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ABSTRACT
The decapentaplegic (dpp) gene directs numerous developmental events in Drosophila melanogaster. dpp

encodes a member of the Transforming Growth Factor-b family of secreted signaling molecules. At this
time, mechanisms of dpp signaling have not yet been fully described. Therefore we conducted a genetic
screen for new dpp signaling pathway components. The screen exploited a transvection-dependent dpp
phenotype: heldout wings. The screen generated 30 mutations that appear to disrupt transvection at dpp.
One of the mutations is a translocation with a recessive lethal breakpoint in cytological region 23C1-2.
Genetic analyses identified a number of mutations allelic to this breakpoint. The 23C1-2 complementation
group includes several mutations in the newly discovered gene lilliputian (lilli). lilli mutations that disrupt
the transvection-dependent dpp phenotype are also dominant maternal enhancers of recessive embryonic
lethal alleles of dpp and screw. lilli zygotic mutant embryos exhibit a partially ventralized phenotype similar
to dpp embryonic lethal mutations. Phylogenetic analyses revealed that lilli encodes the only Drosophila
member of a family of transcription factors that includes the human genes causing Fragile-X mental
retardation (FMR2) and Burkitt’s Lymphoma (LAF4). Taken together, the genetic and phylogenetic data
suggest that lilli may be an activator of dpp expression in embryonic dorsal-ventral patterning and wing
development.

THE decapentaplegic (dpp) gene influences many de- several human cancers (Riggins et al. 1997; Waldrip
et al. 1998).velopmental events in Drosophila melanogaster. These

include dorsal-ventral patterning in the embryo, larval Here we report a genetic screen for dpp signaling
pathway components that exploits transvection effects atmidgut morphogenesis, and formation of adult append-

ages (Gelbart 1989). dpp encodes a member of the the dpp locus (Gelbart 1982). Transvection, or pairing-
dependent intragenic complementation between twohighly conserved Transforming Growth Factor-b (TGF-b)

family of secreted signaling molecules (Padgett et al. alleles of a gene, is seen at a number of loci (Lewis
1954). As a result of transvection, trans-heterozygous1987). To understand how dpp directs developmental

decisions in target cells, mechanisms of dpp activation individuals of the genotype dppd-ho/dpphr4 display wild-type
wings. The dppd-ho mutation is a small deletion in the 39and signal transduction must be fully described. Genetic

screens have been successful in identifying components cis-regulatory region of dpp. dppd-ho homozygous flies have
wings that are held out laterally from the body axis (Spen-of Dpp’s signal transduction pathway (Raftery et al.

1995; Sekelsky et al. 1995). These screens exploited cer et al. 1982). The dpphr4 mutation is a missense mutation
in the protein-coding region of dpp (Wharton et al. 1996).recessive embryonic lethal dpp alleles to identify muta-

tions that enhance this phenotype. Mothers against dpp When homozygous, the dpphr4 allele is embryonic lethal.
When dppd-ho and dpphr4 are paired, the wild-type regulatory(Mad) and Medea (Med) were identified in these screens.
region of the dpphr4 allele appears to act in trans on theThese genes, members of the Smad family, are also
wild-type coding region of the dppd-ho allele to generatehighly conserved across species (Newfeld et al. 1999).
viable adults with wild-type wings.Smad family members play important roles in mouse

During transvection, the respective regions (regula-development and act as tumor suppressor genes in
tory and coding) must be in close physical proximity.
A chromosomal rearrangement that physically moves a
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similar to Lilli were conducted using the National Instituteschromosomes from rearrangement genotypes showed
of Health website: http://www.ncbi.nlm.nih.gov/BLAST. Inasynapsis at the dpp locus. These rearrangements are
addition to GenBank, we conducted extensive BLAST searches

referred to as normal dpp transvection-disruptors (nor- of the genome databases for D. melanogaster (Berkeley Drosoph-
mal DTDs). Trans-heterozygous dppd-ho/dpphr4 flies will ila Genome Project website: http://fruitfly.berkeley.edu) and

Caenorhabditis elegans (Washington University Genome Se-also display a heldout phenotype if they contain a re-
quence Center website: http://genome.wustl.edu/gsc). Pro-arrangement with a breakpoint in a gene required for
teins identified by these searches that showed strong similaritydpp function (e.g., Mad; Sekelsky et al. 1995). This type
to Lilli (see the legend to Figure 5 for accession numbers)

of rearrangement, one that generates heldout pheno- were aligned with MACAW (Schuler et al. 1991). The align-
types in trans-heterozygous flies without asynapsis at the ments were refined using CLUSTAL X (Jeanmougin et al.

1998) and then adjusted manually. Alignments not presenteddpp locus, is referred to as an exceptional DTD (Gel-
are available upon request. Protein motifs were identified inbart 1982).
the alignments using the Kyoto University GenomeNet website:To determine if a DTD is normal or exceptional, an
http://www.motif.genome.ad.jp. Pairwise calculations of amino

unknown DTD is paired with a previously characterized acid identity and similarity were deduced from the alignments
normal DTD. If the unknown DTD is a normal DTD, using the Baylor College of Medicine website: http://dot.

imgen.bcm.tmc.edu:9331.trans-heterozygous flies will display wild-type wings. Two
Phylogenetic trees were generated from the alignments us-normal DTDs (even those with very different re-

ing MEGA (Kumar et al. 1993). First, a Poisson correctionarrangements) have the ability to arrange themselves
distance (Nei and Kumar 2000) was calculated from each

in such a way that synapsis occurs at the dpp locus (Gel- pairwise distance to account for multiple substitutions per site.
bart 1982). If the unknown DTD is an exceptional Then the evolutionary divergence (the number of amino acid

substitutions per site) between two sequences was calculatedDTD, trans-heterozygous flies will display heldout wings.
from the Poisson correction distance. Trees were then con-The presence of a normal DTD cannot suppress a hel-
structed on the basis of the corrected distance matrix usingdout phenotype that is due to a mutation in a gene
the neighbor-joining method (Saitou and Nei 1987). Trees

required for dpp function. Mutations that act as excep- not presented are available upon request. The degree of con-
tional DTDs are therefore candidates for components fidence for each branchpoint was obtained by the bootstrap

method (1000 replications; Felsenstein 1985).of the dpp signaling pathway.

RESULTSMATERIALS AND METHODS
Exceptional DTD screen: A total of 44,000 dpphr4/Drosophila stocks: dppd-ho, dpphr4, dppe87, dpphr56, and dpphr92

dppd-ho flies were screened (Figure 1) and 321 DTD muta-are described in St. Johnston et al. (1990). DTD11, DTD24,
tions were isolated. Of these mutations, 30 were excep-Df(2L)DTD16xD42, and Df(2L)DTD51xD52 are described in

Gelbart (1982). Med1, scwE1, and scwS12 are described in Raf- tional DTDs (Table 1). All exceptional DTDs were cyto-
tery et al. (1995). Df(2L)C28, Df(2L)C144, Df(2L)JS17, logically mapped. If an exceptional DTD chromosome
Df(2L)JS7, Df(2L)DTD62xH7, Mad6, Mad11, and Mad12 are de- appeared cytologically normal, the DTD mutation wasscribed in Sekelsky et al. (1995). sax1 and tkv8 are described

mapped by recombination.in Brummel et al. (1994). l(2)a16, l(2)k9, l(2)a4, and l(2)a6
All exceptional DTDs were then tested for geneticwere identified in a large screen (.5000 chromosomes) for

lethal mutations over Df(2L)JS17 described in Sekelsky interactions (enhancement of recessive embryonic le-
(1993). gbb1 is described in Wharton et al. (1999). l(2)00632 thality) with several classes of mutations affecting the
and l(2)k05431 allelic to lilli, l(2)01361 allelic to toucan, and Dpp signaling pathway. First, we tested for interactionsDf(3R)e-N19 are described in FlyBase (1999). lillis35 and lillixs407

with loss-of-function mutations in the Dpp receptorsare described in Neufeld et al. (1998) and Rebay et al. (2000).
saxophone and thickveins (sax1 and tkv8; Brummel et al.Exceptional DTD screen: Homozygous dppd-ho males were

irradiated and crossed to dpphr4/CyO females. All G1 heldout 1994) and in the Dpp signal transducers Mad and Med
progeny were isolated. These progeny carry DTDs (*). Single (Mad6, Mad11, Mad12, and Med1; Newfeld et al. 1997;
G1 heldout males were mated to females carrying a normal Wisotzkey et al. 1998). All of these mutations are domi-DTD (either DTD11 or DTD24). If the G2 progeny was heldout,

nant maternal enhancers of dpp recessive embryonicthen the new DTD was an exceptional DTD. The dppd-ho *
lethal alleles. Second, we tested for interactions withchromosome was then balanced. Gravid G1 heldout females

were placed alone in a vial and allowed to produce progeny. screw (scw), a gene encoding a TGF-b family member
Heldout male progeny must be either dppd-ho */dppd-ho or that augments dpp signaling during dorsal-ventral pat-
dppd-ho */dpphr4. These males were crossed to dpphr4/CyO females. terning of the embryo (Nguyen et al. 1998). We usedHeldout progeny from this cross must bear the genotype

a gain-of-function mutation (scwE1) that is a dominantdppd-ho */dpphr4. These males were treated like G1 heldout males
zygotic enhancer of dpp recessive embryonic lethal al-and crossed to females carrying a normal DTD. If the resulting

progeny was heldout, then the new DTD was an exceptional leles and a loss-of-function mutation (scwS12) that does
DTD. The dppd-ho * chromosome was then balanced. Wing not interact with any dpp alleles (Raftery et al. 1995).
angle measurements were performed as described (Gelbart Third, we tested for genetic interactions with a loss-of-
1982). Polytene chromosome squashes, cuticle preps, mater-

function allele of glass bottom boat-60A (gbb1). gbb encodesnal enhancement, and stage of lethality tests were performed
a TGF-b family member that cooperates with Dpp toas described (Sekelsky et al. 1995).

Phylogenetic analysis of Lilli: Database searches for proteins specify positional information in imaginal disks (Khalsa
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TABLE 1

Summary of exceptional DTDs

DTD Cytology Commentsa

42.0 In(2L)27E-28A;35A
43.1 T(2;4) Homozygous viable
43.3 In(2L)27A;28A Homozygous viable

T(2;3)28A;96B
43.4 T(2;3)58B;98F
43.5 T(2;3)25C3-D2;76D
44.1 T(2;3)34D;83E-F
44.2 Complex
44.3 Normal Homozygous viable
44.4 Normal
44.5 Normal Homozygous viable
45.1 Normal
45.2 Complex Pseudolinkage observedb

45.3 T(2;3)22F1-3;79 Pseudolinkage observed
45.4 T(2;3)33D-F;86C Pseudolinkage observed
45.5 T(2;3)23D1;62C

Figure 1.—Screen for exceptional DTDs. One version of 45.6 Three-break inversionthe screen is shown in which the G1 heldout mutant is male
on IIand DTD11 is used to test for exceptional DTDs. See materi-

21A-F/54B-41Aals and methods for details.
60F-54B/29E-F-21F
29E-F-40

45.7 Normal
et al. 1998). gbb is not involved in embryonic dorsal- 45.8 Normal Homozygous viable

45.9 T(2;3)55A;66Aventral patterning (Wharton et al. 1999). To date, no
45.10 Normalinteractions between gbb mutations and dpp recessive
45.11 Normalembryonic lethal alleles have been reported.
45.12 Dp(2;2)21A;24C-D Chromosome lostCharacterization of DTD46.4: DTD46.4 is a recessive
46.2 In(2;2)27F-28B;42A Homozygous viable

lethal strain obtained in our screen that has a T(2;3) 46.3 In(2;2)21E-F;28D-F
23C; 93F rearrangement (Figure 2A). To determine 46.4 T(2;3)23C-D;93F
which translocation breakpoint results in the recessive 46.5 Normal Homozygous viable

46.6 Normal Pseudolinkage observedlethality, DTD46.4-bearing flies were mated to flies with
46.7 T(2;3)32D-E;82A-Bdeletions spanning one of the two breakpoints. DTD46.4
46.8 Normalcomplemented Df(3R)e-N19, a deletion of 93B-94. DTD-
46.9 In(2;2)40F;59A46.4 failed to complement Df(2L)JS17, a deletion span-

a All exceptional DTDs are recessive lethal unless otherwisening cytological region 23C-D that includes Mad. Mad
indicated.is known to act as a dpp transvection disrupter (Sekelsky

b No females with the exceptional DTD were seen possiblyet al. 1995), so we suspected that DTD46.4 might be a
due to an undetected translocation between chromosomes II

new allele of Mad. To test this hypothesis we chose to and Y.
further characterize DTD46.4.

Complementation tests were conducted with a num-
ber of deficiencies and other mutations in the 23C-D DTD46.4 was also responsible for disrupting the dppd-ho/
cytological region (Figure 2B). The DTD46.4 chromo- dpphr4 transvection-dependent phenotype. We tested
some failed to complement the deficiencies Df(2L)C144, Df(2L)C144 and l(2)a16 for the ability to disrupt this
Df(2L)DTD52xD51, and Df(2L)JS17 and an EMS-induced phenotype. Forty-six percent of dppd-ho Df(2L) c144 /dpphr4

loss-of-function mutation l(2)a16. These five strains are flies had heldout wings; of these flies, 47% were severely
referred to as the 23C complementation group. How- heldout. Twenty percent of dppd-ho l(2)a16/dpphr4 flies had
ever, the DTD46.4 chromosome was viable over Mad6, heldout wings; of these flies, 50% were severely heldout.
Mad11, and Mad12 and the small deletion Df(2L)C28 that These results are similar to those of DTD46.4. Twenty-
uncovers Mad. These results place the recessive lethality six percent of dppd-ho DTD46.4/dpphr4 flies had heldout
of DTD46.4 distal to Mad in 23C1-2. Polytene in situ wings; of these flies, 53% were severely heldout. We
hybridization studies utilizing a variety of probes demon- conclude that the site of DTD46.4 recessive lethality
strated that the Drosophila Genome Project P1 clones in 23C1-2 is also the site that disrupts the dppd-ho/dpphr4

DS00906 and DS07149 span the 23C1-2 breakpoint transvection-dependent phenotype.
(data not shown). During the course of this study we became aware of

a new gene located in cytological region 23C1-2. ThisWe wanted to determine if the 23C1-2 breakpoint of
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press gain-of-function dRaf phenotypes. It seems likely
that Su(Raf)2A mutations are also allelic to DTD46.4
and lilli.

We tested four lilli alleles for dominant maternal en-
hancement of dpp recessive embryonic lethality. We ex-
cluded Df(2L)JS17 because it uncovers Mad. We tested
the lilli alleles with dppe87, dpphr56, dpphr4, and dpphr92 (St.
Johnston et al. 1990). No genetic interactions were
detected with the weak alleles dppe87 and dpphr56 (data
not shown). However, all lilli alleles tested showed sig-
nificant dominant maternal enhancement of the strong
alleles dpphr4 (Figure 3A) and dpphr92 (Figure 3B). Modest
dominant zygotic enhancement of dpphr4 was also de-
tected (Figure 3A). Thus, lilli alleles that disrupt a dpp
transvection-dependent phenotype are also dominant
enhancers of dpp recessive embryonic lethality.

The same alleles of lilli were tested for genetic interac-
tions with other genes that function in dpp signaling.
lilli alleles did not enhance the recessive lethality of the
loss-of-function mutations Mad12, Med1, sax1, tkv8, scwS12,
or gbb1. However, lilli alleles showed dominant maternal
enhancement of the recessive lethality of scwE1 (Figure
3C). scwE1 is a gain-of-function allele that is itself a domi-
nant zygotic enhancer of dpp recessive embryonic lethal-
ity (Raftery et al. 1995).

We then determined the stage of lethality for the
Figure 2.—Cytological and genetic mapping of DTD46.4. lilli loss-of-function mutation l(2)a16. We identified lilli

(A) Polytene chromosomes from larvae heterozygous for
mutant individuals [l(2)a16/Df(2L)C144] using the dom-DTD46.4 show a T(2;3)23C;93F rearrangement. The 23C and
inant visible marker Black cells (Bc ; FlyBase 1999).93F cytological regions are indicated by arrows. (B) A sche-

matic representation of cytological region 23C-D. The cytolog- When l(2)a16/In(2LR)Gla Bc males were mated with
ical locations of several deficiencies are shown. The endpoints Df(2L)C144/In(2LR)Gla Bc females, only Bc larvae were
of all deficiencies are approximate except that the distal recovered (data not shown). Bc is not visible in first
breakpoints of Df(2L)C28 and Df(2L)JS17 have been cloned

instar larvae, suggesting that lilli mutants were dying as(Sekelsky 1993). The cytological locations of five complemen-
embryos or as first instar larvae. Examination of lillitation groups ordered using the deficiencies are indicated by

vertical dashed lines. The EMS-induced mutation l(2)a16 and mutant embryos revealed a partially ventralized pheno-
the P-element insertion lines l(2)00632, l(2)k05431 were used type (Figure 4). This phenotype is also seen in zygotic
to place lilli . The P-element insertion line l(2)01361 was used mutant embryos of dpphr56 (Wharton et al. 1993) and
to place toucan (toc). The EMS-induced mutations Mad6, Mad11,

scwE1 (Raftery et al. 1995). Several of the hallmarksand Mad12 were used to place Mad. The EMS-induced muta-
of this phenotype are a herniated head, internalizedtions l(2)k9 and l(2)a4 represent complementation groups not

currently assigned to a known gene. filzkorper, and disorganized/expanded denticle bands.
Embryos derived from germline clones of weak Su
(Raf)2A mutations (e.g., Su(Raf)2A161H1) also show this

gene, lilliputian (lilli), was identified in two screens for partially ventralized phenotype (Dickson et al. 1996).
Ras/Mitogen-activated protein kinase (MAPK) signal Phylogenetic analysis of Lilli: The sequence of a full-
transduction pathway components. In these screens, length lilli cDNA has recently been identified (A. Tang,
loss-of-function mutations in lilli were identified as sup- personal communication). A nearly identical protein of
pressors of gain-of-function phenotypes of seven in ab- 1665 amino acids, except for an 8-amino-acid truncation
sentia (SS2-1; Neufeld et al. 1998) and as suppressors at the N terminus, was predicted from genomic se-
of gain-of-function phenotypes of yan (SY2-1; Rebay quence by the Berkeley Drosophila Genome Project
et al. 2000). Complementation tests showed that both (GenBank accession no. AAF51180; Adams et al. 2000).
DTD46.4 and l(2)a16 failed to complement either lillis35 BLAST searches using arbitrarily defined segments of
(Neufeld et al. 1998) or lillixs407 (Rebay et al. 2000). We the predicted Lilli protein identified very similar regions
conclude that members of our 23C1-2 complementation in four human proteins. These proteins belong to a
group are alleles of lilli. In addition, a screen for genes multigene family called the FMR2/LAF4 family (Gecz
that interact with dRaf, another component of MAPK et al. 1997; Nilson et al. 1997).
signaling pathways, identified a locus in 23C1-2 (Dickson FMR2 was identified via mutations that result in Frag-

ile-X mental retardation syndrome. Fragile X mentalet al. 1996). Loss-of-function mutations in Su(Raf)2A sup-
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Figure 4.—lilli mutant embryos have a partially ventralized
phenotype. (A) Wild-type embryo oriented anterior to the left
and dorsal toward the top. The head skeleton at the anterior
(thin arrow) and the filzkorper at the posterior (wide arrow)
are noted. (B) l(2)a16/Df(2L)C144 embryo. In this example,
the head is dysmorphic (thin arrow) and the filzkorper are
internalized (wide arrow). The ventral denticle bands are ex-
panded toward the dorsal side and are disorganized. This
embryo is similar to a dpphr56 mutant embryo (Wharton et al.
1993). (C) l(2)a16/Df(2L)C144 embryo. In this example, the
head skeleton is completely herniated (thin arrow), the em-
bryo is bent into a U shape, and the filzkorper are internalized
(wide arrow). This embryo is similar to a scwE1 mutant embryo
(Raftery et al. 1995).

retardation syndrome is the most common form of in-
herited mental retardation in humans. FMR2 is highly
expressed in the fetal brain (reviewed in Jin and War-

Figure 3.—lilli mutants are dominant maternal enhancers ren 2000). LAF4 was identified via chromosomal trans-
of dpp and scw recessive embryonic lethality. (A) dpphr4. (B)

locations that result in Burkitt’s lymphoma. Burkitt’sdpphr92. (C) scwE1. Bars represent the percentage of expected
lymphoma is associated with highly malignant tumorsprogeny obtained from each mating. The actual value is

shown. Solid bars indicate tests for zygotic enhancement of and is the most common form of childhood cancer.
recessive lethality (matings where the father was heterozygous LAF4 is highly expressed in fetal lymphoid tissue, partic-
for lilli). Shaded bars indicate tests for maternal enhancement ularly in preB-cells (Ma and Staudt 1996). The otherof recessive lethality (matings where the mother was heterozy-

family members, AF4 and AF5, were identified via dis-gous for lilli). In control crosses, dppd-ho was utilized in place
tinct chromosomal translocations that give rise to infantof the recessive embryonic lethal allele. At least 75 progeny

were counted from each mating. In maternal enhancement acute lymphoblastic leukemia (ALL). At this time, ALL
crosses, adult escaper progeny with the dpp or scw mutant is resistant to treatment and invariably fatal. AF5 is
chromosomes had no defects in their eyes, wings, or legs and

highly expressed in fetal heart, lung, and brain whilefemales were fertile.
AF4 is highly expressed in fetal heart, liver, and brain
(Li et al. 1998; Taki et al. 1999). These human proteins
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tains segments very similar to each of these domains in
the proper location.

We conducted an exhaustive analysis of the D. melano-
gaster genome database using the conserved regions of
Lilli and the four human FMR2/LAF4 family sequences.
A total of 15 different domains were used as query se-
quences. We did not identify any additional proteins
that contain all 3 conserved domains. Nor did we iden-
tify a group of consecutive (mis)predicted proteins that
contain the 3 conserved domains in the proper order.
We were not able to identify any additional proteins
with obvious similarity to only the C-terminal domain
diagnostic for the FMR2/LAF4 family. At this time, Lilli
appears to be the only D. melanogaster member of this
multigene family. We then conducted the same set of
exhaustive searches using the C. elegans genome data-
base. We did not identify any proteins with all three
domains or any with convincing similarity to the C-termi-
nal diagnostic domain.

An alignment of the C-terminal domain of Lilli with
all of the human family members is shown in Figure 5B.
This region of Lilli shows extensive amino acid similarity
with all of the human proteins. However, the alignment
gives the overall impression that the four human family
members are more similar to each other than they are
to Lilli. The degree of amino acid identity and similarity,
calculated from pairwise comparisons between all five
sequences for each of the conserved domains, is shown
in Table 2. The comparisons show that there is a signifi-
cant amount of amino acid similarity (.51%) between
Lilli and each human protein in all domains. The hu-
man proteins show .63% similarity in all domains with
most comparisons .72%.

Figure 5.—Lilli is a member of the FMR2/LAF4 multigene Data derived from pairwise comparisons were used
family. (A) Schematic representation of an FMR2/LAF4 family to construct phylogenetic trees for each domain. A com-
member. The locations of three conserved domains are shown. posite tree was also constructed from an alignment con-
(B) Amino acid alignment of the FMR2/LAF4 diagnostic do-

sisting of all three domains (Figure 6). Only slight differ-main of Lilli and the four human family members. Black boxes
ences were noted between the individual domain treesindicate identical amino acids at that position in at least three

sequences. Shaded boxes indicate a similar amino acid at that and the composite tree. The similarity of the trees sug-
position in at least three sequences. Gaps in the alignment gests that the tripartite structure of these proteins pre-
minimize the number of mutations required to explain all dates the divergence of arthropods and vertebrates. The
differences between the sequences. Amino acid numbers for

composite tree shows that the human family memberseach sequence are indicated. Accession numbers are as fol-
are indeed more similar to each other than they are tolows: Lilli, AAF51180; FMR2, AAA99416, AF5–AAF18981, AF4–

CAB69660, and LAF4–NP002276. Lilli. This distinction is 100% supported by the bootstrap
analysis. The composite tree contains two clusters of
human sequences that are also strongly supported. Se-

are nuclear proteins capable of DNA binding and tran- quence clusters with bootstrap values .75% are consid-
scriptional activation (Li et al. 1998). ered biologically meaningful (Newfeld et al. 1999).

Previous studies of this family identified three con-
served domains (Gecz et al. 1997; Figure 5A). Near the

DISCUSSIONN terminus there is a conserved domain that includes
a high mobility group I (HMGI) DNA-binding motif. In Exceptional DTD screen: We conducted a genetic
the center there is a conserved transcriptional activation screen for new components of the dpp signaling path-
domain with no recognizable motif. At the C terminus way. The screen identified 30 exceptional DTDs. These
there is a highly conserved domain diagnostic for the mutations disrupt transvection at the dpp locus but are
FMR2/LAF4 family with no recognizable motif and un- not associated with asynapsis at dpp. Mutations were not

recovered in genes involved in dpp signaling that act asknown function. BLAST searches showed that Lilli con-
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TABLE 2

Pairwise amino acid comparisons

Lilli FMR2 AF5 LAF4 AF4

N-terminal domain (DNA binding)
Lilli 24.2a 25.8 29.0 23.7
FMR2 52.4b,c 42.9 51.3 39.3 Figure 6.—Phylogenetic analysis of FMR2/LAF4 family
AF5 60.5 68.1 45.7 43.0 members. Evolutionary relationships between FMR2/LAF4
LAF4 54.8 75.6 69.8 39.0 family members, based on a composite alignment of the three
AF4 51.7 63.2 68.5 65.2 conserved domains, are shown. The length of the alignment

was 522 amino acids. The tree is unrooted. The numbersCentral domain (transactivation)
represent the relative incidence of that particular relationshipLilli 31.8 24.5 31.4 19.0
(in percentage) during bootstrap resampling using 1000 repli-MFR2 65.9 48.0 47.3 41.3 cates. Branch lengths are drawn to scale on the basis of the

AF5 62.7 69.3 52.0 64.8 number of amino acid substitutions per site.
LAF4 64.7 75.7 83.0 51.9
AF4 64.8 72.0 86.7 83.0

C-terminal domain (FMR2 diagnostic)
Lilli 29.0 31.5 30.6 29.6 that of Mad or Med mutations (Raftery et al. 1995;
FMR2 61.4 53.5 60.5 42.3 Sekelsky et al. 1995). Mutations in Mad or Med enhance
AF5 61.1 79.8 50.9 45.8 weak dpp alleles while lilli mutations do not. Second,
LAF4 58.0 85.6 84.6 47.2 lilli mutations enhance the recessive embryonic lethality
AF4 61.1 72.3 78.7 77.1

of a gain-of-function allele of the TGF-b family member
a Percentage identity is indicated above the diagonal. scw. scw augments dpp signaling in embryonic dorsal-
b Percentage similarity is indicated below the diagonal. ventral patterning. To date, tests for interactions be-
c Percentage similarity is the sum of the percentage of identi- tween scwE1 and other dpp pathway components such ascal amino acids and the percentage of conservative amino

Mad or Med have not been reported. lilli mutations doacid substitutions. Conservative substitutions are defined bio-
not enhance the recessive lethality of mutations in geneschemically (Smith and Smith 1990).
that encode Dpp signal transduction proteins (sax, tkv,
Mad, or Med). Third, lilli homozygous mutant embryos
have dorsal-ventral patterning defects similar to zygoticexceptional DTDs, such as Mad (Sekelsky et al. 1995),

suggesting that our screen was not exhaustive. mutant embryos of dpp and scw. Utilizing these genetic
criteria, lilli has as strong a connection to dpp signalingTo determine if any of the exceptional DTDs were

associated with mutations in dpp signaling pathway com- as Mad and Med.
In addition to our screen, lilli mutations were identi-ponents, we utilized three assays. These are the same

tests used in the initial characterization of the Dpp signal fied in three other screens. In these screens, lilli muta-
tions suppress dominant phenotypes generated by acti-transducers Mad and Med (Raftery et al. 1995; Sekel-

sky et al. 1995). First, we tested each DTD for genetic vated MAPK signaling pathways (Dickson et al. 1996;
Neufeld et al. 1998; Rebay et al. 2000). MAPK signalinteractions with dpp alleles that were not part of the

original screen. The original screen exploited dpp’s role transduction is initiated by transmembrane receptor ty-
rosine kinases. These receptors transmit the signal toin adult appendage formation. In this test we examined

each DTD for dominant maternal enhancement of dpp transcription factors in the nucleus utilizing a cascade
of tyrosine kinases. Alternatively, TGF-b family membersalleles that disrupt embryonic dorsal-ventral patterning.

Second, we tested each DTD for genetic interactions such as Dpp bind to transmembrane receptor serine-
threonine kinases. These receptors transmit the Dppwith other genes that participate in dpp signaling such

as sax, scw, and Mad. Third, we looked for similarities signal via a nonkinase mechanism of nuclear transloca-
tion by Mad and Med. The ability of lilli loss-of-functionbetween the mutant phenotype of a DTD, or another

member of its complementation group, and dpp mutant mutations to suppress MAPK signaling gain-of-function
phenotypes and to enhance dpp loss-of-function pheno-phenotypes.

Characterization of DTD46.4: The first mutation we types is very intriguing. To our knowledge, lilli is one
of the first genes involved in MAPK and TGF-b signalingchose to characterize in detail was the 23C1-2 break-

point of DTD46.4. This breakpoint is allelic to mutations pathways in a developmental system.
lilli encodes a transcription factor (A. Tang, personalin the newly discovered gene lilli. The results of our

genetic tests suggest that lilli is a strong candidate for communication). This fact suggests one hypothesis for
lilli’s role in MAPK signaling and another hypothesisa new component of the dpp signaling pathway. First,

lilli mutations enhance dpp heldout phenotypes and for a role in Dpp signaling. For MAPK signaling, lilli
may be a transcriptional effector of MAPK signal trans-embryonic recessive lethality. The enhancement of dpp

embryonic lethality by lilli mutations is not as strong as duction pathways. This hypothesis fits the observation
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that lilli loss-of-function mutations suppress MAPK sig- The human family members are all developmental
genes with high levels of fetal tissue-specific expression.naling gain-of-function phenotypes (Dickson et al.

1996; Neufeld et al. 1998; Rebay et al. 2000). For Dpp Mutations in these genes have devastating effects. Muta-
tions in FMR2 lead to mental retardation and mutationssignaling, lilli may be a maternally supplied transcrip-

tional activator of dpp and/or scw during dorsal-ventral in LAF4, AF4, and AF5 lead to treatment-resistant forms
of childhood cancer. Our analyses revealed several inter-patterning. This hypothesis fits three of our observa-

tions. First, lilli loss-of-function mutations maternally esting features of this newly expanded multigene family.
First, BLAST searches demonstrate that Lilli is uniqueenhance the recessive lethality of several dorsal-ventral

patterning mutations. Second, lilli mutant phenotypes among D. melanogaster genes. No other sequences with
convincing similarity to any FMR2/LAF4 family membermimic the mutant phenotypes of dorsal-ventral pat-

terning mutations. Third, lilli mutations do not en- were found in the D. melanogaster genome. We found
this surprising for a gene associated with dpp signaling.hance, either maternally or zygotically, the embryonic

lethality of genes that encode Dpp signal transduction To date, all known components of dpp signaling path-
ways belong to large multigene families with severalproteins. Alternatively, lilli could participate in a signal-

ing pathway parallel to the Dpp pathway that is also members in D. melanogaster (Newfeld et al. 1999). Sec-
ond, pairwise amino acid comparisons suggested thatrequired for the expression of Dpp target genes.

To test the hypothesis that lilli is a maternal activator the human genes in the FMR2/LAF4 family are more
similar to each other than to Lilli. This suggestion isof dpp and/or scw in dorsal-ventral patterning one would

examine dpp and scw expression in embryos derived supported with a 100% bootstrap value by phylogenetic
analysis. The basal branch of the tree separates Lillifrom lilli mutant germline clones. The prediction is that

there would be reduced dpp and/or scw expression in from the human genes.
Taken together, these two observations strongly sup-these embryos during dorsal-ventral patterning. At this

time, maternal activators of zygotic dorsal-ventral pat- port the hypothesis that lilli is the D. melanogaster homo-
log of the human FMR2/LAF4 family members. Weterning genes such as dpp and scw, as opposed to well-

known repressors such as Dorsal (Anderson 1998), are employ the strict evolutionary definition of homology
(genes identical by descent from a common ancestor).unknown. It is tempting to speculate that a maternal

MAPK signal induces lilli to activate dpp in embryonic In this case, we refer to the FMR2/LAF4 family progeni-
tor in the common ancestor of arthropods and chor-dorsal-ventral patterning.

Determining a role for lilli in dpp signaling in adult dates. The absence of any FMR2/LAF4 family members
in C. elegans suggests that the FMR2/LAF4 family pro-wings, where lilli mutations enhance the heldout pheno-

type, is more problematic. There is no a priori reason genitor arose after the split of nematodes and arthro-
pods.to believe that lilli plays the same role in dpp signaling

during dorsal-ventral patterning and adult appendage In addition, the appearance of two pairs of sequences
for the four human FMR2/LAF4 family members in theformation but it seems a logical place to begin. Thus

it is possible that lilli activates dpp expression in wing phylogenetic tree is compatible with Ohno’s (1970)
hypothesis that two rounds of genome duplication haveimaginal disks. This hypothesis fits a report of dpp tran-

scriptional regulation by the heldout cis-regulatory re- occurred in the vertebrate lineage. The original mem-
ber of each pair of human sequences could have beengion (Hepker et al. 1999). In this study, two consensus

HMGI binding sites (A/TA/TCAAG; van de Wetering generated during the first event and the second member
of each pair by the second event. Alternatively, the fouret al. 1991) are identified as dTcf binding sites in the

heldout region. The expression of reporter genes con- human sequences could have been generated by three
independent gene duplication events. Additional phylo-taining the dpp heldout region was disrupted when these

putative dTcf sites were mutagenized. In addition, domi- genetic data are needed to distinguish these hypotheses.
In summary, Lilli appears to function in both MAPKnant negative forms of dTcf expressed in wing imaginal

disks eliminated dpp expression. As a result, the authors and Dpp signaling pathways, suggesting important roles
in Drosophila development. Detailed studies of Lilliconclude that dTcf is required for dpp expression by

the heldout cis-regulatory region. However, these data function in Drosophila will likely shed light on the wild-
type function of human FMR2/LAF4 family members.do not preclude the possibility that the HMGI binding

sites are actually the target of another HMGI domain For example, the functional conservation of dpp signal-
ing pathway components suggests that human homologsprotein, such as Lilli. To determine which HMGI do-

main protein is actually responsible for dpp expression of Lilli’s transcriptional targets are likely to be targets
of human FMR2/LAF4 family members. Given that mu-from heldout regulatory sequences, one would examine

dpp expression in wing imaginal disks bearing dTcf or tations in these human genes lead to mental retardation
or childhood cancer and that information on humanlilli somatic clones.

Phylogenetic analysis of Lilli: Lilli shares three con- developmental genes is difficult to gather directly, stud-
ies of Lilli are an important weapon in our efforts toserved domains with the four human members of the

FMR2/LAF4 multigene family of transcription factors. combat these human syndromes.
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