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SUMMARY

Rearrangement of cells constrained within an epithelium is rearrangement. Taken together with the appearance of
a key process that contributes to tubular morphogenesis. STAT92E in a gradient in the hindgut epithelium, these
We show that activation in a gradient of the highly results support a model in which an anteroposterior
conserved JAK/STAT pathway is essential for orienting the gradient of ligand results in a gradient of activated STAT.
cell rearrangement that drives elongation of a genetically These results provide the first example in which JAK/STAT
tractable model. Using loss-of-function and gain-of- signaling plays a required role in orienting cell
function experiments, we show that the components of the rearrangement that elongates an epithelium.

pathway from ligand to the activated transcriptional

regulator STAT are required for cell rearrangement in the

Drosophila embryonic hindgut. The difference in effect Supplementary figures available on-line

between localized expression of ligand (Unpaired) and

dominant active JAK (Hopscotch) demonstrates that the Key words: JAK/STAT pathway, Cell rearrangement, Tubulogenesis,
ligand plays a cell non-autonomous role in hindgut cell MorphogenesisDrosophila melanogaster

INTRODUCTION (Ettensohn, 1985; Leung et al., 1999; Skaer, 1993; Brown and
Castelli-Gair Hombria, 2000; Iwaki et al., 2001) (reviewed by
The generation of complex shapes, both of the whole embry&allingford et al., 2002).
and its constituent tissues and organs, depends on theAn unsolved problem of great interest is the source of the
coordination of multiple cellular processes; these include cefpolarizing information that causes rearranging cells to
shape change, proliferation, cell migration and epithelialintercalate in one axis, and not in another. Although convergent
mesenchymal transitions. An essential contributor to thextension in both frogs and fish has been shown to require the
form-generating processes of gastrulation and epitheligdlanar cell polarity pathway initiated by non-canonical Wnt
morphogenesis is oriented cell rearrangement. Duringignaling, the nature of the positional cues that orient the
gastrulation in frogs and fish, cells intercalate in therearranging cells has not been defined (reviewed by
mediolateral axis, and converge towards the midline; thigVallingford et al., 2002). Similarly, known genes required for
process has been termed convergent extension and resultoiiented cell rearrangement in t@e elegansiorsal epidermis
dramatic elongation of the embryonic anteroposterior axisand Drosophila posterior spiracles encode putative
(reviewed by Keller et al., 2000; Wallingford et al., 2002).transcription factors that are thought to confer morphogenetic
Although these cell rearrangements during gastrulation occeapacity, rather than regulate expression of cue-providing
primarily among mesenchymal cells, cell rearrangement camolecules (Heid et al., 2001; Brown and Castelli-Gair
also occur among cells that are bound together in aHombria, 2000). As localized, secreted signals have been
epithelium. Elongation of a number of epithelial sheets, sucdemonstrated to guide various types of cell migration and
as the Drosophila germband and theC. elegansdorsal epithelial outgrowth in bothDrosophila and mammals
epidermis, has been shown to occur by mediolatergDuchek et al., 2001) (reviewed by Metzger and Krasnow,
intercalation relative to the midline (Irvine and Wieschaus1999; Hogan and Kolodziej, 2002; Moore, 2001; Rollins,
1994; Heid et al., 2001). Elongation of epithelial tubes such as997), an appealing hypothesis is that rearranging cells orient
the sea urchin archenterd@, elegandntestine, insect renal with respect to spatially localized cell signaling molecules.
tubule andDrosophila posterior spiracles and hindgut is also The conserved JAK/STAT (Janus Kinase/Signal Transducer
driven by cell rearrangement; in these cases, cell intercalati@and Activator of Transcription) signaling pathway is widely
is oriented circumferentially (perpendicular to the tubeused; it has been shown to play a required role in a variety
proximodistal axis) rather than towards the midline (Fig. 1B)of processes including hematopoiesis, sex determination,
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lymphocyte migration, and border cell migration (reviewed bytechnique (Chou et al., 1993). Fap, larvae of the genotygeopt111
Ward et al., 2000; Luo and Dearolf, 2001; Sefton et al., 2000:RT10Zovd®! FRT101; hsFLP3&vere heat shocked at F7 for 2
Moore, 2001; Vila-Coro et al., 1999; Silver and Montell, 2001;hours on each of days 4 and 5 after egg deposition. The eclosed
Beccari et al., 2002). A suggestion that JAK/STAT signalingémales of this genotype were then mate#My, act-lacZmales to
might be involved in epithelial cell rearrangement comes frongPtain progeny, half of which lacked both maternal and zygotic

. . . contributions ofhop (referred to ahop™?). For Stat92E larvae of
the observation that the ligand for tbeosophila JAK/STAT the genotype hsFlpiFRT82B ovePY/FRT82B Stat92B1681 were

pathway, Unpaired (.Upd? Os - FIquse) is expressed ”! &milarly heat shocked and matedStat92E634§TM3 ftz-lacZmales
highly localized position at the anterior of the embryonic, gptainstato2eE-zprogeny.

hindgut epithelium (lwaki et al., 2001). Mutants that block

the elongation of the hindgut, which occurs largely by celHistology

rearrangement, also alter the localized pattern upfl ~ Whole-mount in situ hybridization was carried out as described

expression (lwaki et al., 2001). (Pignoni and Zipursky, 1997; Tautz and Pfeifle, 1989). Digoxigenin-
Exploiting the genetic simplicity ofDrosophila we labeled RNA probes (Roche M.olecular Biochemicals) were made

present evidence that the JAK/STAT pathway orients cefi©om cDNA templates ofipd (Harrison et al., 1998)jome(Brown et

rearrangement in the hindgut, a simple epithelial tubule. 1§+ 2001)hop(Binari and Perrimon, 19943tat92KHou etal., 1996;

contrast to the situation in mammals where there are foyf"! &t @, 1996xlrm (Green et al,, 2002%er(Thomas et al., 1991),

. . h(Lee et al., 1992) andri (Gregory et al., 1996). Antibody staining
different JAKs and seven different STATSs (Imada and Leonar f embryos was performed using standard techniques (Ashburner,

2000), theDrosophilagenome encodes only one known ligand;ggg).” Antibodies (and dilutions) used wereCrb (1:100),a-Wg
(upd), one receptor (the cytokine-likdkomelessdome also  (1:100) andx-En (1:5), all available from the Developmental Studies
known asmaster of marellg one JAK hopscotchhop) and  Hybridoma Bank at the University of lowa Department of Biological
one STAT Gtat92E also known agmnarelle (reviewed by  Sciencesp-Stat92E (Chen et al., 2002) (1:1008)phosphorylated
Castelli-Gair Hombria and Brown, 2002). For examining celhistone H3 (Upstate Biotechnology, 1:508}Con (Meadows et al.,
movement during tubulogenesis, the hindgut is a particularl}994) (1:30); anda-B-Galactosidase (Promega, 1:1000, Cappel,
useful model as it elongates by cell rearrangement withod¢500). For transverse sectlgns, embryos were fixed in either 2%
either cell proliferation or apoptosis (lwaki et al., 2001)glutaraldehyde plus 1% osmium tetroxide, or in 4% formaldehyde,

: - . _~f.embedded in Epon and sectioned g2 Sections were stained with
gL?]\gteiX)vrfdmblﬁaLnetrs]g)s/ﬁl()\?vgd tlr\lll'li?klt,hgookgl. ﬁZﬁ:f(’)lﬁe?]ftslososf 0,[1;10.025% Methylene Blue and 0.01% Toluidine Blue in 0.025% sodium

. ; . traborate buffer. Light microscopy was carried out using a Zeiss
DrosophilaJAK/STAT pathway are required to achieve a fully Axiophot microscope, and images were captured with a Sony DKC-

elongated hindgut; gain-of-function (overexpression) studiegooo digital camera. Confocal microscopy was carried out using a
show that uniform high level activation of the pathway is notcarl zeiss LSM 310 with a 40objective and 1% digital zoom;

sufficient, while localized production of ligand is necessary tomages were acquired and processed using Zeiss LSM software.
promote oriented cell rearrangement. Our results support Hindgut lengths were measured as previously described (lwaki et al.,
model in which an anteroposterior gradient of ligand activated001) using images acquired with a Hamamatsu camera and
STAT activity in a similar gradient, leading to orientation of Axiovision software. Total hindgut cell number in embryos of
cell rearrangement. This is the first example of a required rofgfferent mutant genotypes was determined by counting nuclei

: . A identified by antiB-Galactosidase staining) that were expresisiog
]:jorgvgéKe/IiIgarti(S)Ir?T)?lgr? elgit%r;ﬁﬂun?g cell rearrangement thatdue to the presence of eithbyrfP™ or bynGAL4,UAS-lacals,

following previously published procedures (lwaki et al., 2001). The
number of cells in the hindgut circumference was determined by
counting cells in eight to ten serial transverse sections through the

MATERIALS AND METHODS large intestine of three to four different embryos. Embryos were
) staged according to Campos-Ortega and Hartenstein (Campos-Ortega
Drosophila stocks and Hartenstein, 1997).

Mutant alleles used (the strongest available) wegePS1A(a deletion)
(Ferrus et al., 1990)hop~111 (Perrimon and Mahowald, 1986);
Stat92[6346 (Hou et al., 1996)drm3, drmb and drmP! (a deletion) RESULTS
(Green et al., 2002)3y2napf0 (Murakami et al., 197932?0\,\”1 (Wang
and Coulter, 1996)lin4 (Hatini et al., 2000)wg (Tearle and ; ; ;
Nusslein-Volhard, 1987); artdil (Nusslein-Volhard et al., 1984). For Candidate CU?S fc_)r hindgut .elon_gatlon
temperature shift experiments, the temperature-sensitivewtjefié4  1he Drosophila hindgut epithelium elongates and narrows
(Nusslein-Volhard et al., 1984) was used. Three GAL4 lines that drivéluring a 10-hour period of embryogenesis (Fig. 1A), driven
expression uniformly throughout the hindgut were udsthGAL4  largely by cell rearrangement (Fig. 1B) (reviewed by Lengyel
drives strong expression starting at stage 7, wiilGAL4 and  and Iwaki, 2002). This cell rearrangement must be oriented by
455.2GAL4drive progressively weaker expression starting at stages ome type of polarity, which probably arises from locally
and 9, respectively (San Martin and Bate, 2001; Fuss and Hoch, 20Q&pressed signaling molecules. The developing hindgut is
'e")"(?)'r"e :s?gnLgr?@yﬁ'tﬁgos?q zgllllinlt)éslt'ih gndpg'rgg?:eo‘?trggﬁ;‘;‘;t\t’eéreegatterned into three morphologically distinct regions along its
. . nteroposterior axis: the small intestine at the most anterior (to
et al., 2002). UAS lines used wethS-upd(Zeidier et al., 1999), \pich the renal tubules connect), the large intestine and the

UAS-hopML (Harrison et al., 1995)JAS-Stat92Efrom Steven Hou, X ?
unpublished) and UAS-doméSYT32 (deletion of the Dome rectum at the most posterior. Genes encoding at least seven cell

cytoplasmic domain) (Brown et al., 2001). signaling molecules are expressed differentially in these three
regions (Fig. 1C). The putative transcriptional regulator
Generation of germline clones encoding genedrumstick(drm), bowel (bowl) andlines (lin)

Germline clones ofop and Stat92Ewere made using the FLP-DFS control patterned expression of these signaling molecules (in
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Fig. 1. Signaling molecules expressed in the hindgut. The hindgut
epithelium (pink) elongates during stages 11 to 16, changing from a.
short, wide tube to a long, narrow tube (A); the cell rearrangement
that is a major contributor to this process is shown in B. The three
domains of the hindgut (SI, small intestine; LI, large intestine; RE,
rectum), and the genes encoding signaling molecules expressed
therein, are indicated in (C); anterior is towards the left, dorsal is
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at stage 5; by late stage 10 it is expressed at the most anterior
and most posterior of the hindgut (Fig. 1C). To assess the
required role ofwg expression at these different stages, we
carried out temperature shift experiments with a temperature-
sensitive wg mutant (see supplementary figure S1 at
http://dev.biologists.org/supplemental/). While early lackgf
function results in a dramatically smaller hindgut, the
elimination ofwg function during stage 10 (prior to the period
of major elongation of the hindgut) or later allows essentially
normal hindgut elongation. Thus, localized expressio8exf

hh, spi, dpp, DI andwg does not appear to play a required role
in hindgut cell rearrangement.

Localized expression of
the developing hindgut

upd encoding the ligand for thérosophila JAK/STAT
pathway, is only expressed in the small intestine (Fig. 1C,H)
and is regulated by genes controlling hindgut cell
rearrangement. Idrm andbowl mutants, expression opdis
missing from the small intestine (Fig. 11,J), while lin
mutants,upd expression is expanded throughout much of the
hindgut (Fig. 1K). These results raise the possibility that
localized Upd might provide an orienting cue for rearranging
hindgut cells.

If it plays a role in hindgut cell rearrangemeaumd must be
expressed before and during the period of major hindgut
elongation, i.e. between stages 11 and 16 (Fig. 1A); genes
encoding the other known components of msophila
JAK/STAT signaling pathway, summarized in Fig. 2A, should
also be expressed at the same stages, both within and adjacent
to updexpressing cells. We used in situ hybridization to
characterize the expression @bd, dome hop and Stat92E
during stages just prior to and during hindgut elongation;
characterization of Stat92E protein expression is presented in
a subsequent section.

Expression ofipdin the hindgut is first detected at stage 9
in a narrow ring of cells that will become the small intestine
(Fig. 2B). Expression in the prospective small intestine is
maintained during stages 10 and 11 (Fig. 2C), where it can be
seen just posterior to the everting renal tubules (note that in
the hindgut at these germband-extended stages, ‘posterior’ is

upd, dome and Stat92E in

upwards and the gray region indicates boundary cells. The points otoward the head). During stages 12-14, when the hindgut
attachment of the renal tubules are indicated near the anterior of theindergoes a major part of its elongatiopd expression is

S| by ‘V'. Hindgut morphology, outlined by apical staining with anti-
Crb (red) and nuclear staining with afitical (green), is shown in
stage 16 wild-type (D)Xrm (E), bowl (F) and (G)in embryos, all
carrying thebyrfP™ enhancer trap that drives expressiofaoZ in

the nuclei of the hindgut. (H-K)pdexpression, detected by in situ
hybridization in stage 13 embryos, is seen only in the anterior
hindgut (small intestine) of wild-type (H, black arrowhead), is
missing fromdrm (1) andbowl (J) embryos (white arrowheads), and
is expanded throughout most of the hindguirirembryos (K, black
arrowhead).

particular upd), and are concomitantly required for cell
rearrangement and elongation of the hindgut (Fig. 1C-K). Th
signal-encoding gene&Ser, DI, hh, dpp and spi, however, are

seen throughout the now distinct small intestine (Fig. 2D).
Expression ofipdis maintained throughout the small intestine
during the remainder of embryogenesis.

In addition toupd, we examined expression in the hindgut
of genes encoding the JAK/STAT receptdorhg, JAK (hop)
and STAT Gtat92B. hopis expressed uniformly throughout
the embryo, including the hindgut as it elongates (data not
shown) (Binari and Perrimon, 1994). Expression of loaiime
and Stat92Eis detected weakly at the anterior of the hindgut
beginning at stage 9, becomes significantly stronger by stage
11, and is maintained through stage 14 (Fig. 2E-J). For both
the receptor- and STAT-encoding genes, expression domains in
the hindgut epithelium overlap with and extend beyond the
narrow domain ofupd expression (Fig. 2, brackets). Most

not required for hindgut cell rearrangement (lwaki andsignificantly, expression oflome and Stat92Eextends to a

Lengyel, 2002; Fuss and Hoch, 2002; Hoch and Pankrat
1996; Takashima and Murakami, 2001) (data not shown).

more posterior position in the hindgut epithelium than does
expression ofupd (Fig. 2, compare C,F,, brackets). Thus,

wg is expressed throughout the hindgut primordium startinghe mRNA expression of the ligand, receptor and STAT
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Fig. 2.updand JAK/STAT pathway component:
are expressed at the anterior of the elongating
hindgut. The components of tBeosophila '
JAK/STAT signaling pathway (ligand Upd, st 14
receptor Dome, JAK Hopscotch and STAT) are
shown in A and discussed in text. Beginning a
stage 9updexpression is detected in a narrow
ring of cells at the anterior of the developing
hindgut (at junction with posterior midgut) (B), '
while expression oflomeandStat92Ein this ;

domain is weaker and more diffuse (EH).By =~ _— __ _ ~_ H

stage 11, expression opdin the prospective !E J% .

small intestine is strong (C), and increased

expression oflomeandStat92HEs observed in

domains overlapping with, but more extensive

than that olipd (F,1, respectively). These —

expression patterns fapd, domeandStat92Eare

maintained throughout embryogenesis (D,GJ, respectively; stage 14). Expression in the anterior hindgut, detected byidizatiomyils
indicated by brackets (B,C,E,F,H,l) and arrowheads (D,G,J).

‘“umn “

5111 . st14

* Stat92E
:.} 44 ;

st11 st 14

components in the hindgut prior to and during its elongation itype (data not shown). The number of cells in the wild-type
consistent with a role for JAK/STAT signaling in hindgut cell hindgut at stage 11 is ~50; by stage 16, this number has been

rearrangement. reduced dramatically (to ~12) by cell rearrangement (Iwaki et
. al., 2001). Because by stage 16 the number of cells in the

Required role of upd and JAK/STAT pathway circumference ofupd, hop and Stat92Eembryos is reduced

components in hindgut elongation only partially (to roughly 20-30), while total cell number is

To assess the requirement tgrd and JAK/STAT signaling in  essentially the same as seen in wild-type (Fig. 3Q), it must be
hindgut elongation, we examined hindgut morphology, lengtltoncluded that, in the JAK/STAT loss-of-function mutants
and circumference in wholemounts and transverse sections tefsted, there is a defect in hindgut cell rearrangement.
embryos deficient foupd dome hop or Stat92E In embryos
lacking zygoticupd function, the hindgut reaches only about Requirement for localized JAK/STAT signaling
half its normal length and is somewhat wider (Fig. 3B).If localized JAK/STAT signaling provides an orienting cue
Hindguts are also incompletely elongated and wider irfor cell rearrangement, then ectopic JAK/STAT signaling
embryos lacking both maternal and zygotic activity of eithethroughout the hindgut would be expected to disrupt this
hop or Stat92E(Fig. 3C,D). Embryos lacking zygotidome  process. To test this, we useghGAL4 to drive various UAS
function have hindguts only slightly shorter than wild typeconstructs uniformly in the hindgut epithelium. Uniform
(data not shown), presumably because of the maternakpression ofupd results in hindguts that elongate to only
contribution ofdome (Brown et al., 2001). However, when about 65% of the wild-type length and have about 50% more
a dominant negative form of DomeéJAS-domé&CYT33 s than the normal number of cells in their circumference (Fig.
expressed uniformly usirngynGAL4 hindguts are significantly 3J,N,Q). In the testis, eye and hemocytes, ectopic expression
shorter and wider (Fig. 3l). Length measurements reveaf upd or activated JAK causes increased cell proliferation
that upd, hop- and Stat92Edeficient, as well as DorR¥- (Kiger et al., 2001; Tulina and Matunis, 2001; Chen et al.,
expressing hindguts, while not as short and wide as tho&902; Luo et al., 1997). However, total cell number in hindguts
of drm, bowl and lin embryos (compare Fig. 1B-D), are ectopically expressingpdis only 76% of normal (Fig. 3Q);
nevertheless 40-50% shorter than those of wild-typeonsistent with this, staining with anti-phosphorylated histone
(summarized in Fig. 3Q). Consistent with their widerH3 did not detect excess cell proliferation (data not shown). As
appearance in whole-mount embryafd dome hop and  uniform expression afipdin the hindgut does not result in an
Stat92Edeficient hindguts have a greater number of cells inncrease (but rather a reduction) in hindgut cell number,
their circumference (19-27) than do wild-type hindguts (12the excess number of circumferential cells seenujm
(Fig. 3F-H,M,Q). Overall, the shorter and wider appearance adverexpressing hindguts must arise from a defect in cell
the hindgut is roughly similar among embryos lacking theearrangement.
different components of the JAK/STAT pathway. To ask whether localized activation of other components of
The shorter hindgut length is not due to a deficiency of cellshe JAK/STAT pathway is required for hindgut elongation, we
nor is the excess number of cells in the circumference due &xpressed uniformly an activated form of tBeosophila
overproliferation, as the total number of hindgut epithelial cellJAK (UAS-hogMb). Similar to what was seen for uniform
is 96, 89 and 85% of wild-type farpd hop and Stat92E  expression ofipd, total cell number did not differ significantly
mutant embryos, respectively (Fig. 3Q). Further, staining ofrom wild type, but the resulting hindguts were shorter and had
updembryos with anti-phosphorylated histone H3, a marker ofnore circumferential cells (Fig. 3K,0,Q). When baiAS-
mitosis, did not detect more cell division than observed in wildhop™L and UAS-Stat92Eare driven bybynGAL4(Fig. 3L,P),
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Fig. 3. Spatially localized JAK/STAT signaling is
required for hindgut elongation and cell
rearrangement. Compared with wild type (A), the
hindgut is shorter and wider ipdSA(B),
hopg"%-(C) andStat92E"-?-(D) embryos. As seen

in transverse section, compared with wild-type
(E), there are more cells in the hindgut
circumference ofipdPSA(F), hop™#(G) and
Stat92E"-2-(H) embryos. The hindgut is also
shorter and wider whemynGALA4is used to drive
uniform hindgut expression of UAS constructs
that activate JAK/STAT signaling, nameljAS-
upd(J) andUAS-hogML (K); the defect is more
severe when botdAS-hopML andUAS-Stat92E
are driven together (L). Inhibition of JAK/STAT
signaling bybynGAL4driven expression of the
dominant negativiJAS doméCYT3-2also results

in a shorter, wider hindgut (I); transverse sections
of embryos of these genotypes similarly reveal a
greater than normal number of cells in the hindgut

circumference (M-P). All embryos shown are at
stage 16; wholemounts are stained with anti-Crb
and sections are of the large intestine. Averages of
total number of hindgut cells, cells in hindgut
circumference, and hindgut lengths observed in
the loss-of-function mutants andbgnGAL4
embryos expressing various JAK/STAT
components are summarized in(Q.

domains — small intestine, large intestine, and
rectum — as well as boundary cell rows and

Q Tm"":::"t cell Ce"sm“:;mfmw Hmdg“”e:ﬂ]’ TR ) rings are present and correctly patterned in
wild-type (Iwaki et al., 2001) 692 =39 122 1(20) B1:23 upd mutant hindguts (Fig. 4Bjpcs*Arow).
upd™iA 661 =31 21+7(123) 113+ 14 Similarly, all three hindgut domains and
hop™ 618 = 49 19+ 2 (30) 133 £ 15 boundary cells are present wherpd is
Stat92E™ 613 =75 27 %2 (30) 101 =9 uniformly expressed in the hindgut (Fig. 4B;
bynGAL4;UAS-upd 525261 18+ 6(95) 149 = 19 bynGAL4; UAS-updow). The only domain
bynGAL4;UAS-hop™" 616 = 68 18 = 1 (30) 1509 missing from hindguts lackingpdis a small,
bynGAL4;UAS-dome*™ ™ 647+ 76 17 1(30) 1257 wg-expressing region at the extreme anterior

of the small intestine that is established
during stages 10/11 (Fig. 4A,B). As our
the hindgut elongation defect is more severe thas-hogM-  temperature-shift experiments showed that activitygis not
alone. required for hindgut elongation after stage 10, this defeggin
The ectopic expression studies presented here demonstratgression cannot be the basis for the effeaipaf loss-of-
that, while components of JAK/STAT signaling are requiredfunction on hindgut elongation.
activation of the pathway at uniformly high levels throughout In summary, all domains of the hindgut, with the exception
the hindgut is not compatible with normal cell rearrangemenbf a small number of cells at its anteriormost tip, are correctly
Experiments to be presented in a subsequent section furthmatterned in hindguts either lacking or uniformly expressing
support the idea that spatially restricted JAK/STAT signalingipd We therefore conclude that, rather than affecting
is necessary for hindgut cell rearrangement. patterning primarily and morphogenesis secondauihg and
JAK/STAT signaling directly affect the cell rearrangement that

Disruption of JAK/STAT signaling does not affect elongates the hindgut.

hindgut patterning

As proper cell rearrangement is correlated with correct hindgipatially restricted  upd is required for hindgut cell
patterning (Iwaki et al., 2001), it could be argued that, rathegi¢arrangement

than affecting the orientation of rearranging cells direailyl  If localized expression ofipd at the anterior of the hindgut
and JAK/STAT signaling control cell rearrangement byepithelium is required for hindgut cell rearrangement, then
affecting patterning. To test this idea, we assessed gemspression ofipdin this domain should rescue the elongation
expression characteristic of the different hindgut regions (Figdefect in embryos lackingpd We therefore usedrmGAL4to

4A) in updmutants and in embryos ectopically expressipd  drive expression dJAS-updonly at the anterior of the hindgut
throughout the hindgut. Examination of all markers testedn embryos lackingupd function. The resulting hindguts
(exceptwg, see below) supports the conclusion that all thre@appeared morphologically normal, with an average length
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Fig. 4.updhas only minimal effect on hindgut Sl LI RE
patterning. Spatially localized patterns of gene A - A ~—
expression in distinct domains of the stage 14 upd ‘ en ‘ "
hindgut and posterior midgut are summarized hh e hh

in A; points of renal tubule attachment are Ser [ ‘ Ser g
indicated by ‘V'. Gene expression patterns in L

A are shown in wholemounts of wild-type

(wt), updloss-of-function gpcPs14 andupd
gain-of-function byn-GAL4;UAS-upd

embryos (B). In the absencewgid activity
(upcPs1h, expression of Wg at the most
anterior of the small intestine is reduced (white
arrowhead), while expression pattern$bof
andSerin small intestine, En in large intestine,
dri in boundary cells andh, Serand Wg in
rectum are not affected. Whepdis expressed upd“s 1A
uniformly throughout the hindgubyn-GAL4;
UAS-upd, expression of Wg in the anterior
small intestine is slightly upregulated (black i
arrowhead), while all other spatially localized i
gene expression patterns examined appear PYNGAL4;
normal. Expression dfh, Seranddri was UAS-upd
detected by in situ hybridization, that of Wg
and En by antibody staining.

~93% that of wild type (Fig. 5C,D,I). Thus, anteriorly localizedwhat extent, expression BAS-updunder control oirmGAL4
(in the small intestine) expression @pd in an upd mutant  could rescue thelrm loss-of-function phenotype. Strikingly,
background is sufficient for elongation. expression ofipd at the anterior of thdrm mutant hindgut is
Is restriction ofupd expression only to the hindgut anterior sufficient to bring about significant rescue of thren hindgut
necessary for the cell rearrangement that drives elongation? pbenotype, as assessed in both wholemounts and transverse
answer this, we used the uniformly expresbgdGAL4to  sections (Fig. 5G,H). Compared witthrm hindguts, the
drive updin anupd mutant background. Rather than rescuingpartially rescued hindguts are 45% longer, and have 35% fewer
(like thedrmGAL4driver), this resulted in severely defective, cells in their circumference (Fig. 51). The rescue of the
short and wide hindguts (Fig. 5A,B). It could be argued thatirm hindgut phenotype by anteriorly expressepd thus
the early and high level of expression driven iynGAL4  demonstrates thaipdis a key mediator adrm function in the
causes a level of activation of JAK/STAT pathway thathindgut.
inhibits cell rearrangement. We therefore performed the ) . ) ) )
same experiment withfkhGAL4 and 455.2GAL4 which ~ Upd signal is received by cells of the large intestine
(respectively) drive expression uniformly in the hindgut atGiven the small number of cells in its circumference by stage
progressively lower levels and later times (Iwaki and Lengyell6 (Fig. 3E) (Ilwaki et al., 2001), the large intestine must
2002; Fuss et al., 2000; San Martin and Bate, 2001) (D. D. lundergo significant cell rearrangement as it elongatesipdet
unpublished). We observed neither rescue ofughethindgut ~ which we have shown controls cell rearrangement throughout
phenotype nor a phenotype more defective than thapdf much of the hindgut, is expressed only in the small intestine,
alone (in contrast to the result witinGAL4 data not shown). and not in the large intestine. Because action of Upd over a
Thus, anteriorly localizedipd expression appears to be both distance has been described in the eye disc (Zeidler et al.,
necessary and sufficient for cell rearrangement in the large999), it seemed possible that Upd produced in the small
intestine. intestine might control cell rearrangement by activating
An important issue is whetheipd plays a permissive role JAK/STAT signaling in the large intestine (Fig. 1C,H). During
in the hindgut (giving cells the ability to rearrange), or anstages 11 and 12, as cell rearrangement is elongating the
instructive role (orienting cells as they rearrange). As none dfindgut, the prospective large intestine is 50 tpu®0n length
three different levels of uniformpd expression rescued the (Fig. 6A,B); this is the distance over which Upd would have
upd loss-of-function phenotype, it seems unlikely that theto diffuse to affect the entire large intestine.
function of JAK/STAT signaling in the hindgut is simply to  In addition to activating phosphorylation of Stat92E (Luo and
promote the capacity of cells to rearrange. Rather, the dalearolf, 2001), expression afpd has also been shown to
support the notion that the required role of localized expressianpregulate Stat92E protein levels during embryogenesis (Chen
of upd is to provide an instructive cue that orients cellet al., 2002). We therefore investigated expressiotatf92E

rearrangement. mMRNA and protein as reporters for receipt of the Upd signal.
S ) o Antibody staining shows that, in the stage 11 hindgut, Stat92E
upd signaling mediates  drm function in hindgut protein is greatly reduced in the absenceyd function, and

Although upd cannot entirely mediate the effect dfm on  dramatically upregulated wheipdis uniformly expressed (Fig.
hindgut cell rearrangement (dsm hindguts are shorter and 6C,D). This regulation appears to occur at the transcriptional
wider than those diipd Fig. 5E,F), we asked whether, and to level, asStat92EmRNA is similarly reduced in the absence of
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Fig. 5. Anteriorly localizedupdexpression is
required for hindgut elongation. Whepdis
expressed throughout the hindgut (using
bynGALJ in anupdPS1Amutant background,
the hindgut is shorter and more deformed (A)
and has as many or more cells in transverse s1A. A
section (B) than that seentipd®SlAembryos upfdr";g:f4upd,
(compare with Fig. 3B,F). Whaipdis
expressed only in the small intestine (using
drmGAL4 in anupcPS1Amutant background,
the length of the hindgut and number of cells
in transverse section is almost
indistinguishable from that seen in wild-type
(C,D; compare with Fig. 3AE). The
drm3/drm® hindgut is short and wide (E) and
has an excessive number of cells in its
circumference (F). Wheapdis expressed only
in the small intestine (usimymGAL4 in a
drm?/drmf mutant background, the hindgut is :
more elongated (G), and has fewer cells in its drm®,drmGAL4/|
circumference (H) than seendnm3/drm®. drm?,UAS-upd '
This phenotype is similar to the rescue of the -
drm/drmP hindgut that is seen whelimGAL4
is used to drivéJAS-drm(R. B. Green, PhD

GAL4

|s:| L |RE|eﬂd09-

| sl | Ll |F|E| endog.

thesis, UCLA, 2002). Hindgut apical surfaces | Cells in circumference Hindgut length, st 16 (um)
are outlined by anti-Crb staining; embryos are (n) n=20
stage 16GAL4-driven expression patterns are upd”™'*;UAS-upd;drmGAL4 15 1(30) 2159

shown on the right of each pair of panels.
Length measurements and circumference
counts are summarized in I.

drm’ldrm*® 26 =2 (30) 88 = 13
drm®,drmGAL4/drm’ ,UAS-upd 17 = 1 (30) 127+9

updfunction, and upregulated whapdis uniformly expressed (San Martin and Bate, 2001). Thus, even though cells of the
in the hindgut (Fig. 6E,F). We conclude that staining with antivisceral mesoderm receive the Upd signal, they do not appear

Stat92E identifies cells receiving Upd signal. to play a significant role in the rearrangement of cells within
During stages 11 to 12, Stat92E protein is detected in the hindgut epithelium.
domain that extends more posteriorly thanujpd expression The expression of Stat92E in the hindgut epithelium, while

domain at the hindgut anterior (compare Fig. 2C and Figsuggestive, does not reveal whether receipt of Upd signal by
6G,|); this can be seen most clearly when hggtmRNA and  prospective large intestine cells is required for their
Stat92E protein are labeled (Fig. 6K). Sagittal sections reveatarrangement. Because inugpdmutant embryo expression of
that Stat92E is present in the nuclei of the hindgut epitheliumapdat the anterior of the hindgut rescues elongation (Fig. 5C),
at stages 11 and 12, (Fig. 6H,J); therefore, during these stages asked whether expression of dominant active Hop''b)
at least some of the large intestine epithelial cells are receivingight also rescue. As a control, we expressggiM- uniformly
Upd signal. Significantly, Stat92E appears to be present in thie the hindgut; similar to what we observed tipd, this results
hindgut as a gradient, with the most anterior cells (at the poiih a dramatic upregulation of Stat92E (Fig. 6, compare D with
of renal tubule evagination) most strongly labeled; durind.). A key finding is that, in contrast to the essentially complete
stages 11 to 12, this gradient extends to at least 20% to 45%scue of theupd hindgut phenotype whenpd is expressed
of the length of the large intestine primordium (Fig. 6G-J)anteriorly (Fig. 6M), anterior expression loép™L in anupd
Because of limits in dynamic range of the anti-Stat92E assalpackground does not rescue hindgut elongation (Fig. 6N).
we cannot presently determine whether, at some point, thiehese results demonstrate that activation of the JAK/STAT
gradient extends over the entire large intestine. pathway only in cells of the prospective small intestine (i.e. the
Stat92E is present not only in the nuclei of the hindgutlomain that expressepd) is not sufficient for normal hindgut
epithelium, but also in the nuclei of the hindgut visceralcell rearrangement. Thusypd is required in a non-cell
mesoderm (Fig. 6J; see supplementary figure S2 @utonomous fashion for hindgut cell rearrangement.
http://dev.biologists.org/supplemental/). However, as The observed upregulation of Stat92E in cells of the hindgut
determined by staining with anti-Connectin, the hindgutposterior to the small intestine is consistent with the cell non-
visceral mesoderm is normal impd mutant embryos (see autonomous function afpdin the hindgut. The fact that cell
supplementary figure S2); furthermore, the hindgutdwof rearrangement is severely abnormal when uniform levels of
mutants, which lack all mesoderm, are able to undergo &tat92E and HoY'L are driven together (Fig. 3L,P) further
significant amount of elongation (see supplementary figure SBupports the idea that Stat92E must be distributed non-



142 K. A. Johansen, D. D. lwaki and J. A. Lengyel

Fig. 6. updactivates the JAK/STAT pathwa
in cells posterior to the small intestine.
Sagittal sections through the hindgut at
stages 11 (A) and 12 (B) show outlines of
everting renal tubules (black dashes), sm:
intestine primordium (red dots), large
intestine primordium (yellow dots) and
rectum primordium (orange dots). Estimat
of the lengths of the small intestine (SI) ar
the large intestine (LI) are shown based o
analysis of the sets of serial sections to w
A and B belong. Scale bar: pn. Levels of
Stat92E protein and mRNA are barely
detectable iupcPs1Aembryos (C and E,
respectively), but dramatically upregulatec
bynGAL4;UAS-up@mbryos (D and F,
respectively); Stat92E protein is also
upregulated ilynGAL4,UAS-hopt
embryos (L). Stat92E protein is detected
along a significant region of the length of 1
anterior hindgut, as observed in both who
mount (G,l) and sagittally sectioned embr
(H,J) at stages 11 (G,H) and 12 (1,J). The
hindgut is outlined by black dots (H,J), an
red dots indicate the observed
anteroposterior gradient of Stat92E protei
(H,J). Consistent with this, double staininc
for bothupdmRNA (in situ hybridization)
and Stat92E protein (antibody staining)
shows expression of Stat92E in an anteric
to-posterior gradient (brown, posterior ext
marked with open arrowheads) that exten
posterior to the domain afpd expression
(blue, posterior extent marked with black
arrowheads) (K). Expression 0AS-upd
with drmGAL4in anupd mutant backgrount — wt
rescues thepdhindgut elongation defect

(M), while expression ofJAS-hogMt with drmGAL4in anupd mutant background fails to rescue (NErb is used to outline hindgut
morphology. In C-G,I, the lumen of the hindgut is indicated with dots; the anterior limit of the small intestine is indibaseldnger dot.

uniformly, i.e. as a gradient, in order for cells to rearrange. Thihe source of ligand is localized to the hindgut anterior, the
observed gradient of Stat92E, reaching to at least 20% of tliequirement for localized JAK/STAT signaling in hindgut
length of the large intestine during stage 11, and to at leastongation can be characterized as instructive, rather than
45% during stage 12 (Fig. 6H,J), suggests that there is germissive. As patterning is normal in hindguts both lacking
corresponding gradient of the activating ligand Upd in theand uniformly expressingpd the required role of JAK/STAT
hindgut. Both the distance (roughly 20 to gf, see Fig. signaling in hindgut morphogenesis is likely via direct effects
6A,B) and time (stages 9 through 12, roughly 4-6 hours) ovesn cell movement.
which this postulated Upd gradient is established are consistent ) )
with parameters described for formation of gradients of Updypd is required non-autonomously for hindgut cell
Dpp and Wg in imaginal disc tissues (Zeidler et al., 1999rearrangement
Entchev et al., 2000; Teleman and Cohen, 2000; Strigini anthe rescue of theupd phenotype by anteriorly localized
Cohen, 2000), as described below. expression in the hindgut afpd, but not of activated JAK
(Hopscotch), demonstrates that there is a requiremeniptbr
function that is not cell autonomous. In other wongsd is
DISCUSSION required in cells (those of the large intestine that undergo the
greatest rearrangement) different from cells that produce it
We have shown that elongation of theosophilahindgut by  (those of the small intestine). A number of examples have
cell rearrangement requires the Upd ligand and the JAK/STAIbeen described in which localized expression of a signaling
pathway components Dome (receptor), Hop (JAK) andnolecule (including Upd) is required non-autonomously for
Stat92E. As elongation does not occur when expression otll rearrangement, morphogenesis or motility. In the
ligand or activation of the pathway is uniform, but only whenDrosophilaeye imaginal disc, expression of Upd at the midline
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Fig. 7.Model for hindgut elongation by J_
Upd/JAK/STAT signaling. Expression of
updin the small intestine (SI) under the
control of Drm and Lin results in the
formation of a gradient of Upd protein in
cells posterior to the small intestine. In
response to signaling by Upd, a gradient o —_—
Stat92E is established,; this leads to the fg:;ilf:tr::;psl::;e
orientation of cell rearrangement in the to Upd

hindgut. Sl LI

Si LI

oriented cell
rearrangement

is required to establish a dorsoventral polarity that orients In the Drosophilaeye imaginal disc, anti-Upd staining and
ommatidial rotation (Zeidler et al., 1999). In bd@msophila  the behavior of clones of mutant cells that have lost
tracheae and the vertebrate lung, branching morphogenesisaaimponents of the JAK/STAT pathway indicate that Upd is
the epithelium depends on localized expression of FGF ipresent in a gradient that extends at leasfus0beyond its
adjacent mesenchyme (reviewed by Metzger and Krasnowidline mRNA expression domain (Zeidler et al., 1999). In the
1999; Hogan and Kolodziej, 2002). Drosophilahindgut, we have shown that Stat92E is a reliable

Localized activation of JAK/STAT signaling has been showrreporter for the presence of Upd. Two to four hours afer
to play a role in cell motility in a number of contexts. Inis first expressed at the anterior of the hindgut (stage 9),
Drosophila localized expression of Upd in the anterior polarStat92E can be detected at least 3Qu#0from the site ofipd
cells of the egg chamber acts to coordinate the migration of thexpression (stages 11 and 12). These time and distance
adjacent border cells (Silver and Montell, 2001; Beccari et alparameters are similar to those observed during generation of
2002). In mammals, cytokines expressed in target tissues dbe Upd gradient in the eye, and the Dpp and Wg gradients in
to attract both migrating lymphocytes and tumor (reviewed bwing imaginal discs, which form over distances of roughly 40-
Moore, 2001; Muller et al., 2001; Murphy, 2001; Vila-Coro et80 um in 1-8 hours (Zeidler et al., 1999; Entchev et al., 2000;
al., 1999). Our finding that localized (only in the smallTeleman and Cohen, 2000; Strigini and Cohen, 2000). Thus, it
intestine) expression ofpdis both necessary and sufficient for is reasonable to imagine that a gradient of Upd is established
rearrangement of cells in the large intestine indicates that Upd the developing hindgut in a short enough time frame to affect
must have an organizational, action-at-a-distance function icell rearrangement.
controlling cell rearrangement during tubular morphogenesis. The essential consequence of JAK/STAT signaling is

. . . ] activation of the STAT protein, which leads to altered

A predicted gradient of Upd in the hindgut transcriptional programs (Darnell, 1997; Horvath, 2000). STAT
The rescue experiments discussed above establish that therbas been shown in a number of contexts to be required for cell
a cell non-autonomous requirement fapd in hindgut  motility (Sano et al., 1999; Yamashita et al., 2002; Silver and
elongation. Consistent with this, there is evidence that Upd ilontell, 2001; Beccari et al., 2002), and therefore probably
present and required in an anteroposterior gradient in thregulates expression of genes controlling cytoskeletal assembly
hindgut. Prior to and during hindgut elongation, b8tht92E  and cell adhesion. In these contexts, however, activation of
mMRNA and Stat92E protein are detected not only in the smaBTAT does not appear to be required to orient cell movement,
intestine epithelium (and the visceral mesoderm surroundinigut rather to facilitate or promote it. As Stat92E is required for
the small intestine), but also in the epithelium posterior to thhindgut elongation, and its protein product appears to be
small intestine; this expression of Stat92E appears to be inpaesent in a gradient along the anteroposterior axis, this raises
gradient. In theDrosophila eye imaginal disc, a gradient of the intriguing question of how a gradient of a transcription
Upd is required to orient the rotation of ommatidial cellfactor might orient cell rearrangement.
clusters (Zeidler et al., 1999); in addition, there is evidence fo .
a gradient of Upd and Stat92E in patterning of the folliculal oncluding remarks
epithelium of theDrosophila egg chamber (R. Xi, J. R. Our results demonstrate a new role for Upd and the JAK/STAT
McGregor and D. A. Harrison, unpublished). As expression ofathway, namely the control of cell rearrangement that
Stat92E depends arpd (this work) (Chen et al., 2002), it is elongates a tubular epithelium. Given the widespread
likely that Upd protein is present in the hindgut epithelium agccurrence of JAK/STAT signaling, further analysis of the
an anteroposterior gradient, with its highest level inupg ~ Mechanism by which JAK/STAT signaling controls hindgut
expressing cells of the small intestine, and lowest level i§€ll rearrangement ibrosophilais likely to provide insights
posterior, upd non-expressing cells of the large intestine.iNto the control of cell motility during many processes,
Expression oSOCS36Hsuppressor of cytokine signaling at including organogenesis, wound healing and cancer metastasis.
36E), which is regulated byipd, overlaps with and extends

significantly beyond the dqmaln updexpressmn (Karsten et_ J. Axelrod, U. Banerjee, D. Harrison, K. Lyons and members of the
al., 200.2)’ further supporting the idea that there is a gradie Iengyel laboratory for helpful comments on the manuscript, and S.
of Upd in the hindgut. A model that summarizes the observed, for excellent fechnical assistance. K. A. J. and D. D. I. were
localized expression ofipd mMRNA, a gradient of Stat92E sypported by USPHS National Research Service Awards GM07185
protein, and cell rearrangement leading to elongation is shovgnhd GM07104, respectively. This work was supported by NIH grant
in Fig. 7. HDO09948 to J. A. L.

We thank D. Harrison for sharing information prior to publication,



144 K. A. Johansen, D. D. lwaki and J. A. Lengyel

REFERENCES downstream of theéDrosophila HOP/JAK kinase and encodes a protein
similar to the mammalian STATEell 84, 411-419.

Ashburner, M. (1989). Drosophila A Laboratory Manual Cold Spring ~ Imada, K. and Leonard, W. J. (2000). The Jak-STAT pathwayol.

Harbor, NY: Cold Spring Harbor Laboratory Press. Immunol 37, 1-11.

Beccari, S., Teixeira, L. and Rorth, P(2002). The JAK/STAT pathway is I'vine, K. D. and Wieschaus, E(1994). Cell intercalation duringrosophila
required for border cell migration durizrosophilacogenesisMech. Dev. germband extension and its regulation by pair-rule segmentation genes.
111, 115-123. Developmeni20, 827-841.

Binari, R. and Perrimon, N. (1994). Stripe-specific regulation of pair-rule Iwaki, D. D., Johansen, K. A., Singer, J. B. and Lengyel, J. A2001).
genes byhopscotcha putative Jak family tyrosine kinase Dmosophila drumstick bowl, and lines are required for patterning and cell
Genes De8, 300-312. rearrangement in th®rosophila embryonic hindgut.Dev. Biol. 240,

Brown, S. and Castelli-Gair Hombria, J.(2000).Drosophila grainencodes 611-626.

a GATA transcription factor required for cell rearrangement during!waki, D. D. and Lengyel, J. A.(2002). A Delta-Notch signaling border
morphogenesiDevelopment27, 4867-4876. regulated by Engrailed/Invected repression specifies boundary cells in the

Brown, S., Hu, N. and Hombria, J. C.(2001). Identification of the first ~ Drosophilahindgut.Mech. Dev114, 71-84. _ _
invertebrate interleukin JAK/STAT receptor, theosophilagenedomeless ~ Karsten, P., Elend, S. and Zeidler, M. P(2002). Cloning and expression of

Curr. Biol. 11, 1700-1705. Drosophila SOCS36Eand its potential regulation by the JAK/STAT

Campos-Ortega, J. A. and Hartenstein, V.(1997). The Embryonic pathway.Mech. Dev117, 343-346.

Development obrosophila melanogaster. Berlin: Springer-Verlag. Keller, R., Davidson, L., Edlund, A, Elul, T., Ezin, M., Shook, D. and

Castelli-Gair Hombria, J. and Brown, S. (2002). The fertile field of Skoglund, P.(2000). Mechanisms of convergence and extension by cell
DrosophilaJAK/STAT signalling.Curr. Biol. 12, R569-R575. intercalation Philos. Trans. R. Soc. Lond. B Biol. 355, 897-922.

Chen, H. W,, Chen, X., Oh, S. W., Marinissen, M. J., Gutkind, J. S. and  Kiger, A. A., Jones, D. L., Schulz, C., Rogers, M. B. and Fuller, M. T.
Hou, S. X. (2002). mom identifies a receptor for th@®rosophila (2001). Stem cell self-renewal specified by JAK-STAT activation in response
JAK/STAT signal transduction pathway and encodes a protein distantly to @ support cell cueScience294, 2542-2545.
related to the mammalian cytokine receptor famiBenes Dev.16, Lee, J. J., von Kessler, D. P., Parks, S. and Beachy, P.(2992). Secretion
388-398. and localized transcription suggest a role in positional signaling for products

Chou, T. B., Noll, E. and Perrimon, N.(1993). Autosomal RfvoD] of the segmentation gemedgehogCell 71, 33-50.
dominant female-sterile insertionsmosophilaand their use in generating Lengyel, J. A. and Iwaki, D. D.(2002). It takes guts: tHerosophilahindgut
germ-line chimerasDevelopment19, 1359-1369. as a model system for organogeneBiv. Biol 243 1-19.

Darnell, J. E., Jr (1997). STATs and gene regulati@tience77, 1630-1635.  Leung, B., Hermann, G. J. and Priess, J. R1999). Organogenesis of the

Duchek, P., Somogyi, K., Jekely, G., Beccari, S. and Rorth, R2001). Caenorhabditis eleganstestine.Dev. Biol 216, 114-134.

Guidance of cell migration by thHerosophilaPDGF/VEGF receptoiCell Luo, H. and Dearolf, C. R.(2001). The JAK/STAT pathway aridrosophila
107, 17-26. developmentBioEssay3, 1138-1147.

Entchev, E. V., Schwabedissen, A. and Gonzalez-Gaitan, M2000).  Luo, H., Rose, P., Barber, D., Hanratty, W. P., Lee, S., Roberts, T. M.,
Gradient formation of the TGF-beta homolog D@ell 103 981-991. D’Andrea, A. D. and Dearolf, C. R.(1997). Mutation in the Jak kinase

Ettensohn, C. A. (1985). Gastrulation in the sea urchin embryo is JH2 domain hyperactivat@osophilaand mammalian Jak-Stat pathways.
accompanied by the rearrangement of invaginating epithelial Eaig. Mol. Cell. Biol. 17, 1562-1571.

Biol. 112 383-390. Meadows, L. A., Gell, D., Broadie, K., Gould, A. P. and White, R. A.

Ferrus, A., Llamazares, S., de la Pompa, J. L., Tanouye, M. A. and Pongs, (1994). The cell adhesion molecule, connectin, and the development of the
0. (1990). Genetic analysis of trshakergene complex oDrosophila Drosophilaneuromuscular systerd. Cell Sci.107, 321-328.
melanogasterGeneticsl25 383-398. Metzger, R. J. and Krasnow, M. A.(1999). Genetic control of branching

Fuss, B. and Hoch, M. (2002). Notch signaling controls cell fate morphogenesisScience284, 1635-1639.
specification along the dorsoventral axis of Ehesophilagut. Curr. Biol. Moore, M. A. (2001). The role of chemoattraction in cancer metastases.
12, 171-179. BioEssay23, 674-676.

Fuss, B., Meissner, T., Bauer, R., Lehmann, C., Eckardt, F. and Hoch, M. Muller, A., Homey, B., Soto, H., Ge, N., Catron, D., Buchanan, M. E.,
(2000). Control of endoreplication domains in the Drosophila gut by the McClanahan, T., Murphy, E., Yuan, W., Wagner, S. N. et al(2001).
knirps and knirps-related gendgech. Dev100, 15-23. Involvement of chemokine receptors in breast cancer metadtatise410,

Green, R. B., Hatini, V., Johansen, K. A,, Liu, X. J. and Lengyel, J. A. 50-56.

(2002). Drumstick is a zinc finger protein that antagonizes Lines to contrdWiurakami, R., Shigenaga, A., Kawakita, M., Takimoto, K., Yamaoka, I.,

patterning and morphogenesis of Bresophilahindgut.Development 29, Akasaka, K. and Shimada, H(1995).aproctous a locus that is necessary
3645-3656. for the development of the proctodeumDrosophilaembryos, encodes a
Gregory, S. L., Kortschak, R. D., Kalionis, B. and Saint, R.(1996). homolog of the vertebra@rachyurygene Roux’s Arch. Dev. BioR05, 89-

Characterization of théead ringergene identifies a novel, highly conserved ~ 96.
family of sequence-specific DNA-binding proteiMol. Cell. Biol.16, 792- Murphy, P. M. (2001). Chemokines and the molecular basis of cancer
799. metastasisNew Engl. J. Med345 833-835.

Harrison, D. A., Binari, R., Nahreini, T. S., Gilman, M. and Perrimon, N. Nusslein-Volhard, C., Wieschaus, E. and Kluding, H(1984). Mutations
(1995). Activation of @rosophilaJanus kinase (JAK) causes hematopoietic  affecting the pattern of the larval cuticle 8ffosophila melanogaster

neoplasia and developmental defe&®IBO J.14,2857-2865. |.Zygotic loci on the second chromosorfaux’s Arch. Dev. Bioll92 267-
Harrison, D. A., McCoon, P. E., Binari, R., Gilman, M. and Perrimon, N. 282.

(1998). Drosophila unpairedencodes a secreted protein that activates thePerrimon, N. and Mahowald, A. P.(1986).I(1)hopscotch A larval-pupal

JAK signaling pathwayGenes Devl2, 3252-3263. zygotic lethal with a specific maternal effect on segmentati®masophila
Hatini, V., Bokor, P., Goto-Mandeville, R. and DiNardo, S(2000). Tissue- Dev. Biol.118, 28-41.

and stage-specific modulation of Wingless signaling by the segment polarifgignoni, F. and Zipursky, S. L. (1997). Induction ofDrosophila eye

gene linesGenes Devl4, 1364-1376. development bylecapentaplegiddevelopmenii24, 271-278.

Heid, P. J., Raich, W. B., Smith, R., Mohler, W. A., Simokat, K., Gendreau, Rollins, B. J.(1997). ChemokinesBlood 90, 909-928.
S. B., Rothman, J. H. and Hardin, J(2001). The zinc finger protein DIE- San Martin, B. and Bate, M.(2001). Hindgut visceral mesoderm requires an
1 is required for late events during epithelial cell rearrangemef@. in ectodermal template for normal developmenbiosophila Development

elegansDev. Biol.236, 165-180. 128 233-242.

Hoch, M. and Pankratz, M. J. (1996). Control of gut development by Sano, S., Itami, S., Takeda, K., Tarutani, M., Yamaguchi, Y., Miura, H.,
forkhead and cell signaling molecules in Drosoptlach. Dev58, 3-14. Yoshikawa, K., Akira, S. and Takeda, J.(1999). Keratinocyte-specific

Hogan, B. L. and Kolodziej, P. A.(2002). Organogenesis: molecular  ablation of Stat3 exhibits impaired skin remodeling, but does not affect skin
mechanisms of tubulogenesi¢at. Rev. Gene8, 513-523. morphogenesisEMBO J.18, 4657-4668.

Horvath, C. M. (2000). STAT proteins and transcriptional responses toSefton, L., Timmer, J. R., Zhang, Y., Beranger, F. and Cline, T. W2000).
extracellular signalsTrends Biochem. S5, 496-502. An extracellular activator of thBrosophila JAK/STAT pathway is a sex-

Hou, X. S., Melnick, M. B. and Perrimon, N. (1996). Marelle acts determination signal elememMature405 970-973.



JAK/STAT orients epithelial cell rearrangement 145

Silver, D. L. and Montell, D. J. (2001). Paracrine signaling through the  Drosophilaspermatogenesis by JAK- STAT signalir@cience294, 2546-
JAK/STAT pathway activates invasive behavior of ovarian epithelial cells in  2549.

Drosophila Cell 107, 831-841. Vila-Coro, A. J., Rodriguez-Frade, J. M., Martin De Ana, A., Moreno-
Skaer, H. (1993). The alimentary canal. the Development ddrosophila Ortiz, M. C., Martinez, A. C. and Mellado, M. (1999). The chemokine
melanogaster (ed. M. Bate and A. Martinez Arias), pp. 941-1012. Cold SDF-lalpha triggers CXCR4 receptor dimerization and activates the
Spring Harbor, NY: Cold Spring Harbor Laboratory Press. JAK/STAT pathwayFASEB J13, 1699-1710.
Strigini, M. and Cohen, S. M. (2000). Wingless gradient formation in the Wallingford, J. B., Fraser, S. E. and Harland, R. M.(2002). Convergent
Drosophilawing. Curr. Biol. 10, 293-300. extension: the molecular control of polarized cell movement during
Takashima, S. and Murakami, R.(2001). Regulation of pattern formation in embryonic developmenbDev. Cell2, 695-706.
the Drosophilahindgut bywg, hh, dpp, anden Mech. Dev101, 79-90. Wang, L. and Coulter, D. E. (1996). bowe| an odd-skippedhomolog,

Tautz, D. and Pfeifle, C.(1989). A non-radioactive in situ hybridization functions in the terminal pathway duriBgosophilaembryogenesi£EMBO
method for the localization of specific RNAsDmosophilaembryos reveals J. 15, 3182-3196.

translational control of the segmentation genachbackChromosom#8, Ward, A. C., Touw, |. and Yoshimura A. (2000). The Jak-Stat pathway in
81-85. normal and perturbed hematopoie&ikod 95, 19-29.
Tearle, R. and Nusslein-Volhard, C(1987). Tubingen mutants and stock list. Yamashita, S., Miyagi, C., Carmany-Rampey, A., Shimizu, T., Fujii, R.,
Dros. Inf. Serv66, 209-269. Schier, A. F. and Hirano, T.(2002). Stat3 controls cell movements during
Teleman, A. A. and Cohen, S. M(2000). Dpp gradient formation in the zebrafish gastrulatioev. Cell2, 363-375.
Drosophilawing imaginal discCell 103 971-980. Yan, R., Small, S., Desplan, C., Dearolf, C. R. and Darnell, J. E., (1996).
Thomas, U., Speicher, S. A. and Knust, E(1991). The Drosophila Identification of a Stat gene that functiondbrosophiladevelopmentCell

gene Serrate encodes an EGF-like transmembrane protein with a 84, 421-430.

complex expression pattern in embryos and wing dBeselopment 11, Zeidler, M. P., Perrimon, N. and Strutt, D. I. (1999). Polarity determination

749-761. in the Drosophilaeye: a novel role founpairedand JAK/STAT signaling.
Tulina, N. and Matunis, E. (2001). Control of stem cell self-renewal in Genes Devl3, 1342-1353.



