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SUMMARY

Transcriptional control during early Drosophila the early zygotic genesserendipity a, fushi tarazu and
development is governed by maternal and zygotic factors. huckebein, which are essential for cellularization and
We have identified a novel maternal transcriptional embryonic patterning. In addition, loss of lilli in adult
regulator gene,lilliputian (lilli ), which contains an HMG1  photoreceptor and bristle cells results in a significant
(AT-hook) motif and a domain with similarity to the human decrease in cell size. Our results indicate théitli represents
fragile X mental retardation FMR2 protein and the AF4 a novel pair-rule gene that acts in cytoskeleton regulation,
proto-oncoprotein. Embryos lacking maternal lilli segmentation and morphogenesis.

expression show specific defects in the establishment of

a functional cytoskeleton during cellularization, and  key wordslilliputian (lilli ), Pair-rule gene, Cellularization, Actin
exhibit a pair-rule segmentation phenotype. These mutant cytoskeleton, Microtubuléehkb, ftz, Sryr, Lipid droplet transport,
phenotypes correlate with markedly reduced expression of Drosophila melanogaster

INTRODUCTION been proposed to play a direct role in regulating the dynamic
reorganization and interaction of the contractile actin-
Development of many multicellular animals begins with thecytoskeleton with the newly forming plasma membranes of
formation of an epithelium by cleavage divisions. Earlycellularizing embryos (Schweisguth et al., 1990; Simpson-
development ofbrosophila embryos is characterized by 13 Rose and Wieschaus, 1992; Schejter and Wieschaus, 1993b;
rapid and synchronous mitotic division cycles that result in &unter and Wieschaus, 2000). Tindlo, Sry a, andbnkgenes
syncytium containing 6000 nuclei at its cortical cytoplasm (Foare expressed in a similar spatiotemporal pattern, with onset
et al., 1993). A major developmental transition occurs durin@f expression at nuclear cycle 11, peak expression at cycle
cycle 14 in which the syncytial blastoderm is converted into 43/early cycle 14, and downregulation in late cycle 14
blastoderm epithelium. This transition includes a variety o{Schweisguth et al., 1989; Simpson-Rose and Wieschaus,
cellular events, such as contraction of an actin-myosii992; Schejter and Wieschaus, 1993a; Schejter and Wieschaus,
network, microtubule-driven transport of organelles, formatiori993b). Although the factors that regulate expression of these
of cell membranes, and a marked increase in zygotiblastoderm-specific transcripts are not known, genetic
transcription  (Schejter and Wieschaus, 1993a). Thigvidence suggests that the onset of expression &frjleeand
transitional event ultimately results in the formation ofnullo genes might depend on maternal gene products rather
individual cells at the cortex and thus is called cellularizationthan a unique zygotically active regulator (Merrill et al., 1988;
Formation of the blastoderm epithelium during Wieschaus and Sweeton, 1988; Simpson-Rose and Wieschaus,
cellularization is driven by a contractile actin-myosin network1992; Ibnsouda et al., 1995).
that forms between individual nuclei and proceeds along the The cytoskeletal network is also required during the
leading edges of the advancing furrow membranes. Thgyncytial blastoderm stage for the correct localization of
zygotically active genesullo, serendipity alphgSry a), and  certain segmentation gene products that provide a framework
bottleneck (bnk are required to maintain this cytoskeletal for patterning the embryo (Nisslein-Volhard and Wieschaus,
network during cellularization (Merrill et al., 1988; Wieschaus1980; Davis and Ish-Horowicz, 1991). Specifically, the
and Sweeton, 1988). These genes encode novel membratr@nscripts of the zygotic pair-rule gerfashi tarazuftz) and
associated proteins that regulate different aspects of actiairy (h) are localized exclusively to the apical periplasm by
dynamics and cytoskeleton organization. These molecules haseselective vectorial export mechanism (Hafen et al., 1984;
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Ingham et al., 1985; Davis and Ish-Horowicz, 1991; Lall etCAT assay

al., 1999). Pair-rule genes have been characterized by theikird instar wandering larvae were washed with phosphate-buffered
mutant phenotypes demonstrating their requirement in thealine, and resuspended in Passive Lysis Buffer (Promega). The
formation of alternate segments, by their expression pattewhloramphenicol acetyltransferase (CAT) assays were performed in
in seven stripes, and by their requirement in morphogenetibe linear range of the reaction on TLC plates as described previously
movements. Many zygotic pair-rule gene mutants exhibifCourey anq Tjian, 1988)... Data from three to six experimental sets
defects in the extension of the germband during gastrulatiof{er® quantitated on a Fuji phosphorimager and averaged.

(Irvine and  Wieschaus, 1994). Germband extensioRimelapse video recording, histology and

represents the planar elongation and narrowing of thgnmunofluorescence (IF) staining

ectodermal cell layer during gastrulation (Costa et al., 1993k, jive observations and video timelapse analysis, the embryos
During this process the germband elongates twofold angere prepared as described by Wang et al. (Wang et al., 1999).
narrows to about half its original width. Cell intercalation iSFor a-Nullo and o-Bnk double immunolabeling, embryos

observed during germband extension and has been proposeste heatfixed as described (Miller and Wieschaus, 1996).
to be the driving force of the extension movements (Irvinégmmunohistochemical staining of embryos was performed as
and Wieschaus, 1994). Since all known pair-rule genegescribed (Mdiller et al., 1999). In situ hybridization to embryos and
encode transcription factors, they cannot be the primar' aginal discs was carried out essentially as described by Tautz and
regulators of the extension movements. feifle (Tautz and Pfeifle, 1989). Scanning electron microscopy was

Here we describe a novel pair-rule gene that is essential f&arformed as described by Kimmel et al. (Kimmel et al., 1990).

A . . . _Fixation, embedding and sectioning of adult eyes were performed
proper cellularization, gastrulation and segmentation duringc ™ jascribed previously (Wolff and Ready, 1991). Confocal

embryogenesis. Since clonal analysis in the adult eye indicat croscopy was carried out using a Leica TCS-NT confocal

that photoreceptor cells mutant for this gene are reduced Hicroscope and images were processed with Adobe Photoshop 5.5
size (Neufeld et al., 1998b), we named this gilhputian on a Macintosh computer.

(lilli) . Mutations inlilli have been identified in a number of

independent genetic screens as dominant suppressors Fgw cytometry

transgene-dependent phenotypes in the ddiaisophila eye lilli andlilli-Pten homozygous mutant clones induced by FLP/FRT-
(Neufeld et al., 1998b; Rebay et al, 2000), and we provid@ediated recombination were marked by the absence of GFP

evidence that this suppression reflects a requiremditii on expr%ssoilort; uscip]g_ a ub'&quit_in-((:BFP IFRT4§)AF|‘:hr°m°s°me (k_indlyd
ot . provided by Christina Martin-Castellanos). Fluorescence-activate
the proper transcription of these transgenes. In addition, | ell sorting (FACS) of dissociated wing disc cells was carried out as

germline clo_ne (GLC) embryos Iacking.ﬁlli gene product,. reviously described (Neufeld et al., 1998a).
the expression of a number of zygotic regulators requweg

for cellularization and early patterning are defective, including
Sry a, ftz and huckebein(hb?. Our results suggest théii
directs early developmental events, such as cellularizatidRESULTS

and patterning, through transcriptional activation of a specific o o -
group of zygotic regulators. Identification and characterization of  /illi as a

transcriptional regulator
Phyllopod (Phyl) is one of the most downstream nuclear

MATERIALS AND METHODS components identified in the Sevenless receptor tyrosine
kinase-RAS1 signaling pathway (Chang et al., 1995; Dickson
Fly genetics and clonal analysis et al., 1995). Using the eye-specific expression vector pPGMR,

Fly cultures and crosses were carried out according to standawdhich contains a multimerized binding site for the zinc-finger
procedures. Twdilli mutant alleles [{li *S575 and lilli XS4°§ were  protein Glass placed upstream of the bdwd70 promoter
recombined onto a 2L-FRT chromosome, mitotic clones wergHay et al., 1994), we expressed Phyl in all cells posterior to
generated as described previously (Xu and Rubin, 1993), ange ‘morphogenetic furrow during larval development, and in
germline clones were generated as described previously (Choy co|is except cone cells in the pupal eye. This resulted in a

and Perrimon, 1996). All mutant analyses were performed usin .
these alleles unless otherwise indicated. FACS analysis and arE%UQh eye phenotype that we used to screen for dominant

measurements dflli mutant clones were performed as describedmOd'f'ers' The lilli gene corresponds to one of the

(Neufeld et al., 1998a; Zhang et al., 2000). complementation groups that strongly suppress the rough eye
phenotype of GMR-phyl (Fig. 1A,B). Complementation
Molecular biology analyses revealed that mdilly alleles have been identified as

Plasmid rescue was used to isolate genomic DNA adjacent to thes®ippressors in a number of different GMR-based dominant

elementlilli '(2)00632 The genomic fragment was used as a probe tanodifier screens. For exampléli alleles were isolated in a

screen aDrosophila imaginal disc cDNA library (a gift from A.  GMR-sinascreen (also calle®S2-1 Neufeld et al., 1998b) and

Cowman) and subsequently tBeosophilaLP, GH and LD libraries i, 3 GMR-YaACT screen (also calle®Y2-1 Rebay et al.

(Rubin et al., 2000). One full-lengthlli cDNA was isolated, 2000). Mutations inlilli su '

. . . ppress the rough eye phenotypes

sequenced and cloned inUJAS (Brand and Perrimon, 1993). - : e :

Transgenic lines were established using P-eIement—mediate%‘merate.d by overexpression of either positive (Sina a_nd P_hyl)
q,negative (Ttk and Yan) components of the RAS1 signaling

transformation and used in misexpression and rescue experiments
addition, a large number dili cDNA species that may represent pathway under GMR control, as well as other GMR constructs

different splicing variants have been isolated. The full-lerigin ~ from different signaling pathways (Table 1). In additibif,

cDNA isolated and characterized in this paper has the GenBarikutants dominantly suppress the rough eye phenotypes of
accession number AF289034. many SE transgenes (Dickson et al., 1992; Dickson et al.,



lilliputian, a maternal pair-rule gene 803

A NC
. A =
i F 8,01
| & I
=
Fig. 1.lilli suppresse&MR-mediated S I
expression and encodes a putative 2 s l 1 |
FMR2/AF4-like protein. Scanning =
electron micrographs (SEM) of adult E
eyes showing the screening for
chromosomé&MR-phylalone CGP/+) " N e e i
(A) andGMR-phylin alilli heterozygous N i S % 5 @
backgroundCGP/lilli) (B). (C) The CAT |k = S X
activities from theGMR-CATtransgene
were determined for third instar D
wandering larvae of specified genotypes ¥ 00832 S

of the heterozygotes: wild typa48),
glass lilli XS575(Xs575)andlilli $35(s35) Y : : : : =1 .
The relative CAT activity was 60,01 Fupp 70
normalized to activity of th&MR-CAT —
transgene in wild type. A bar graph of

the relative CAT activity is shown. Note
that the suppression of CAT activity by
lilli is comparable to that gflass

(D) Diagram of thdilliputian gene
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- 2
b
o
r
o
w
o
o
o
oy
(=]

'

*
NLS

and the dotted boxes represent il

untranslated regions. The FMR2 s

homology region is indicated by a bar Mg

that extends from the end of exon 8 into mouse AF4

the end of exon 13. The HMG1 domain

is indicated by a black arrowhead above = ki
exon 8. The nuclear localization signal humén Fale s
(NLS) is indicated by an asterisk below human AF4 A
exon 8. The P elemelilli 1(2)00632jg mout AF4 o
inserted in the first intron of the gene

(open inverted triangle). The DNA - o
deleted from théilli -coding region in fresmforic

two X-ray alleles]illi XS575andlilli XS407 hunan AF4

human LAF4

are represented by open boxes above the mouse AF4
numbered line. The allel#li XS575is a

4,926 bp deletion that removes exon 4-8, -
including the translational start site. The human FMAZ -
allelelilli XS407s a 395 bp deletion that punsgooells
removes the'3nd of exon 8 and SO AFR
introduces a premature stop codon 5

amino acids downstream of the 5 =
breakpoint, thus truncating the open human FMA2
reading frame, including the entire st
FMR2 homology region. (E) Alignment ey
of the FMR2 domains. The amino acid

sequences fromrosophila

melanogasterhuman and mouse human FMA2
proteins were aligned using CLUSTAL- rRishi

W. Lilli and the members of FMR2/AF4 encaslrrs
proteins are homologous at their C-
terminal regions. Amino acid residues F

shaded in black are identical and those i e
shaded light gray are similar. mouse HMG-C
(F) Alignment of the HMG-I/Y motif: e

Lilli has a highly conserved HMG motif. human HMG-1
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Table 1. Summary of genetic interaction that the lethality corresponded to the P insertion site. Genomic
fragments flanking the P element were isolated by plasmid

Genotype lilli XS575 Jillj XS407  |jjlj 35 . pias
GMRconstruct rescue and used as probes to screen various cCDNA libraries to
GMR-rad/1? s s s isolate a large number of alternatively spliced cDNA clones,
GMR-phyl s s s including one species that apparently encoded a full-length
GMR-sina S S S cDNA (Fig. 1D). Comparison of cDNA sequence to genomic

GMR'm@Sm S S S sequence revealed a large transcription unit that spans approx.
gms:ﬁ"g%& g g g 68 kb (Fig. 1D). The gene contains 13 exons and the full-length

GMR-reaper(lll) s s s lilli transcript is 8,516 bp in length. Conceptual translation of
GMR-Dp116¢€T S S S the open reading frame (ORF) yields a protein of 1,673 amino
GMR-Dp110+* S S S acids (Fig. 1D).

GMR-Dp116™ S S S To determine whether this gene correspondedlillio

sEconstruct genomic DNA was isolated from 4 EMS- and 19 X-ray-

SE:"T]‘OI'YQ* g g g induced alleles, as well as 23 alleles induced by imprecise
2E_gkg% S S S excision of(2)0632 Southern blot analyses using title ORF
as a probe revealed polymorphisms in the coding region in
STy £ £ £ severalilli mutant alleles, including two X-ray allel&$S575
sev-rasN7(111/111)§ 0 0 0 and XS407 which contained deletions leading to truncated
sev-senllI/IlN)] 0 0 0 proteins (Fig. 1D). We rescuetlli mutants using the
sev-phyl 0 0 0 GAL4/UAS system (Brand and Perrimon, 1993) to express the
sev-yaft® 0 0 0 full-length cDNA. Homozygousilli mutants, which normally
sev-notchct 0 0 0 . ) .
sev-s11 (activated SEV) 0 0 0 die as late embryos, survived to ad_ul_tho_od when they carried
mutant allele one copy each dfis-GAL4and UA_S—I|II.| without he{:\t shock
rlsem 0 0 0 treatment. No rescue was found in flies that came@GALA
Ellipse (EGFROf) E E E alone. Based on mutational analysis of the gene, viable
rafHM7s -0 -/0 -0 excisions of the P line, and cDNA rescue, we conclude that this
Yar23ez 0 0 0 gene corresponds tili .

Three different alleles dilli were used in the genetic interaction tests. The The pred|c_ted Lill protem_contalns a high mOb_'I'ty group
suppression or enhancement in each genetic test was scored using the ~ (HMG1) motif and a C-terminal domain present in the AF4

interaction with thev-, isogenic 2:3 parental strain as a control. S, proto-oncoprotein and the human fragile X mental retardation
suppression; E, enhancement. 0, no effébt, weak suppression or no effect. protein FMR2 (Fig. 1E,F). Many HMG-containing proteins are
sE(sevenhancer anbisbasal promotergev(sevenlesenhancer/promoter). DNA-binding, nonhistone nuclear proteins that interact with

*Rag/12 a constitutively activated forms Bfas1(Fortini et al., 1992). . .
tRaforY®: a constitutively activated form of Raf kinase (Dickson et al., the minor groove of DNA (McGhee and Felsenfeld, 1980;

1992). Reeves and Nissen, 1990; Grosschedl et al., 1994). The
)
9§8F§;1é“71adominant-negativeform &as1(Rad'l’) (Feig and Cooper, FMR2/AF4-related gene family encodes nuclear proteins
1 . . . . .
. . implicated in mental retardation (FMR2), cancer (AF4), and
19‘grzlls)em(sem): A gain-of-function allele ablled/MAPK (Brunner et al., Iyrﬁphocyte differentiation (LAF4)((GU et)al. 1992'(Gu ét al.
o ra'lfHW:atemperature-sensitive hypomorphitallele with reduced 1996; Ma and Staudt, 1996; Gecz et al., 1996; Gecz et al.,

transcription from theaf gene (Dickson et al., 1992; Melnick et al., 1993).  1997; Chakrabarti and Davies, 1997; Taki et al., 1999). The
presence of the HMG1 domain and FMR2 homology is
consistent with the suggestion that Lilli acts as a transcription
1996), in which thesevenlesgnhancer is placed upstream of regulator.
the hsp70basal promoter (Table 1).

These observations suggested thiatwas required, either /illi is a maternally provided pair-rule gene
directly or indirectly, for proper transcription from tVMR  To gain insight into its role during embryogenesis, we
and sE expression constructs. Further supporting thisexamined the phenotype of embryos mutant lilbr. Most
hypothesis, we found that the levels of CAT activity from aembryos lacking zygotitilli failed to hatch and subsequently
GMR-CATreporter construct (O’Neill and Rubin, unpublished died, although a small percentage hatched and died as first or
reagents) were decreased by approx. 40% in third instar larvaecond instar larvae. Cuticle from the late embryos was normal,
heterozygous folilli (Fig. 1C). Similar results were obtained with three thoracic and eight abdominal segments (Fig. 2A).
when one copy ofglass a known activator of GMR  Loss-of-functionlilli mutations were found to be allelic to a
transcription, was removed (O’Neill et al., 1995). These resultiethal P-element insertiol{2)00632 that exhibited a pair-rule-
suggest thatilli acts as a transcriptional regulator f8BMR  like segmentation phenotype when the maternal component of

transgenes. the gene was removed (Perrimon et al., 1996). Since both RNA
o . in situ hybridization (data not shown) and tH&)00632
Molecular characterization of  /illi germline clone phenotype (Perrimon et al., 1996) suggested

Previously,lilli was localized at 23C1-2 on the cytogeneticthatlilli transcript is maternally contributed, we used the DFS-
map, and the P element lil@)0632 was shown to fail to FLP technique to produce germline clones (GLC) that result in
complementlilli mutant alleles (Neufeld et al., 1998b). We lilli null embryos that lack both maternal and zygotic Lilli
found that the lethality of(2)0632 could be reverted by P activity (Chou and Perrimon, 1996).

excision (77%1§=128) viable excisions recovered), indicating lilli GLC embryos I{lli XS57>and lilli XS49% exhibited pair-
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Fig. 2. Maternal expression difli is required for proper segmentation and germband extension. Dark-field micrographs of cuticle preparations
from a zygotidilli XS575mutant embryo (A) and examples of the different phenotypes obserli#id#¥’>GLC embryos (B-D). A

characteristic pair-rule defect is shown in B; a severe pair-rule defect with fused denticle belts in C; and an embryocwitblgéarmation

in D. (E-H) Immunolabeling of En (blue) and Twi (brown) proteins in wild type (E,G)ilintF575GLC embryos (F,H). Embryos are shown in
early germband extension stage 7/8 (E,F) and after germband extension (stage 9) (G,H). (1,J) The normal pattern of 4 #Eadtcpe to 7
stripes inlilli GLC embryos. Germband extension is compared between a wild-type (1)ilint?2/>GLC (J) embryo during gastrulation (the

0 min timemark is stage 6 (early gastrula) and the 90 min mark is stage 9 (extended germband stage). The position iof thedrostee
extending germband is marked with an arrow and the position of the cephalic furrow is marked with an arrolfie&d.Grembryos, the

initial extension of the germband is normal, but the second phase of germband extension is slow and eventually stops\aitegdsiban J

that the formation of the cephalic furrow is also delayed itilth&SLC embryos.

rule segmentation defects more severe than those previouslgrsal egg length. In contrast, the germband never extended
reported forlilli (200632 (Fig. 2B-D; Perrimon et al., 1996). beyond 25% of dorsal egg lengthliti GLC embryos (Fig.
Two classes of phenotypes were observed. Approximately hati,J). These results suggest tHali is required for the
of the embryos (52%n=137) were missing odd numbered convergent extension movements during germband extension,
segments, with the remaining denticle belts often fused (44%pnsistent with its function as a maternally provided pair-rule
n=66) (Fig. 2B,C). The other classldfi GLC embryos failed gene.
to secrete cuticle properly (Fig. 2D). These two phenotypic o . -
classes appear to reflect variation inherent tdilhdoss-of- ~ ftz and hkb expression is altered in  lilli GLC
function phenotype, rather than partial rescue by a patern@mbryos
copy oflilli , as they were similarly observed whether wild-typeGiven the potential role dflli as a transcriptional regulator,
or heterozygouélli males were used. To further characterizewe wished to examine whether the pair-rule phenotypidiin
these segmentation defects, we examined expression of t8&C embryos corresponded to changes in the expression
Engrailed (En) protein, which is present in 14 stripes along thef early patterning genes. We therefore analyzed the
anterior-posterior axis of wild-type embryos and marks thepatiotemporal pattern of mMRNA expression of several of these
parasegment boundaries (DiNardo and O’Farrell, 1987; Figyenes: the maternal coordinator gbeiomid (bcd); the gap gene
2E,G). Inlilli GLC embryos, the even-numbered En stripeshunchback(hb); the pair-rule genefushi tarazu(ftz), even-
were missing (Fig. 2FH). Similar defects in Winglessskipped(eve, hairy (h), andrunt (run); the segment polarity
expression were also observed (data not shown). Togethgenesengrailed(en) andwingless(wg) and the terminal gap
these results show thidti is required for the establishment of genegailless(tll) andhuckebeir{hkb). The expression patterns
odd-numbered segments in the embryo. of bcd hb, eve h andrun mRNA appeared relatively normal
The activity of other known pair-rule genes is not only(Fig. 3A,B,I-L; data not shown). In contrast, levels fof
required for segmental patterning, but also for germbanthRNA were significantly lower ifilli GLC embryos than
extension. Similarly, we found that germband extension isvild-type embryos at the end of cellularization (Fig. 3EftZ).
affected by loss ofilli. About 90 minutes after onset of expression appeared normal prior to mid-cellularization (data
gastrulation, germband extension in wild type reached 60% afot shown), after which its distribution became diffuse and
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wit lilli wt lilli

hb

hb-lacZ

ftz-lacZ

Fig. 3. Expression of the pair-rule gefteand of the terminal gap geh&bare reduced ifilli GLC embryos. Expression of mRNA transcripts

was detected by whole-mount in situ hybridization. The expression patterns of segmentation genes in wifpetyyeyos (A, E,I,K,M,0)

are compared to thoselii GLC embryosl{lli) (B, F, J, L, N, P) at cellularization blastoderm (stage 5) or early gastrula (stage 6). The probe
used for RNAIn situhybridization is indicated in the left side of each individual panel. The small inserts in E and F represent surface views of
the embryos. Note the major reductions in the expression levelsftf titemscript (F) and thiskbtranscript (P) idilli GLC embryos. The

expression patterns of thé-lacZtransgene remained unaltered in wild-type embryos (CJifinGLC embryos (D), while that of tHez-lacZ
transgene is markedly reducediili GLC embryos (G,H). All embryos are oriented with anterior to the left and dorsal side up.

uniform, and it rarely accumulated in stripes (Fig. 3F). Usingsecrete cuticle (see above) suggestedlilfialGLC embryos
ftz-lacZandhb-lacZtransgenes to determine the level of suchhad defects in addition to the patterning defects described
regulation, we found that expression of fteelacZtransgene above. We first examined cytoskeletal architecture integrity
was markedly reduced lilli GLC embryos, while that of the during cellularization. In wild-type embryos, early in
hb-lacZtransgene remained unimpaired (Fig. 3C,D,G,H). Thicellularization the distribution of actin filaments changes from
suggests that Lilli regulate$tz gene expression at the an apical cortical cap to an apical internuclear position
transcriptional level. Since bofitz andlilli are required for (Schejter and Wieschaus, 1993a; Fig. 4A,B). Following this
even-numbered En stripes and odd-numbered segmeinitial phase of cellularization, nuclei elongate and
formation (DiNardo and O’Farrell, 1987), this disruptiorftaf microtubules form characteristic arrays described as
expression may account for the pair-rule phenotype observearinuclear inverted baskets, while actin flaments maintain a
in lilli GLC embryos. contractile regular network of hexagonal units surrounding
In addition, we found thdtkbmRNA was either reduced or the microtubular arrays (Fig. 4C-E). Toward the end of
absent at the embryonic termini, while the expressiotil of cellularization, the individual units of the actin network
mRNA was largely unaffected iilli GLC embryos (Fig. 3M-  contract and the resulting cells retain thin connections, called
P). hkb establishes the anterior and posterior borders of thgolk stalks, to the center of the embryo (Schejter and
ventral furrow during gastrulation (Reuter and Leptin, 1994)Wieschaus, 1993a; Fig. 4K,L).
and lack ofhkb expression causes the mesoderm and ventral lilli GLC embryos exhibited specific defects in the
domain to extend to the poles; this domain is marked bynaintenance of the actin network during cellularization. The
expression ofsnail (sng. Accordingly, we found a small initial phase of cellularization occurred normally (Fig. 4F,G).
extension of the ventral domain that expressea and However, during the second phase of cellularization, specific

undergoes ventral furrow formation (data not shown). defects in the maintenance of the contractile actin network
were observed, as the actin network began to contract and the

lilli ‘is required for cytoskeletal functions during furrow tips moved basally. The actin filaments became

cellularization unevenly distributed between nuclei, ranging from abnormally

The significant percentage of embryos that failed to properliarge bundles to regions where the actin network was thin or
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Fig. 4.Lilli is required for the
maintenance of the hexagoi
actin network and for lipid
droplet clearing from the
cortex during cellularization.
Confocal images of embryo
during cellularization staine«
with Phalloidin for F-actin
(green)a-tubulin antibody
for microtubules (red) and
YOYO-1™ for DNA (blue).
(A-N) F-actin,a-tubulin,
DNA triple labeling; (O-P)
Armadillo, neurotactin doub
labeling. (A,B) A wild-type
embryo early during slow
phase of cellularization at tt
time when actin redistribute
from apical caps to
internuclear regions. (A) A
surface view focusing on the
apical internuclear space. (t
A cross section of the same
embryo. (F,G) Images of a
lilli XSS75GLC embryo taken
at a similar stage. (C-E) Wil
type embryos during the slo
phase of cellularization.
(H-J) lilli XS575GLC embryos
at the same stage as in C-E
The actin bundles are uneve
in thickness and are
frequently absent between
two or more nuclei
(arrowheads in H), although the distribution of the microtubules is mostly normal (arrowhead in ). (J) The absence afdesactiation at the
furrow tips is seen in cross section (arrowhead). Occasionally, nuclei are found in more basal cortical regions (arr@vild-(ke) embryo at

the end of cellularization. K focuses on the base of the furrows. In cross section (L) F-actin is seen concentratedditttiestilasmderm
epithelium. (M) Inlilli XS575GLC embryos, yolk stalks exhibit highly irregular outlines. (N) In cross section, multinucleated cells can be seen
(arrow), although each nucleus in these cells remain surrounded by a characteristic inverted basket array of microtuthates- abbie is also
concentrated in the apical cortex of the cells. (O,P) Confocal images of early gastrula stage embryos (stage 7) stdiihediediagainst

Armadillo protein (red) and neurotactin (green). Cross sections through the dorsolateral ectoderm are shown. Arm i®ladakzesd t

junctions and neurotactin is a marker for the basolateral membrane domains in both wild-tiffpeGir@ embryos. Scale bars in A and B are
20um and apply for all images (surface views and cross sections, respectively). (Q) High magnification views of the cortised oftoptey
wild-type (left hand panels) arnitli GLC (right hand panels) embryos. Embryos were staged by observation under halocarbon oil, mounted for
video microscopy and imaged at 10 minute intervals. After 40 minutes into cycle 14, lipid droplets are normally clearedubyliexicr

dependent bulk movement from the cortex establishing a region of clear cytoplasm basal to the nuclei (gray ifitiolB)Cliembryos lipid
droplets remain distributed throughout the cortical cytoplasm even 40 minutes after the onset of cycle 14.

absent (Fig. 4H-J), resulting in multinucleated cells (Figmicrotubules (Welte et al., 1998; Gross et al., 2000). As the
4H,J). The microtubular baskets surrounding each nucleusortical cytoplasm becomes depleted of lipid droplets, it
appeared largely normal, even in regions where actin filamenéppears transparent (Welte et al., 1998; Fig. 4Q)lilrGLC
were unevenly distributed (Fig. 4l). At the end of embryos, this cortical clearing is perturbed, resulting in a ‘halo’
cellularization, the yolk stalks were irregular in shape and sizef non-cleared cytoplasm around the central yolk (Fig. 4Q).
and large connections between cortical cells and the centralving lilli GLC embryos were found to have abnormal
yolk cell were frequently seen (Fig. 4M,N). Despite thesdlistribution of lipid droplets during cellularization (Fig. 4Q)
defects, video-timelapse analysis revealed that the timing @fnd about 80%nE56) of the embryos failed to separate from
cellularization and membrane formation was unimpairditliin  the central yolk sac shortly after cellularization. To determine
GLC embryos (data not shown) and did result in an epitheliakhether this failure to clear was caused by a general
monolayer of cells with proper apical-basal polarity (Fig.breakdown of cytoplasmic transport, we examined the
40,P). transport of yolk vesicles and the integrity of the microtubule
In addition to the failure in maintaining the actin network,network. The distribution of yolk vesicles can be observed in
lilli GLC embryos exhibited defects in transport of organelle§ixed embryos following extraction of neutral lipid from the
during cellularization (Fig. 4Q). In wild-type embryos, lipid lipid droplets. Inlilli GLC embryos, yolk vesicle movement
droplets move along microtubules in a bi-directional fashiorwas normal during cellularization (Fig. 5B), and the general
and accumulate basally during cycle 14, near the plus ends distribution of microtubular arrays was largely unaffected (Fig.
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41). Thus, lilli does not induce general breakdown ofthe mutant phenotype &ry a is very similar to that ofilli
microtubule-based transport, but rather is required specifical@LC embryos, it seems likely that the cellularization defects
for the microtubule-based basal transport of lipid droplets. observed ifilli GLC embryos are caused, at least in part, by

L . , ) a strong reduction iBry a expression.
lilli is required for the expression of  Sry a, a zygotic

regulator of the actin cytoskeleton Mutations in /illi reduce cell size but not growth rate

Pan-genomic zygotic screens for genes that are required for previous studies, we found that retinal cells lackiligwere
proper function of the actin network during cellularization havesignificantly smaller than wild-type cells (Neufeld et al.,
identified three genesullo, Sry a and bnk (Merrill et al.,  1998b). Recently, mutations in a number of components of a
1988; Wieschaus and Sweeton, 1988). The cellularizatioRI3K-dependent signaling pathway have been shown to reduce
phenotypes diilli GLC embryos are similar to those observedthe size of a variety of cell types Drosophila(Bohni et al.,
for mutations in the blastoderm-specific geneo andSrya  1999; Chen et al., 1996; Montagne et al., 1999; Verdu et al.,
(Schweisguth et al., 1990; Simpson and Wieschaus, 1990999; Weinkove et al., 1999; Zhang et al., 2000). The reduced
Simpson-Rose and Wieschaus, 1992). In contrast, mutationsdell size of these mutants reflects an underlying reduction in
bnk disrupt the timing of microfilament rearrangement duringthe rate of cellular growth, and thus inhibition of this pathway
cellularization (Schejter and Wieschau993b). We used can lead to reductions in the size of mutant clones, organs, or
antibodies against the Nullo and Bnk proteins to examine theanimals (Conlon and Raff, 1999; Lehner, 1999; Edgar, 1999;
distribution inlilli GLC embryos. In wild-type embryos, Nullo Weinkove and Leevers, 2000). In contrast, despite the small
and Bnk proteins colocalize with filamentous actin at thesize of individuallilli mutant adult cells, we found that we
leading edge of the invaginating furrows at mid-cellularizatiorcould generate relatively large clonediltif mutant cells (Figs
(Fig. 5E,F,1,J). Inlilli GLC embryos, Nullo and Bnk were 6A and 7A), suggesting th&lli may affect cell size without
expressed and localized normally, although the vesicular Nullohanging the overall rate of growth. This was tested by
staining in the basal periplasm was somewhat less pronouncedmparing the size of individudilli mutant clones to their
(Fig. 5G,H,K,L). In grazing sections, the alterations observewvild-type twinspots in third instar eye and wing imaginal discs.
in Nullo and Bnk distribution likely reflected the disruptions We found thatilli clones induced either at 24-36 hours or 36-
of the actin network (Fig. 5G,K). Thus, we conclude that thel8 hours after egg deposition (AED) were indistinguishable in
cellularization defects inlilli GLC embryos cannot be size and number of cells from their wild-type twinspots. Of 75
attributed to lack of Nullo or Bnk expression. individual clones examined at 96 hours after induction, the
Sry a mRNA is normally expressed at low and uniform average area difli mutant clones was 1440 pixels, compared
levels at cycle 13, and is then concentrated in two broad bantts 1400 pixels for corresponding wild-type twinspots (Fig. 6B).
prior to its down regulation late in cycle 14 (Fig. 5A; IbnsoudaThus,lilli mutant cells grew at 1.03 (x0.57) times the rate of
et al., 1993). Interestingly, we were unable to detect expressiaovild-type cells, indicating thdilli is not required for normal
of the Sry a gene during cellularization ililli GLC embryos rates of cell growth.
(Fig. 5B). Expression of &ry-lacZtransgene
was likewise abolished ihilli GLC embryo:
(Fig. 5D), indicating that the defect Bry a wit lilli
expression is at the transcriptional level. S

Fig. 5. Expression of zygotic regulators of
cellularization inlilli GLC embryos. (A,B) sry o
Expression ofry a transcripts detected by in situ

hybridization during mid cellularization. In wild-

type (A), Sry a transcripts are localized in a broad

band in the trunk and a smaller band in the anterior

region. Note the absence of endogeryay

transcripts ifilli GLC embryos derived from two

differont mutant allelesili XS57%B) andiili X547 STy o-lacZ
(data not shown). (C,D) Expressionff .
galactosidase expression (red) in wild-type (C) and-l-"ﬂ""'I

lilli GLC (D) embryos carrying 8ry a-lacZ

transgene. Expression of Twist protein (green) is

shown as a control. Note the absenc8nyfa-lacZ

expression inilli GLC embryos. (E-H) The

immunolabeling of Nullo protein (green) and (I-L) Nullo

Bnk protein localization (red) in blastoderm
embryos at mid cellularization. (E,F,1,J) Wild-type
embryos; (G,H,K,L)illi XS575GLC embryos.

(E,l,G,K) Grazing sections, (F,J,H,L) cross sections
through the advancing furrow membranes. Note, in
lilli GLC embryos, disruptions of the regular B
pattern of the leading edges of the furrow
membranes. The distribution of yolk platelets in

lilli GLC embryos is unimpaired.
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Fig. 6.Loss oflilli does not
affect cellular growth rate.

(A) Confocal image of a third
instar imaginal wing disc
containing pairs ofilli XS575
mutant clones (arrowhead;
mutant cells lack GFP marker)
and their corresponding wild-
type twinspots (arrow; cells
contain two copies of GFP
marker). Clones were induced

24-36 hours AED, and discs

were fixed 96 hours after clone 0

induction. Note the similar size Mitotic clone pairs

of mutant and twinspot clones.

Genotypey, w, HS-flp; lillXS575FRT40A/UbiGFP FRT40AB) Graph showing relative sizes (clone areas) of 75 individual pdlith %%575
mutant clones (gray bars) and wild-type twinspots (black bars), induced as in A. The average ratio of théllarelase$ to wild-type clones
is 1.03+0.57, indicating a normal rate of growthilin mutant cells.

B .l [ lilli clones ()X = 1444 pixels
W twinspots (+/+) X = 1400 pixels

P

Clonal area (pixels/clone)
t

Interestingly, despite an approximately 50% reduction in thaving discs, which revealed no significant difference in size
size oflilli photoreceptor cells and wing margin bristles in thebetweenrlilli and wild-type cells (Fig. 7D). In addition, unlike
adult (Fig. 7A,B), other cell types in the adult eye and wingnutations in components of the PI3K pathwhl}i, mutant
were unaffected. For example, the surface of eyes containimglls displayed a normal cell cycle profile (Fig. 7E). To test
lilli mutant clones appeared normal by SEM analysis (data nathether lilli is required for PI3K-mediated growth, we
shown), suggesting that losslidfi did not reduce the size of examined cells doubly mutant flilti andPten an inhibitor of
cone cells. The size dfli cells in developing wing and eye this pathway. Mutations iRtenincrease cell size and advance
imaginal discs appeared normal as well (Fig. 7C and data nGu/S progression (Goberdhan et al., 1999; Huang et al., 1999;
shown). This was confirmed by FACS analysis of dissociate@ao et al., 2000); these effects are prevented by mutations in

Fig. 7.Mutations inlilli decrease the size of
specific adult cell types. (A) Tangential secti
through dilli XS575homozygous clone in an
adult retina. The mutant clone is marked by
absence of pigment () Mutant photoreceptc
cells are smaller when compared to
heterozygous photoreceptor cells. At the clo
border, mosaic ommatidia containing a mixt
of pigmented wild-type and unpigmentiédt
mutant cells are evident. Note that only lilie
photoreceptor cells in mosaic ommatidia (bl
arrows) are reduced in size, indicating cell
autonomy. Homozygous mutant clones of th
lilli XS407 gllele gave identical clonal phenotyj
(data not shown). (B) Adult wing margin
carrying dilli XS575homozygous mutant clong
Note thatlilli homozygous mutant bristles
marked byyellow (indicated by a black arrow’
are shorter than wild-type bristles, which ha
dark color. (C) Confocal micrograph of a thir
instar larval eye imaginal disc containililj
mutant clones. Homozygous mutant clones
marked by the absence of GFP staining (gre
The twinspots are marked by the brighter Gl
staining in the adjacent area. The disc was
stained with the F-actin binding molecule
TRITC-Phalloidin (red). Note that there are |
observed differences in cell size and betwee
thelilli XS575clones and their corresponding
twinspots (white arrow and yellow arrow).
(D,E) FACS analysis of dissociated third instar wing discs containing clofi#s*$f7> Dark traces represent mutant cells, while light traces
represent control cells from the same discs. (D) Forward light scatter value (FSC) is a measure of cell size. No sigaifceet idif§ize is
detected between wild-type ahii mutant cells. (E) Comparison of DNA content indicates cell cycle phasing is also unaffected byilloss of
(F-I) Genetic interactions betweéli andPten Adult eye sections (F,H) and FACS analysis (G,l) of wing disc cells. Dark traces represent
mutant cells; light traces represent controls. As described previously, mutatRiesliead to cell enlargement (F,G). Cells doubly mutant for
lilli andPten(H,I) enlarge to the same extentd&TENsingle mutant cells; ommatidia of this genotype appear disorganized.

Cell counts

7|

Cell size (FSC) Cellsize (FSC)
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downstream components such@so(tor/dTOR Zhang etal., for cell intercalation movements in the germband it may

2000). In contrast, loss dilli did not prevent the cell provide another possible target ftili function. Further

enlargement or cell cycle changes causedPt®n mutation  analysis ofilli targets is likely to result in the identification of

(Fig. 7F-71 and data not shown), indicating th#it is not an  genes that govern germband extension movements during

essential element of the PI3K pathway. Interestingly, weastrulation.

noticed that ommatidia containing the enlargélil Pten o ) _ )

photoreceptor cells were severely disorganized, and containét is essential for cytoskeletal functions during

malformed rhabdomeres characteristic of cytoskeletal defecggllularization

(Fig. 7H; Fischer-Vize and Mosley, 1994; Fan and ReadyGenetic studies have indicated that cellularization specifically

1997). Together, these results indicate fitlataffects the cell requires a relatively small number of zygotically active genes,

size through a growth-independent and PI3K-independertcludingSrya, nullo andbnk(Merrill et al., 1988; Wieschaus

mechanism. We suggest that mutationkllinmay affect final and Sweeton, 1988). Removal of the maternal contribution of

cell size by disrupting the morphological changes that cellslli phenocopies the cellularization defects observed in zygotic

such as rhabdomeres and bristles, which are the specializationsitation in eitherSry a or nullo (Simpson and Wieschaus,

of photoreceptor and trochogen cells respectively, undergt990, Schweisguth et al., 1990)li thus represents the first

during pupal development. identified gene that is required maternally for specific
cytoskeletal functions at the onset of zygotic gene activity at
mitotic cycle 14. Our results suggest tf&ty a is another

DISCUSSION primary target oflilli function. First, in botHilli and Sry a
o _ _ mutant embryos Nullo protein distribution is normal, except
lilli is a maternally provided pair-rule gene where the actin network is disrupted (Postner and Wieschaus,

Four lines of evidence support the idea thillit functions  1994). Secondilli regulatesSryexpression at the transcription
during embryogenesis as a maternally contributed pair-rullievel, since botlsrymRNA expression an8iry-lacZtransgene
gene:lilli GLC embryos fail to establish even-number Enexpression are absent in the blastodertillinGLC embryos,
stripes; they subsequently lack odd-number segments; theyggesting that this may be the primary cause for the
exhibit defects in germband extension, and these phenotypesllularization defects observedlili GLC embryos.
are not seen in homozygolili embryos lacking zygotic Lilli Vesicle transport is a tightly regulated process during early
function. Thus, our results demonstrate that Lilli is requiredlevelopment and depends on maternal and zygotic gene
maternally for normal segmentation during embryogenesis. function (Welte et al., 1998). The basal movement of the
What is the mode of action bfli in segmentation? Unlike lipid droplets during mitotic cycle 14 is mediated by a
zygotic pair-rule genes that are expressed in the trunk regionicrotubule-dependent transport mechanism (Welte et al.,
of the embryo in seven stripes (St Johnson and Nissleii998; Gross et al., 2000). Because lipid droplet transport is
Volhard, 1992; Ingham and Martinez Arias, 1992), thedisrupted inlilli GLC embryoslilli is also required for at
expression pattern difli transcript is not segmental. Thiili least one microtubule-dependent transport process. Mutations
may play a role in the expression, localization or activity ofin only one other locushalo, cause a specific defect in
other pair-rule genedilli probably does not act through the cortical clearing similar to that dflli. Since microtubule
major gap gene&nirps (kni), Krippel (Kr), or giant (gt), function and structure appears otherwise norméllinGLC
because the striped pattern of the primary pair-rule gevees embryoslilli may be required for the expression and function
h and run are unaffected idilli GLC embryos(Nusslein- of Halo, or other unidentified components of lipid droplet
Volhard and Wieschaus, 1980; St. Johnson and Ndissleitransport machinery. The molecular nature of Halo is not
Volhard, 1992; Ingham and Martinez Arias, 1992). known and mutations are not available to examine potential
One function oflilli is to regulateftz transcription, since genetic interaction withilli .
expression of both endogenofiz mMRNA and aftz-lacz ) _
transgene are markedly reduced lifli GLC embryos. [/illi and regulation of cell size
Although a low level offtz mRNA remains inlilli GLC  One of the most striking aspects of thie mutant phenotype
embryos, these transcripts never resolve into seven stripes.idtthe marked reduction in size ldfi mutant cells. Recently,
is possible thatlilli directly regulatesftz transcription in a number of components of the PI3K-mediated signaling
combination with other transcription and regulatory factors, opathway have been shown to regulate cell siZerasophila
that lilli is required for the function or expression of suchLoss-of-function mutations ifnsulin-like receptor(Chen et
molecules. A candidate for such a factor is the product of thal., 1996), the insulin receptor substrate homaltgo (Bohni
ftz-f1 gene, which was shown to be required maternalljtfor et al., 1999), PI3K subunii3p110andDp60 (Weinkove et al.,
expression (Guichet et al., 1997; Yu et al., 1997). 1999), Daktl (Aktl, Verdu et al., 1999)or/dTOR (Zhang et
While the developmental defects observedliiin GLC  al., 2000), andiS6K(S6k Montagne et al., 1999) each cause
embryos are largely consistent withbeing the primary target cell size changes similar to those which we observilin
of lilli, ftz mutant embryos do not exhibit defects in germbandnutant cells. This apparent phenotypic similarity is consistent
extension movements as strong as those obsery#ld BLC  with lilli regulating cell growth by modulating PI3K signaling,
embryos (Irvine and Wieschaus, 1994). The only other knowor by acting as a target of the PI3K pathway. Howelilér,
gene that is necessary for germband extension is that of tdédfers from these and other growth regulators in a number of
Drosophila5HT2-serotonin receptor (5HBISR) (Colas et al., significant ways. First, the reduction in cell size caused by loss
1999). The function of 5SHFSR during germband extension of PI3K signaling is associated with an overall reduction in
is unclear, but since its segmental expression is indispensalgewth and proliferation, such that clones of mutant cells grow
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more slowly than their wild-type twinspots. In contrast, wepotential targets dflli function, there are defectslili GLC
found thatlilli mutant cells proliferated to the same extent agmbryos that cannot be explained by misregulation of any
wild-type cells, and could give rise to large clonesknown genes. The identification of néili targets will help
encompassing a significant fraction of the adult eye. Seconth identify key regulatory genes involved in processes such as
whereas mutations in components of the PI3K signalindjpid droplet transport and germband extension movements,
pathway reduce the size of both adult and imaginal disc celland may also provide functional cues to the family of the
loss oflilli did not affect cell size in imaginal discs. Third, FMR2/AF4-like proteins.
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