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Abstract
Multiplexin (Mp) is the Drosophila orthologue of vertebrate collagens XV and
XVIII. Like them, Mp is widely distributed in the basement membranes of the
developing embryos, including those of neuroblasts in the central and peripheral
nervous systems, visceral muscles of the gut, and contractile cardioblasts. Here we
report the identification of mutant larvae bearing piggyBac transposon insertions that
exhibit decrease Mp production associated with abdominal cuticular and wing margin
defects, malformation of sensory organs and impaired sensitivity to physical stimuli.
Additional findings include the abnormal ultrastructure of fatbody associated with
abnormal collagen IV deposition, and reduced Wingless deposition. Collectively, these
findings are consistent with the notion that Mp is required for the proper formation
and/or maintenance of basement membrane, and that Mp may be involved in
establishing the Wingless signaling gradients in the Drosophila embryo.
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1. Introduction
Extracellular matrix (ECM) proteins are fundamental structural components of
all multicellular organisms. Basement membrane proteins in particular, are
evolutionarily conserved across Protostomes and Deuterostome lineages (Fessler et al.,
1987; Blumberg et al., 1988). Collagens type XV and XVIII are basement membrane associated molecules that are grouped together as “multiplexin collagens”, a
structurally distinct group within the larger family of collagen proteins (Ackley et al.,
2001; Hynes and Zhao, 2000; Momota et al., 2008; Meyer and Moussian, 2009).
Multiplexin collagens are characterized by glycosaminoglycan (GAG) side chains and
an interrupted triple helix flanked by an N-terminal thrombospondin domain and a Cterminal endostatin domain (Myers et al., 1996; Halfter et al., 1998; Li et al., 2000;
Dong et al., 2003). Additionally, the C-terminal 20-kDa cleavage product of collagen
XVIII is believed to have a discrete function as an inhibitor of angiogenesis (O’Reilly et
al., 1997). Collagen XV is preferentially found in skeletal and cardiac muscles, whereas
collagen XVIII is mostly associated with subepithelial and subendothelial basement
membranes (Myers et al., 1996, 2007; Halfter et al., 1998; Amenta et al., 2005;
Carvalhaes et al., 2006; Tomono et al., 2002).
Mutations in human collagen XVIII lead to vitreoretinal degeneration, macular
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abnormalities and occipital encephalocele in Knobloch syndrome (Sertié et al., 2000).
Ocular manifestations and encephalocele are also found in mice lacking collagen XVIII
(Fukai et al., 2002; Ylikärppä et al., 2003a; Utriainen et al., 2004; Marneros and Olsen,
2005). By contrast, mice lacking collagen XV exhibit skeletal myopathy and heart
disease (Eklund et al., 2001). Consistent with the notion of separate functions in
basement membrane physiology, mice without both collagens XV and XVIII do not
display additional abnormalities (Ylikärppä et al., 2003b).
Similar findings have been reported for the invertebrate orthologues of collagen
XV/XVIII, the nematode CLE-1 and the Drosophila multiplexin (Mp) gene product.
While deletion of CLE-1 or Mp has not effect on organism viability, cell migration and
axon guidance are abnormal, suggesting a role in cell migration and innervations
(Ackley et al., 2001; Meyer and Moussian, 2009). This report further characterized the

Drosophila Mp protein by examining its localization in the nervous systems and in the
heart, and by characterizing the phenotype of hypomorphic Mp flies.

2. RESULTS
2.1. Identification and molecular characterization of Mp and new splice variants
It was shown that the two electronically annotated genes CG33171 and CG8647
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comprise a single gene unit, mp, the Drosophila orthologue of vertebrate multiplexin
collagen XV and XVIII and that the gene generates three major isoforms (Meyer and
Moussian, 2009). In our database analysis, we have found that an EST clone
“EST44112” contains the entire sequence of CG8647 with extra sequence at 5’ terminus,
which were located at 12 kb upstream of CG8647 in the Drosophila genome.
Accordingly, RNA extracted from wild type third-instar larvae was RT-PCR amplified
using the foremost upstream sequence of EST44112 (primer S2) and the sequence
corresponding to the fourth exon of CG33171 (primer AS2). The amplification reaction
yielded a 1000 bp product that contains both EST44112 and CG33171 sequences,
suggesting that the foremost upstream sequence is the first exon for mp and that the
gene spans from 65D6 to 65E2 on Drosophila genome (Fig. 1A). Moreover, additional
splice variants were identified that contain truncated TSP domain alone (Ap4) or TSP
coupled with endostatin, which were separated with various lengths of collagenous
sequences (Ap2, Afl1) or non-collagenous sequences (Ap1, Ap3) (Fig. 1B and C).

2.2. Mp is a Chondroitin Sulfate Proteoglycan (CSPG)
Human collagens XV and XVIII carry chondroitin sulfate (CS) and heparin
sulfate (HS) GAG side chains, respectively. Drosophila Mp has 9 Ser-Gly (SG)
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consensus sites for GAG side chain attachment. Antibodies were therefore raised
against the recombinant GST fusion protein corresponding to the hinge region of Mp in
order to assess whether or not GAG chains are also present in the invertebrate collagen
protein. Anti-Mp antisera recognized multiple bands ranging from 140 to 80 kDa (Fig.
2A, lane 1), which are absent in membranes incubated with pre-immune sera (Fig. 2A
lanes 3 and 4) or are undetectable in protein extracts from mpf07253/mpf07253 mutant
flies (Fig. 2A, lanes 2 and 4).
Homogenates from wild-type flies were incubated with heparitinase or
chondroitinase ABC, and the digests were analyzed by immunoblotting with anti-Mp
sera. While heparitinase had no effect on the mobility of the immunoreactive material
(Fig. 2B, H’ase), chondroitinase ABC treatment increased the intensity of multiple
bands ranging from 120 to 145 kDa (Fig. 2B, Ch’ase).

2.3. Tissue distribution of the Mp protein
Immunohistochemistry localized the strong Mp protein accumulation in both
anterior and posterior midgut rudiment (arrowheads in Fig. 3A), and the neuroblasts of
the anterior region appeared as dots along the germ band in stage 8 wild type embryos
(arrows in Fig. 3A). At stage 14, Mp appeared both in the central and peripheral
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nervous systems (CNS and PNS) (Fig. 3B). In the CNS, pairs of Mp-expressing cells
appear to line up along the midline and are anteriorly adjacent to the anterior
commisures in the dorsal side of the neuropile (arrowheads in Fig. 3B). Another group
of cells that express Mp was located on the midline between the anterior and posterior
commissures and on the ventral side of the neuropile (Fig. 3B). Distribution of Mp did
not correspond with either the pan-neuronal marker anti-HRP antigen (Fig. 3C) or
Engrailed (Fig. 3D). At later stages of development, Mp was found to decorate the
neuropile in a ladder like structure, implying that the axons of these cells are crossing
the midline and are connecting longitudinally (Fig. 3E). By its morphology and its
origin from Engrailed-negative midline cells, we believe that these Mp expressing cells
are interneuron precursors (Bossing and Brand, 2006). The finding that axons stained
with anti-Mp extend from the proneural clusters toward the CNS (arrows, Fig. 3G)
supported the notion that Mp is expressed in the bipolar sensory neuron of the PNS.
Mp expression is also noticeable in organs of mesenchymal origin, such as visceral
muscle or dorsal vessel, fly heart (Fig. 3F, G). Interestingly, Mp expression is
prominent in the cardioblasts and alary muscle in the heart region, but is absent in the
ostia, the inflow tract of the Drosophila heart (Fig. 3G, H).
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2.4. Identification and characterization of mp hypomorphic flies
Two piggyBac transposon elements that carry splice-trapping insertion alleles
(referred to as mpf07253 and mpf03008) were identified in the Harvard Exelixis collections
(Fig. 1A). Likewise the previously reported two deletion mp mutant flies, these mutant
flies are viable and fertile and lack overt phenotypes even in homozygosity (Meyer and
Moussian, 2009). RNA was therefore extracted from third-instar larvae to assess the
possible presence of one or more mp transcripts in each of the homozygous mutant
lines by RT-PCR using several combinations of primers. The assay revealed a faint
expression of mp-A and mp-B transcripts only with a pair of primers ES and AS4 in
both mutant homozygotes, suggesting that the Mp alleles represent hypomorphic
mutations with trace transcripts of endostatin region rather than null mutations (Fig.
1B and 4A). The apparent discrepancy between immunoblots and PCR analyses is
likely to reflect the sensitivity of the two techniques (Figs. 2A and 4A).
Axon pathfinding errors have been previously reported in Drosophila mp
deletion mutants (Meyer and Moussian, 2009) and in CLE-1 mutant nematodes
(Ackley et. al., 2001). We therefore examined axonal migration in our mp mutants by
staining embryos with a pan-neuronal marker and found seemingly normal neural
morphology consistent with the hypomorphic nature of the mpf07253 and mpf03008 alleles
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(data not shown). By contrast wing margin and abdominal segment cuticle defects were
readily evident in these mutant flies (Fig. 4B). Specifically, the wing longitudinal veins
were not fully extended to the edge (Fig. 4B, B’) and the hemisegments of the dorsal
abdominal cuticle plates (tergites) were either missing or were not fused at the dorsal
midline (Fig. 4C’). Importantly, these phenotypes were no longer observed after
excising the piggyBac transposons (data not shown). Although lacking direct evidence,
Wingless specification of wing morphogenesis and tergite cell fates determination
suggest the potential association of wing and cuticle defects in mp hypomorphic flies
with impaired Wingless signaling (Phillips and Whittle, 1993; Shirras and Couso, 1996;
Kopp et al, 1999).

2.5. Mp mutants exhibit blunt sensory neurons and less sensitivity to physical stimuli
Observational evidence suggested that mutant larvae may not be able to sense
physical stimuli enough to avoid colliding with one another. To test this hypothesis, we
performed a touch sensitivity assay on mutant and control third-instar larvae. Wild

type larvae exhibited strong avoidance to physical stimuli ( = 12.87), whereas mutants
had poor response to them (mpf03008/mpf03008:

= 8.93, mpf07253/mpf07253:

= 4.65) (Fig.

5A). We stained embryos with 22c10 and found that mutants exhibited blunt
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morphology in the neurons of chordotonal organs (Fig. 5B, B’). This result was in line
with Mp distribution in the proneural clusters of the fly embryo (Fig. 3G); together,
these findings implicated the Mp protein is required for proper neuronal morphology
and function.

2.6. Altered lipid accumulation in Mp mutants
Larval

fatbodies

were

smaller

and

lipid

droplets

were

larger

in

mpf07253/mpf07253 and mpf03008/mpf03008 flies compared to wild type flies (Fig. 5C, C'). Mp
decorates the cell boundaries of the fatbody suggesting a probable defect in basement
membrane structure (data not shown). To test this hypothesis, basement membranes
were visualized by immunostaining for Viking, a Drosophila D2(IV) collagen.

The

analysis revealed a significant disorganization of cell boundaries in mpf07253/mpf07253
flies, suggesting a failure to assemble basement membranes (Fig. 5D, D’). A similar
result was obtained using mpf07253/mpf07253 flies producing GFP fused to Viking (data
not shown). At the ultrastructural level, the intercellular spaces were broader in
mutants than wild type flies (Fig. 5E, E’), possibly because lost integrity of basement
membranes failed to provide proper scaffold to cells. Thus, Mp might be involved in the
formation/maintenance of the fatbody basement membrane and by extension, in
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regulating lipid metabolism.

2.7. Mp Deficiency mitigates Wingless deposition
Mp expression in cardioblasts and its absence in the ostia are complementary
to Wingless expression (Fig. 3G, H). We therefore asked whether Mp may affect
Wingless localization and found that the overall distribution of Wingless is diminished
in mutant embryos (Fig. 6A, A’). Particularly remarkable was the decrease of Wingless
in the larval proventriculus (Fig. 6B, B’) where Mp is expressed in the adjacent
circumferential muscle (Fig. 6C, C’). Wingless activity is required for cell migration to
occur from the foregut into the endodermal pouch during proventriculus morphogenesis.
In mpf07253/mpf07253 flies this process was not hampered by the severe reduction in
Wingless, suggesting that residual Wingless deposition might be enough to complete
proventriculus organogenesis.

3. Discussion
Multiple isoforms of collagen XVIII are present in vertebrates as a result of
alternative tissue-specific promoters and splicing mechanisms (Rehn and Pihlajaniemi,
1995). Recently, three isoforms of the Drosophila equivalent of vertebrate collagen
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XV/XVIII have been reported (Meyer and Moussian, 2009). In this paper, we have
identified another series of splice variants. The expression and the function of the new
isoforms remain to be elucidated as some of them do not contain the epitope region of
our anti-Mp antibody. It is however conceivable to argue that they may account for the
residual transcription of the ES domain found in the deletion mutant mp'N4-11, as the
deleted region is spliced out in these transcripts (Meyer and Moussian, 2009).
Our immunoblots analysis revealed Mp protein increased the intensity of the
longer (120-145 kDa) isoforms after chondroitinase ABC treatment. We interpreted
these results to indicate that the longer, but not the shorter, Mp isoforms are
predominantly modified by GAG side chains and that the modifications largely
correspond to CS rather than HS side chains. To our knowledge, this is the first
biochemical validation of the postulated presence of CSPG in Drosophila (Cássaro and
Dietrich, 1977; Pinto et al., 2004).
As observed in other species such as zebrafish and nematode, mp gene is
preferentially expressed in the nervous system and in the muscular system (Ackley et
al., 2001; Pagnon-Minot et al., 2008; Haftek et al., 2003; Meyer and Moussian, 2009). In
this report, we observed Mp protein accumulations in the developing CNS and PNS in
a segmental cellular fashion. Mp protein was observed at embryonic stage 8, which was
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earlier than the previous expression data (Meyer and Moussian, 2009). The
discrepancy is possibly derived from the sensitivity of the detection methods: the
previous observation was done in situ hybridization probing for isoforms A specific
region while the epitope region of our anti-Mp was common in both A and B isoforms.
We presume that the cells, even though with a low transcriptional activity, were
continuously secreting Mp, which was accumulated enough to be detected in our
system.
Collagen XV deficient mice manifest endothelial cell degeneration in the heart
and collagen XVIII is thought to be involved in cardiac valve formation (Eklund et al.,
2001; Carvalhaes et al., 2006). Dorsal vessel formation in Drosophila shares many
similarities with vertebrate heart development (Zaffran et al., 2006; Zaffran and
Frasch, 2002; Tao and Schulz, 2007). The present study documented the restricted
expression of Mp in the contractile cardioblasts of the heart, which also express the
transcriptional determinant of heart development Tinman (Bour et al., 1995; Lilly et
al., 1994, 1995; reviewed in Potthoff and Olson, 2007). Interestingly, the 5’ upstream
region of the mp gene contains multiple Tinman binding sites, as well as recognition
sequences for the myogenic factor Mef-2 (data not shown). It is therefore tempting to
argue that mp gene expression during myogenesis may be under the direct control of
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Tinman and Mef-2.
It has been suggested that collagen XVIII may antagonize Wnt signaling
owing to the presence of a polypeptide sequence with strong homology to the Wnt
receptor, Frizzled (Quélard et al., 2008). Hypomorphic Mp mutants exhibit
manifestations similar to those caused by wingless loss-of-function mutations;
additionally, Wingless distribution is markedly reduced in these Mp mutant flies. We
assume that the existence of Mp itself affects the morphogen gradient and the low
availability of Mp in the hypomorphic mutants results in mild phenotypes in wing
margin and tergite formation. These lines of correlative evidence strongly suggest that
multiplexin collagens may be required for the proper Wnt signaling in both vertebrate
and invertebrate organisms. Although the mechanism is yet to be clarified, one possible
explanation is that the CS chains of Mp may establish Wingless signaling area by
modulating ligand diffusion. Alternatively, the CS chains of Mp may mediate signaling
between Hh and Wingless, as they are both lipid-modified proteins that share
similarities in signaling mechanisms (Nusse, 2003). Indeed, the area of Hh signaling
was expanded in zebrafish embryos in which collagen XV expression was silenced
(Pagnon-Minot et al., 2008). Furthermore, it has been shown that Hh ligands are
concentrated on CS and attracted to HS by its higher affinity on target cells (Cortes et
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al., 2009).
Altered lipid storage in the mutant fatbody is reminiscent of lipid
accumulation in the aorta of Col18a1 (-/-) mice and altered serum lipid contents in
Knobloch syndrome patients (Moulton et al., 2004; Esko et al., 2008). In addition,
Errera et al. (2008) have recently reported upregulation of COL18A1 gene expression
during in vitro adipogenesis and genetic linkage between Frizzled polymorphisms and
obesity. Furthermore, Hh and Wnt signaling have been demonstrated to be important
regulators in adipocyte differentiation (Ross et al., 2000; Fontaine et al., 2008). It is
therefore possible that Mp may influence adipocyte differentiation through these
signaling pathways.

4. Experimental Procedures
4.1 Drosophila stocks
Oregon-R, P{wg-lac-z} / CyO and Vkg-GFP flies (G00454; Morin et al., 2001)
were obtained from Drosophila Genetic Resource Center (DGRC, Kyoto Institute of
Technology). PBac{WH}f07253 and PBac{WH}f03008 (Thibault et al., 2004) were
obtained from Harvard Exelixis collection (Boston, MA). Revertants from the piggyBac
insertion were generated by excision of the transposon and were selected for the white-
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eye individuals. Oregon-R was used as wild type control otherwise indicated. Flies were
raised at room temperature.

4.2. cDNA cloning and characterization of mp gene
A cDNA clone (GH14382), containing an electronically annotated gene
CG33171-RE, was obtained from Drosophila Genomics Resource Center (DGRC,
Bloomington, IN). For cloning mp-A cDNA upstream region, one microgram of total
RNA extracted from third instar larvae was reverse transcribed with ReverTra Ace and
random hexamer (Toyobo, Japan), and 1/100 of resultant cDNA was used as a template
for

PCR

using

S2

(5’-CTTTGTGGCTCCTGCTTTGT-3’)

or

S0

(5’-

CTGTTCAAGATGCGTGTGCT-3’) with AS2 (5’-CTCCCTTCTCGCCCTTGAT-3’). The
PCR products (S0/AS2) were cloned into pCRII vector (Invitrogen, Carlsbad, CA),
designated as RM8B. Two primer sets, S0 with AS1 (5’-GGCAATCGAGTTCCACTTGT3’)

and

BS1

(5’-CGATTGCCGGTTGTAAAAGT-3’)

with

BAS1

(5’-

CCGAGCAGGAAGAACAGAAT-3’), were used to amplify each isoform characteristic
region. The obtained cDNA fragments were cloned into pCRII vector as described above,
designated as mp-A/TA and mp-B/TA, respectively. To amplify the endostatin encoding
region,

we

used

ES

(5’-CTACGCGTGGCCGCACTGAAT-3’)
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with

AS4

(5’-

AGCAGTAAATTTTCTAAATGCGC-3’). The primers S2, S0 and AS1 were designed
based on sequence of the EST clone 44112 (accession number: EC199544) which
contained sequence of CG8647. The primers BS1, BAS1, AS2, ES and AS4 were
designed based on sequence of CG33171. The locations of these specific primers were
shown in Figure 1B. The sequences of various isoforms were submitted to GenBank.
The

primers

rp49s

(5’-ATGACCATCCGCCCAGCATAC-3’)

and

rp49as

(5’-

CTGCATGAGCAGGACCTCCAG-3’) amplified rp49, a constitutive gene in Drosophila,
were used as a reference for the RT-PCR quantification analysis. The gel image was
processed for densitometry analysis using ImageJ gel analysis function (NIH, Bethesda,
MD) and mp gene expression level was normalized to the level of rp49 and was
compared between the lines.

4.3. Production of antiserum
The mp NC1 domain nucleotide sequences were amplified from cDNA clone
GH14382 (DGRC, Bloomington, IN) using 5rep and 3rep. The PCR products were
introduced into pGEX-6P-1 vector (GE healthcare, Little Chalfont, UK) using BamHI
and EcoRI sites and confirmed by sequencing. This GST-fusion expression construct
was introduced into Escherichia coli strain BL21 and protein purification was
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performed using Glutathione Sepharose 4B (GE healthcare, Little Chalfont, UK)
according to manufacturer’s instruction. Purified protein was injected into Balb/c mice.
The resulting antibodies were affinity purified from sera by binding to CNBr-activated
Sepharose (GE healthcare, Little Chalfont, UK) coated with Mp collected from cleavage
of fusion protein with PreScission protease (GE healthcare, Little Chalfont, UK) and
were used for staining and immunoblotting. All procedures relating animals were
approved by Okayama University’s Animal Care and Use Committee and carried out in
accordance with the Guidelines for Animal Experiments at Okayama University. Care
was taken to minimize their suffering.

4.4. Protein extraction and digestion with glycosidase
Fifty adult flies were homogenized in 2 ml of Urea buffer (50 mM Tris-HCl (pH
8.0), 10 mM EDTA, 150 mM NaCl, 6 M Urea, 0.1% Triton X-100), extracted with
rotation for overnight at 4 °C and centrifuged at 12,000 rpm for 10 min to collect
supernatant (1200 Pl). After dialysis against appropriate buffer for each enzyme, the
adult extracts (50 Pl) were incubated with Chondroitinase ABC (20 mU) or
heparitinase (2 mU) (Seikagaku Kogyo, Tokyo, Japan) for 3 h at 37 °C. The reaction
was stopped by adding SDS sample buffer with 2-mercaptoethanol, samples were
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denatured for 5 min at 100 °C and resolved on 6% SDS-PAGE.

4.5. Antibodies
Antiserum against Mp (1:250 for immunohistochemistry; 1:500 for Western
blots) was used for the detection of Mp. Anti-22c10 (1:10), Anti-Wingless (4D4, 1:50)
and anti-Engrailed/inv (4D9, 1:3) were obtained from Developmental Studies
Hybridoma Bank (DSHB, Iowa City, IA). As secondary antibodies, anti-mouse IgGalkaline-phosphatase (1:500; Promega, Madison, WI) or LSAB2 (DAKO, Glostrup
Denmark) was used and detection was done according to the manual. Larval organs
were obtained from dissected third instar larvae and fixed with 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS: 2 mM NaH2PO4, 8 mM Na2HPO4, 170 mM
NaCl, pH 7.4) for 20 min. Blocking was done for 1 h in 4% skim milk in PBS and
incubation of primary antibodies was done overnight at 4 °C.

4.6. Microscopy and image processing
Fluorescent and phase contrast images were obtained using a microscopy
(Olympus, Tokyo, Japan) equipped with Zeiss Axiovision. Confocal images were
obtained using Zeiss LSM510. Larval locomotion were recorded using a dissection
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microscopy (Olympus, Tokyo, Japan) equipped with CCD camera and were processed
using Premier 6.0 (Adobe, San Jose, CA).

4.7. Touch sensitivity assays
Classifications of reactions were performed as previously described (Caldwell
et al., 2003). Student’s t-test (P <0.05) was performed using JMP7 (SAS Institute Inc.,
Cary, NC) for statistical analysis.

4.8. Transmission Electron Microscopy
Larval fatbodies were immersion-fixed with 2.5% glutaraldehyde/4% PFA in
0.1 M phosphate buffer (pH 7.3). After dehydration with ethanol series, the samples
were embedded in epoxy resin, cut into ultrathin sections and observed with a
transmission electron microscope (H-7100, Hitachi, Tokyo, Japan).
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Figure legends
Figure 1. Gene and protein structure of Mp. (A) Computationally annotated genes CG8647 and
CG33171, mapped on chromosome 3L from 65D6 to 65E2, comprise a single gene, mp. (B)
The exon/intron organization of mp and transposon insertion sites. Splicing variants with TSP

(mp-A, above) and without TSP (mp-B, below) were indicated along with the exon/intron
diagram. Alternative splicings of Mp-A isoforms (p1-4, fl1) were indicated by labeled curved
arrows. Splicing sites which occurs in the middle of exons were indicated by vertical bars.
ATG: the first methionine, TGA-p4: specific termination codon for Ap4, TAA: termination

codon. The regions amplified by RT-PCR (underlined), the skipped exons of each transcript
(dashed line) and the locations of primers (horizontal arrows). The colors indicate the
corresponding protein domain: untranslated region (black), TSP (red), junction (green),
collagenous domain (blue) and endostatin (yellow). The sequence used for antigen production

was indicated by upward bracket. (C) Protein structure: Mp-A isoforms (p3, p1, p4, p2, fl1) and
Mp-B. Each color refers to the protein domain described above.

Figure 2. (A) Immunoblot of adult fly extracts from wild type (lane 1, 3) and mpf07253/mpf07253
(lane 2, 4). Major immunoreactive bands (80 kD: arrow, 140 kD: arrowhead) appeared in wild
type crude extract (lane 1) which is missing in mpf07253/mpf07253 sample (lane 2). None of
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these bands were detected by preimmune antiserum (lane 3, 4). (B) Heparitinase treatment
(H’ase) did not cause any mobility shift. In contrast, by chondroitinase ABC treatment (Ch’ase),
three additional bands appeared (120 kD, 130 kD and 145 kD, asterisks).

Figure 3. Immunostaining of wild type embryos with anti-Mp antibody; lateral view (A), ventral
views (B-F) and dorsal view (G). Anterior is left. (A) At stage 8, Mp (blue) appears at the sites
of invagination in the anterior and posterior midgut rudiment (arrowheads), and in the
procephalic neuroblasts of anterior part in a segmental cellular fashion (arrows). (B) At stage 14,

Mp is expressed in a subset of the cells in the PNS (arrows) and in the cells along the midline in
the CNS (arrowhead). (C) Left: Confocal analysis of Mp positive cells (red) on A5-A8
segments revealed their relative localization to the neuropile (green). Right: Depth code of the
Mp positive cells in the same image. Mp positive cells on the midline (arrows) are more

ventrally located than those of the paired ones (arrowhead). Midline is indicated by white bars.
(D) Engrailed expressing cells (brown) exist adjacent to Mp expressing cells but they do not
colocalize. (E) At stage 16, Mp appeared as a ladder pattern, suggesting it is expressed in
interneurons (arrow). (F) At different focal plane, Mp is seen at visceral muscle (arrowhead).
(G) On the dorsal side, Mp expression is prominent in the cardioblasts in the heart (bracket) and
in the PNS (arrows). Scale bar: 50 Pm. (H) Schematic representation of the heart (bracket) in
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(G). Mp (black shadow) is seen in the cardioblasts of the heart region (orange circle), but is
absent in those of the aorta (green circle) and in the ostia (blue oval), the inflow tract of the
heart.

Figure 4. Characterization of Mp mutants and their multiple phenotypes. (A) Larval mRNAs from
wild type (lane 1, 4, 7, 10), mpf07253/mpf07253 (lane 2, 5, 8, 11) and mpf03008/mpf03008 (lane 3, 6,
9, 12) were reverse transcribed and amplified for mp-A (lane 1, 2, 3), mp-B (lane 4, 5, 6), the
mp endostatin region (ES-AS4: lane 7, 8, 9) and rp49, a gene encoding a ribosomal protein, as a
control (lane 10, 11, 12). The mp gene expression level in each homozygote was estimated
according to the band intensity of endostatin region (Wild type: mpf07253/mpf07253:

mpf03008/mpf03008 = 17.6: 1.4: 1). (B) Wild type wing. (B’) Typical wing phenotype observed
in mpf07253/mpf07253. Note the diffusive marginal region at the L4 and L5 ends (arrows). (C)
Wild type flies develop normal tergites. (C’) Flies mpf03008/mpf03008 often miss hemitergite
(arrow) or fail to fuse hemitergites at the dorsal midline (arrowhead). (B’’, C’’) The ratios of
individual flies with abnormal wings (B’’) or with dorsal abdominal segments (C’’). WT (n=56),
f03008 homo (n=33), f07253/f03008 (n=68), f07253 homo (n=57).

Figure 5. (A) Touch response analysis. Occurrences of each type of response observed in the analysis
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(No response: 0; stop: 1; retract: 2; turn away <90°: 3; turn away ≥90°: 4) (top) and the
averages of scores of each strain are indicated with S.E.M. (error bars). The numbers of larvae
used for this assay were indicated below. (B, B’) Morphologies of developing sensory neurons
are visualized by immunostaining with 22c10 antibody. Images of whole embryos (top);

magnified view of yellow rectangle (bottom). The chordotonal organs in wild type (B,
arrowhead) exhibit fine neural structures while blunt morphology in mpf07253/mpf07253 (B’,
arrowhead). (C, C’) Fatbodies from third instar larvae stained for lipid accumulation by oil red.
Scale bar: 100 Pm. Lipid droplets are small and dense in the fatbody of wild type (C) while
those are large and sparse in mpf07253/mpf07253 (C’). (D, D’) Confocal immunofluorescent
images of Viking, Drosophila D2(IV) collagen. Note that the linear cell boundary
pattern in wild type (D) is not observed in mutant (D’). (E, E’) Ultrastructure of the cell
boundary regions formed by three cells in the third instar larval fatbodies. Scale bar: 5 Pm.
Adjacent cells contact closely with thin intercellular spaces in wild type (E, arrowheads) while
those are broadened in mpf07253/mpf07253 mutants (E’, arrowheads).

Figure 6. Wingless distributions in embryos (A, A’) and in the proventriculus of third instar larvae (B,
B’). (A) Strong Wingless immunoreactive signals were observed at segmental stripes, at the

central midgut constriction (arrow) and at the both ends of midgut (arrowheads) in wild type
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embryos. (A’) Immunoreactive signals of Wingless were suppressed in mpf07253/mpf07253
embryos. (B) Strong Wingless signal (bracket) observed in the proventriculus of wild type third
instar larvae. (B’) Diminished Wingless deposition (bracket) in the proventriculus of

mpf07253/mpf07253 third instar larvae. (C) Mp protein localization (purple) in relation to
wingless-lacZ expression site (light blue) in the proventriculus of third instar larva. wingless
expressing cells lie at the boundary between the ectodermal cell (EC) and the endodermal cells
(EN). (C’) Summarized illustration of (C).Scale bars: (A, A’), 50 Pm; (B, B’, C), 100 Pm.
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