surface to events at the basal
which extend toward the Bnl/FGF signaling centers (Fig. 8surface, where the Bnl signal is received. When the Bnl
top). Whereadnl mutations block both cytoplasmic extension pathway is active, the receptor would directly stimulate
and cell migration, we found that iib null mutants theonl ~ outgrowth of the basal tracheal surface. But it would also
pathway is active and cytoplasmic processes extenidirectly stimulate migration and morphogenesis of the cell
unimpeded. However, movement of the tracheal cell bodies arfmbdy and apical surface — via activation of Rib and induction
formation of new branches is profoundly affected (Fig. 80f its target genes.
bottom). Thus,rib identifies a new step in primary branch Rib, together with theDrosophila proteins Psq and Tkr,
budding and outgrowth that lies downstream or parallbhto  defines a new subfamily of BTB proteins containing Psq DNA-
signaling. binding motifs. Although most other BTB domain proteins are
What is this step? During primary branch budding, thealso believed to function as transcription factors, this much
basal surface of the tracheal epithelium is exposed to secretiedger subfamily of BTB domain proteins all contain zinc-
Bnl/FGF, and the cells respond by extending pioneefinger (ZF) DNA-binding motifs (Zollman et al., 1994; Albagli
cytoplasmic processes towards the Bnl source (Fig. 8, topgt al., 1995; Read et al., 2000). The BTB domains of BTB/Psq
But for a new branch to form, the cell bodies and apicaproteins are no more similar to each other than they are to those
surface must follow. Unlike isolated cells likdctyostelium  of BTB/ZF proteins, although they are more similar to each
or fibroblasts migrating up a chemoattractant gradient, wherether than they are to the BTB domain of Kelch, a cytoplasmic
the entire cell is exposed to the attractant, the cell bodies apdotein. The reason for the common coupling of BTB domains
apical surface of the tracheal epithelium are sealed off and duth two structurally unrelated DNA binding motifs, but not
not have direct access to Bnl. These parts of the cell musther DNA binding motifs, is unclear.
receive the stimulus to move indirecttip might be required ) ) ) o -
for transmission of the Bnl signal from the basal surface téib functions in a variety of epithelial migration and
the rest of the cell or to otherwise couple their movemeninorphogenesis events
Alternatively, rib may be needed to propel the cell bodyIn addition to the tracheal syster is expressed in a number
forward once it receives the signal to move. Fibroblasts usef other developing tissues, in a complex and dynamic pattern
distinct molecular mechanisms to move their leading anthat coincides with various morphogenetic movements. Several
trailing sides forward (Lauffenburger and Horwitz, 1996);sites of expression coincide with epithelial invaginations or
perhapgib is required for a myosin-dependent process likeevaginations to form tubes or sacs, as occurs during tracheal
the one used to propel the trailing side of a migratindgranch budding. These sites include the anterior and posterior
fibroblast forward. Rib might also be needed to promote theidgut invaginations salivary gland primordia as they
cell shape and apical surface changes necessary to forminvaginate and extend, stomodeum and proctodeum as they
extend a new tube. Although the data do not pinpoint th&vaginate to form the foregut and hindgut, and Malpighian
precise cellular event mediated by Rib, it is clear that the gereenal) tubules as they budib is also expressed during
identifies a distinct step in tracheal branching — one that magpreading of a planar epithelium, the epidermis, during dorsal
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closure.rib is expressed during or just after a number of are necessary for proper cell shape and cellular localization of nonmuscle
mesenchymal-epithelial transitions, including the midgut myosin inDrosophila Dev. Biol.203 177-188. _
mesenchyme as it reorganizes into an epithelium and forms tR&ke. K. J., Myette, G. and Jack, J(1999).ribbon, raw, andzipperhave
. distinct functions in reshaping therosophila cytoskeleton.Dev. Genes

central portion of the gut. Evol. 209, 555-550.

Several of these morphogenetic events are defectivi® in Bradley, P. L. and Andrew, D. J.(2001).ribbon encodes a novel BTB/POZ
mutants. Indeedrib mutants were first identified by their  protein required for directed cell migration Brosophila melanogaster
dorsal closure defect (Nusslein-Volhard et al., 198#). Development 28 3001-3015.

. f and, A. H. and Perrimon, N.(1993). Targeted gene expression as a means
mutants also have defects in a number of other tlssugé"of altering cell fates and generating dominant phenotypeslopment 18,

including the Malpighian tubules, salivary glands and hindgut 401.415.
(Jack and Myette, 1997; Blake et al., 1998; Blake et al., 1999runner, D., Ducker, K., Oellers, N., Hafen, E., Scholz, H. and Klambt, C.
Each of these are epithe"a, and there are defects in the cel(1994). The ETS domain protein Pointed-P2 is a target of MAP kinase in

; ; ; he Sevenless signal transduction pathwsture 370, 386-389.
shape changes that underlie their morphogenesis. For exam ggta, M. Sweeton. D. and Wieschaus, E(1993). Gastrulation in

”b_ mutant epidermal _Ce”S fail t_O eIor_lgate properly, an Drosophila cellular mechanisms of morphogenetic movementsTHe

salivary gland cells fail to constrict apically (Blake et al., Development oDrosophila melanogaster. Vol. | (ed. M. Bate and A.

1998). Martinez Arias), pp. 425-465. Plainview: Cold Spring Harbor Laboratory
Almost all epithelia undergoing morphogenetic movements_Press.

face similar challenges as the tracheal epithelium durinaoé"rg';’ygl' E)'(élﬂgr)bhg‘??sngggt'g%sm of chick blastoderm expansion.

primary branChing — different parts of the epithelium_ MUSTristrom, D. (1988). The cellular basis of epithelial morphogenesis. A review.
move coordinately although they are exposed to different Tissue CelR0, 645-690.
environments. Based on our analysis of the tracheal functidpertler, F. B., Comer, A. R., Juang, J. L., Ahern, S. M., Clark, M. J., Liebl,

; ; ; Sty ; E. C. and Hoffmann, F. M.(1995).enabled a dosage-sensitive suppressor
of rib, as well as its Expression and activity in a variety of other of mutations in th®rosophilaAbl tyrosine kinase, encodes an Abl substrate

morphogenetic processes, we propose that Rib is a Keyin sH3 domain-binding propertie§enes Dewd, 521-533.

regulator of the movement and morphogenesis of epitheliginiger, E., Tietje, K., Jan, L. Y. and Jan, Y. N.(1994).lola encodes a
particularly events in the cell bodies or apical surface during putative _transcription factor required for axon growth and guidance in
budding of tubular epithelia. In some migrating epithelia, such_Prosophila Developmeni20, 1385-1398.

. b . - s illemin, K., Groppe, J., Ducker, K., Treisman, R., Hafen, E., Affolter,
as the spreading epidermis during dorsal closure, it is not clegf”M_ and Krasnow, M. A. (1996). Theprunedgene encodes tharosophila

thatrib mu.tations specifica!ly diSfUp'[_ an apical process, SO-Ri-b serum response factor and regulates cytoplasmic outgrowth during terminal
may also influence epithelial migration and morphogenesis in branching of the tracheal systefevelopmeni22, 1353-1362.
other ways. Insight into the mechanisms and molecules thdgcohen, N., Kramer, S., Sutherland, D., Hiromi, Y. and Krasnow, M. A.

; 1998).sproutyencodes a novel antagonist of FGF signaling that patterns
execute these morphogenetic events may come through th({:alpical branching of thBrosophilaairways.Cell 92, 253-263.

identification of trans_,crlptlongl targets of Rib. . . Haller, J., Cote, S., Bronner, G. and Jackle, H(1987). Dorsal and neural
AnOIhF;'r characterization oitb appeared after review of this  expression of a tyrosine kinase-rela@sophilagene during embryonic
manuscript (Bradley and Andrew, 2001). developmentGenes Devl, 862-867.

Hiraoka, Y., Agard, D. A. and Sedat, J. W.(1990). Temporal and spatial
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