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The RET gene, encoding a receptor tyrosine kinase, is unusual
among human protooncogenes in that its mutant alleles are
implicated in a developmental defect involving enteric neurons as
well as in tumorigenesis. The cells affected in both types of
disorders are derived from the neural crest. Targeted disruption of
mouse ret has revealed an additional role in kidney development.
Here we report the analysis of a ret homolog in Drosophila
melanogaster, an arthropod with no neural crest. Drosophila ret
(D-ret) encodes a protein of 1,235 amino acids that has all of the
domains identified in the vertebrate ret, including a cadherin
motif. During embryogenesis, D-ret mRNA is first detected in the
yolk sac at the late gastrula stage. In the postgastrula, D-ret is
expressed in the foregut neurons, excretory system, peripheral
ganglia, and the central nervous system. Thus, despite the wide
divergence of early embryonic fate maps between vertebrates and
invertebrates, D-ret is expressed in cells that are presumed to be
the functional equivalents of the ret-expressing cells in verte-
brates. Unexpectedly, D-ret is also expressed in the imaginal
islands of the endodermal gut. These cells are proliferation-com-
petent precursors for adult midgut that are diffusely embedded in
the growth-arrested juvenile gut. These ret-expressing nonneuro-
nal cells are strikingly analogous to vertebrate enteric neurons in
their topography, but not in their cell fate. Our finding suggests a
previously unrecognized phylogenetic relationship between the
ret-expressing cells in vertebrates and the precursor reserves of
metamorphosing insects.

G enes that have been recognized to play instructive roles in
embryonic development in animals are often found mutated
or deregulated in human tumors (1). The potential relationship
between morphogenesis and oncogenesis has been suggested par-
ticularly strongly by the case of the ret protooncogene.
Loss-of-function mutations of human RET have been impli-
cated in Hirschsprung’s disease, a developmental disorder char-
acterized by the partial absence of enteric neurons in the gut (2,
3). On the other hand, excess-of-function RET mutations are
associated with multiple endocrine neoplasia type 2 (MEN2), an
inherited cancer syndrome characterized by carcinomas of the
thyroid C cells as well as occasional pheochromocytomas of the
adrenal and neuromas of the enteric neurons (4-6). The allelic
series of RET mutations found in these diseases suggests that the
RET signal, required for normal morphogenesis, can be acci-
dentally converted to a signal that leads to tumor outgrowth.
Targeted disruption of ref in mice results in perinatal lethality
and has revealed both an essential role in innervating the entire
length of the gastrointestinal track and an additional role in
kidney development (7). These are features not immediately
suggested by the human studies, because the null mutation of ret
is homozygous lethal and the phenotypes of the Hirschsprung
patients, who are heterozygotes, likely reflect a high degree of

dosage sensitivity to human RET (8). The cells affected in MEN2
tumors and Hirschsprung’s disease are derived from the neural
crest, which is a population of cells diffusely migrating during
embryogenesis.

Molecular probes used to study mammalian embryos detected
ret expression in the sympatho-enteric subgroup of the neural
crest and in the ureteric bud of the developing kidney (9-11), in
good agreement with the mutant phenotypes. In addition, ret
expression was observed in parts of the central nervous system
(CNS) and the peripheral nervous system (PNS), but most of
these cells develop normally in the homozygous mutants (7).

ret encodes a transmembrane tyrosine kinase that, in associ-
ation with another polypeptide, serves as the receptor for glial
cell line-derived neurotrophic factor (GDNF) and other mem-
bers of the GDNF family, which forms a subgroup in the
transforming growth factor B superfamily (12-15). GDNF was
discovered as a potent survival factor for central dopaminergic
and motor neurons in culture (16, 17). However, in GDNF-
deficient mice, major morphological defects were found in
enteric innervation and kidney formation, whereas the CNS
neurons were unaffected (18-20). This result has demonstrated
that the obligatory requirement of GDNF/Ret in organogenesis
resides outside the CNS. GDNF expression is found adjacent to
ret expression throughout the body, supporting the idea that
GDNF and Ret mediate histotype-specific communications be-
tween juxtaposed tissues (13, 18-21). In the developing kidney,
for example, GDNF appears to be an element of the mesen-
chyme-derived signal that promotes growth and branching of the
ureteric bud (7, 18-20).

To gain broader insight into the role of ret, we analyzed a ret
homolog in the fruit fly, Drosophila melanogaster. The Drosoph-
ila embryo has no neural crest or enteric neurons in the
endodermal gut. Nevertheless, D-ret is expressed in cells that are
presumed to be the functional equivalents of the ret-expressing
cells in vertebrates. Surprisingly, we also found ret expression in
the imaginal cells embedded in the larval gut. These nonneuro-
nal cells are highly analogous to the vertebrate enteric neurons
in their position. Our finding indicates a previously unrecognized
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relationship between the enteric neurons in vertebrates and the
precursor reserves in the Drosophila gut. This report also serves
to illustrate two ret-expressing structures in the embryo that have
received little attention in the recent literature, namely midgut
imaginal islands and yolk sac.

Materials and Methods

cDNA Cloning. A PCR fragment carrying the genomic sequence
reported in ref. 22 (positions 1724-2545) was used as a probe to
screen an oligo(dT)-primed cDNA library (made from wild-type
Drosophila embryos by N. Brown, Wellcome/CRC Institute,
Cambridge, U.K.), from which clone N3 was isolated. N3 has the
3’ 2.2 kb of the transcript (nucleotides 2663-4813; all cDNA
numberings as in the sequence T1 submitted to GenBank). The
same PCR probe was used to isolate clone TCC-1 (carrying
nucleotides 1546—4446) from a random-primed library. The 5’
portion of the transcript was isolated as follows: Adaptor-ligated
cDNAs were synthesized from embryonic mRNAs by using
Marathon Amplification Kit (CLONTECH), on which a PCR
was performed with the provided “5’ adapter primer” and a
gene-specific primer, drL.3 (positions 1603-1575). Longest prod-
ucts of this reaction that migrated as 1.6—1.8 kb in an agarose gel
were purified and reamplified with a nested primer set, from
which clones L12 and L20 were isolated. TaqGold polymerase
(Roche) was used in all PCRs.

Genomic Cloning. A Drosophila genomic library (Lambda FIXII;
Stratagene) was screened. Clones TG-1 and TG-2 were isolated
with a 900-bp Xhol-Xbal fragment (positions 3116—-4022) of N3;
clones gD-2 and gD-3 were isolated with a 0.6-kb probe carrying
the 5'-most sequence of TCC-1; and clone M2, with a probe that
carried the 5'-most 3 kb of gD-2.

Whole-Mount in Situ Hybridization. The 4.8-kb full-length D-ret
c¢DNA (a mixture of forms T1 and T2) was transcribed in vitro
to generate digoxigenin-tagged antisense RNA probes (23).
Hybridization to embryos was performed according to a pub-
lished procedure (23) with the following modifications. All
fixatives contained 4.5% formaldehyde; step 18 in ref. 23 was
performed for 25 min (five times, 5 min each); step 19 was for
30 min (three times, 10 min each); hybridization was for 9-10 h
only; and step 24 was not omitted. Hybridization to ovaries was
performed as described in ref. 24.

Results

Isolation of Drosophila ret. A partial Drosophila genomic clone
with an ORF that could encode a ret-like tyrosine kinase was
reported by Sugaya et al. (22). However, it remained unknown
whether the reported sequence was a part of Drosophila ret,
because the genomic clone did not include the sequence for a
cadherin motif, a hallmark of Ret (25, 26). Moreover, no cDNA
has been identified that corresponds to the reported ORF. To
ascertain whether the reading frame encodes a homolog of ret,
we isolated cDNAs for two alternatively spliced transcripts, T1
and T2, that correspond to the reported genomic sequence (see
Materials and Methods). The cDNAs for T1 and T2 differ only in
the 5’ untranslated region, and their lengths, 4.81 and 4.87 kb,
respectively, agree well with the observed mRNA size (Fig. 1C).
Both clones contain long ORFs preceded by in-frame stop
codons, indicating the presence of full coding information. Fig.
1A shows the splicing patterns of T1 and T2, determined with the
35-kb genomic area characterized in this study, which is located
within the chromosomal interval of 39B02-39C02 (Fig. 1B).

Comparison of Drosophila and Vertebrate Ret Proteins. Transcripts
T1 and T2 are expected to encode a protein of 1,235 amino acids
(M, = 138,000), which was determined to be Drosophila Ret
(D-Ret), on the basis of the following criteria. When searched
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Fig. 1. The D-ret gene and transcripts. (A) Genomic organization of D-ret.

The two alternatively spliced transcripts, T1 and T2, are schematically dia-
gramed below the restriction map. Red triangle, translation initiator codon;
An, poly(A). A nearby gene, burgundy, is also indicated. Shown above the
restriction map are the genomic phage clones analyzed. (B) Heteroduplex
loop formed between wild-type and Df(2L)TW161 chromosomes. D-ret
(brown signal) is located at 39B02-39C02. (C) Northern blot analysis with 4 ug
of poly(A)™ RNA from 0- to 24-h embryos. D-ret mRNA is detected as a 4.8-kb
band.

against the National Center for Biotechnology Information
database with the BLASTP program, the Drosophila Ret sequence
showed significantly better score with vertebrate Ret sequences
(1071* with human Ret) than with other receptor tyrosine
kinases such as fibroblast growth factor receptor (4 X 10~7! with
human fibroblast growth factor receptor). Fig. 2 shows the
alignment of Drosophila and vertebrate Ret sequences. The
tyrosine kinase domain is highly conserved (52% identity be-
tween Drosophila and human; 22). Although long stretches of
contiguously conserved residues are not found outside the kinase
domain, the domain organization of the proteins is conserved. In
addition to a signal peptide and a transmembrane domain, the
Drosophila protein has one cadherin repeat (27). It also has a
cysteine-rich region immediately N-terminal to the transmem-
brane domain (22), in which 14 cysteines occur in conserved
positions. The five residues mutated in MEN2 type A and the
single residue mutated in MEN2 type B (28) are found con-
served in the Drosophila protein without exception (Fig. 2).
Taken together, these features strongly suggest that this Dro-
sophila gene is a homolog of vertebrate ret.

Expression Profile of D-ret. To examine the spatial and temporal
pattern of D-ret expression, we performed in situ hybridization on
wild-type Drosophila tissues by using a cDNA riboprobe. In the
fertilized egg, D-ret expression was first detected in the interior of
the egg at the end of gastrulation, as the proctodeum approaches
the cephalic furrow (Fig. 3B; stage 8 as defined in ref. 29). During
the subsequent stages with momentarily stationary germ-layers
(stage 9-11), the D-ret signals develop into intense patches of
irregular shape that are located interior to all three germ-layers
(Fig. 3C). A dorsal view provides evidence that these signals are
scattered throughout the yolk sac, which is an extraembryonic
syncytium located at the center of the egg (Fig. 3D; see Discussion);
the D-ret signals do not overlap with amnioserosa. D-ret expression
in the yolk sac is consistent with the expression of mammalian ret
in yolk sac and trophoblasts (9, 30).

The yolk sac expression rapidly disappears at stage 12, as the
germband retracts and organogenesis begins. At that point,
various organ rudiments show de novo expression of D-ret. D-ret
is detected dorsal to the esophagus (Fig. 3E) in the anlage for the
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Hu RTRLHENNWICIQEDTGLLYLNRSLDHSSWEKL.SVRNRGFPLLTVYLKVFLSPTSLREGECQWPGCARVYFSFFNTSFP

zf RDAF..TSWFHIDEASGVLYLNKTLEWSDFSSL! RSPKDLT. . LK’ TPPMKVMCTILPTVEVKLSFINDTAP
Dm LYSLEQNPLLRINSSPGEIYM..... RTDY........ RSPNSSATFL. . . VTAFPRDQPDHELLNVSHLSLEVTPQPLE

Il [] []
Hu A.CSSLKPRELCF........ PETRPSFRIRENRPPGTFHOFRLLPVQFLCPNISVAYRLLEGEGLPFRCAPDSLEVSTR

Zf S.CGQVELSTLCF........ PEKISNPHITENREPGALRHVRRFTHMSICPNYTI§YGVVAGSSVPFAVDDSTSELVVT
Dm EYCSELE..HICFWSSAQYTIAESHGPYRRKDFFEPVLIGALNSRAAKYLCPHVSLEYSLNAGSS.HFVLKQONR..LYTR

—_— —
Hu ALE%!Q ....... REKYELVAVCTVHAGAREEVVM.VPFPVTVYSEBDSAPTIPAGYDTASAVYE . | . FKRKEDTVVAT
zf JAQVDREE....... KEVYHLDIVCMVRTERNLEEVF . RSLHVNIYDEDDNSP . YVNGTDTEDVLVE. . . FDRSEGTVFGT
Dm JOTLDHDELNGLNAKAGQLQARITCTVKLSSRDQRKFSRILDIKLLDRNDNGPKLQESSSKFDFYLEQPYFQADEEAGKNV

| N |
Hu JLRVFDAD....VVP..ASGELVRRYISTLLPGDTWAQQTFRVEH.WPNETSVQANGSFVRATV...HDYRLVLN.RNLSI
zf JLFVYDRD....TTPVYPTNQVONKI{/GTLMTNDSWIKNNFAIEHKFREEKAIFGN. ..VRGTV. ..HEYKLKLS.QNLSV
Dm JIYV.DKDTLEANAHLVYA...VHNDBHGLFRPDC...HAYEADHTGRPHTIVSCQLRFSRNGVFRETPYCVSLEARDLTI

Hu SENRTMQ..... LAVLVNDSDFQGPGAG. . . VLLLHFNVSVLPVSLHLPS . TYSLSVSRRARRFAQIGKVCVENCQAFSG
zf TEQRSFL..... LGYLVNDTTFPGPE.G. ..TVLLHFNVTVLPVPIRFSNVTYSFTVSQKATTYSQIGKVCVENCQKFKG

Hu INVQ..... YKLH.«vvunn SSGANC . STLGVVTSAEDTSGILFVNDTKALRRPKCAELHYMVVA . TDOQTSROAQAQLL
zf IDVT..... YQLEIVDRNITAEAQSCYWAVSLAQNPNDNTGVLYVNDTKVLRRPECQELEYVVIA.QEQONKLOAKTQLT
Dm VQPDSFLDLMRLRSIRFDIVEDKLGAF....... GITSTSGIVFVKNPQVLEEAP.ETIYFLNVTWIDQORLSHVRVINV

VSKRRLHCEECGGLGSPTC WROGDGKGITRNFSTCEPSTKICPDGHEpVVETQ
EKRQRGCEATRGLGAPTGRCPWROGRDKGISKRYSTYCEPNLGTCPDGYCPATESK
QIKYQSQCYRYCGLATGGG GTRYGYCYPESRYCPDHVEPPLEEL

2

Hu DIN Q! RGS.IVGGHEPGEP.RGIKAbqu‘ PEEEKCICEPEDIODPL. ¢ vt vettet v eannns
zf NISTCPODCBSEA.IIGGYER.DL.YGIKAGHGTEFCF . . EGH EDDT .+ e eveeseeneeaneaneanans
Dm NPMACPODCFPAGRIVGPHSSNENKRGIYSASGTEFIC) EDNGKEHCRPLDEEPKMKKPRKRK] EPLLG

HU  vvveennnnnnnnnnnnd E: ii .VIAAAVLFSFIVSVLLSAFCIHCYHKFAHKPPISSAEMTFRRPAQAFPVSYSSS
ZE i DMCHT . VIATGIILSFIVSVLLSSYFIHRYHKTTPKPPIASAEMTFRRPAQSYPISYSAN
Dm  QPLODPMLLGVLNAAGFELPRICMFFVITCPLLFVLLLLCLLIA. . .|.. . ORKMLORRLGKQSMT . TSSKQALP. . . .ES

TK

Hu GARRPSLDSMENQVSVDAFKILEDPKWEFPHKNLVLGKTLGEGEFGKVVKATAFHLKGRAGYTTVAVKMLKENASPSELR
zf NVRRASLDSMENQVAIDTFKIPEDPKWEFPHKNLVLGKTVGEGEFGKVVKATAFRLKGKAGYTTVAVKMLKENASHSELR
Dm GGGDFALMPLQSGFRFES. . ..GDAKWEFPHEKLOLDTVLGEGEFGQVLKGFATEIAGLPGITTVAVKMLKKGSNSVEYM

Hu | LISFAWQISQGMQYLAEMKLVHRDLAARNILVAEGRKMKI nFGLSRDVYEEDSYVKRSQGRIPVKW!AIESLFDHIYTT
zf | LISFAWQISRGMQYLAEMKLVHRDLAARNVLVAEGRKMKISDFGLSRDVYEEDSYVKRSKGRIPVKWMAIESLFDHIYTT
Dm | VLTFAWQICKGMAYLSELKLVHRDLAARNVLLADGKICKISDFGLTRDVYEDDAYLKRSRDRVPVKWMAPESLADHVYTS

Hu VTVEG...SYVAE..EAGCPL
zf VSFQGEADSLRTD..EPRFP.
Dm HLVHGRPENTSCELKVKSRSQ'

Hu | QSDVWSFGVLLWEIVTLGGNPYPGIPPERLFNLLKTGHRMERPDNCSEEMYRLMLQCWKQEPDKRPVFADISKDLEKMMYV
zf | QSDVWSFGVLLWEIVTLGGNPYPGIAPERLFNLLKTGYRMEKPENCTDEMYNLMLRCWKQESDKRPTFSDISKELEKMMV
Dm | KSDVWSFGVLCWELITLGASPYPGIAPQNLWSLLKTGYRMDRPENCSEAVYSIVRTCWADEPNGRPSFKFLASEFEKLLG

HU KRRDYLDLAASTPSDSLIYDDG: s s eeernunnnnnnnnsaesseennnnnnnnnn LSEEETPLVDCNNAP. . LPRALP
Zf KSRDYLDLAASTPADALLYDDS . . uuuunsseeeeronnnnnnnnnansseenenns LSEEDTPLVDCSNAP. . LPRTLP
Dm NNAKYIDLETNAVSNPLYCGDDSALITTELGEPESLOHLWSPPKIAYDIHDQATSYDQSEEEMPVTSTAPPGYDLPRPLL

Hu ST....... WIENKL.YGM. v vuunnnn SDPNWPGESP . TNTGFPRYPND
Zf STe...... WIENKL.YGM.+ s vuunnnn SYPNWPEKSP . . TNPVFTRYAND
Dm DATANGQVLRYENDLRFPLNIRKSSCTPSYSNMTSEPPATTSLPHYSVPVKRGRSYLDMTNKSLIPDNLDSREFEKHLSK

Hu SV...YANWMLSPSAAKLMDTFDS.... 1114
zf SV...YANWMALHSPAKIVDTIDS.... 1106
Dm TISFRFSSLLNLSETKEVSPGWOAEDAV 1235

Fig. 2. Sequence comparison of Drosophila, human, and zebra fish Ret
proteins. Identical or chemically similar amino acids are indicated in red. Dm,
D. melanogaster; Hu, human; Zf, zebra fish; SP, signal peptide; Cad, cadherin
repeat as defined in ref. 27; TM, transmembrane domain; TK, tyrosine kinase
domain; ins, insert within the TK domain. Residues conserved between the
human Ret and the cadherin superfamily members (26) are indicated with a
filled square above them. Immediately N-terminal to TM, conserved cysteine
residues in the cysteine-rich area are boxed; the five cysteines mutated in
MEN2A are indicated with a dot above them. The methionine residue mutated
in MEN2B, at position 918 in the kinase domain, is indicated with an arrow-
head above it. Compiled references are in the GenBank entries under the
accession numbers P07949 (human Ret) and AAB63283 (zebra fish Ret).

stomatogastric nervous system (SNS), which consists of foregut-
associated ganglia. SNS arises from the epithelial sheets that
detach from the mouth rudiment, then migrate posteriorly, settle
on the foregut, and differentiate into neurons (31, 32). With no
neuron identified on the midgut or hindgut, SNS represents the
only gut-associated ganglia in Drosophila. D-ret is expressed in
the detaching (Fig. 44) and migrating (Fig. 4B) SNS cells, as well
as in the differentiated SNS neurons (Fig. 4C).

D-ret expression in SNS is consistent with expression of
vertebrate ret in the enteric neurons (9-11), because the SNS is
a neural network that controls the peristaltic movement of a gut
segment (33). However, the position of the SNS (anterior of the
animal) does not agree well with that of the vertebrate enteric
neurons (located throughout the gastrointestinal track).

The primordia for malpighian tubules, the fly’s excretory
system, express D-ret. Malpighian tubules arise as epithelial
diverticula from the midgut-hindgut junction, which subse-
quently grow out in four directions (29). D-ret expression in the
malpighian tubule anlagen is highly transient. D-ret is not
expressed in the initial diverticula (Fig. 4E), but it is strongly
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Fig. 3. Expression of D-ret in the embryo. Shown are whole-mounts of
embryos hybridized with D-ret probe (x80); D-ret mRNA is detected as blue
signals. (A) The syncytial blastoderm shows no detectable D-ret signal. (B)
D-ret expression begins in the yolk sac at the end of gastrulation. (C) The yolk
sac signal becomes stronger at stage 11. Note that the signals are more
internal than all embryonic germ-layers. (D) Dorsal view of the stage shown in
C. Thessignal is in the yolk sac, not in the embryo proper (except for the 15-30
cells in the midline neuroectoderm; out of focus). (E) Stage 12. The yolk sac
signal clears and de novo expression appears in the SNS anlage [located dorsal
to the esophagus (es)], midgut imaginal islands (arrow), malpighian tubule
anlage (tu), and in the ventral nerve cord (vn). (F) Stage 13. Malpighian tubule
precursors no longer express D-ret. The imaginal island cells migrate, inter-
mingled with the larval midgut cells. (G) Theimaginal island cells spread on the
developing midgut. (H) A midsagittal optical section of a mature embryo,
showing D-ret signals in the head ganglia, in CNS and in some of the midgut
island cells that came into focus. For details of organ rudiments, see Fig. 4.
Lateral views, anterior left, dorsal up, except in D. Arrows in E-H, midgut
imaginal islands.

expressed in all four branches in the early growing phase, during
which the structure is transformed from “bulges” into “ducts”
(stage 12; Fig. 4F), and then is rapidly down-regulated in
subsequent stages, during which time the “ducts” elongate
extensively to form thin tubules (Fig. 3F). The malpighian tubule
expression is consistent with the vertebrate ret expression in the
pronephric and mesonephric ducts in fish and mammals; in
mammals, ret is also expressed in the ureteric bud (see Discussion
and refs. 9 and 34).

D-ret is expressed in the numerous peripheral nervous system
(PNS) ganglia located in the head (for descriptions, see ref. 35),
including the dorsal organ, epiphysis, pharyngeal chordotonal
organ (Fig. 4D), and the terminal organ (not shown). D-ret
expression in the CNS is found in a small number of cells in the
ventral cord (the main nerve trunk in invertebrates; Fig. 3 E-H;
Fig. 4H) and in the brain (not shown). The expression of this
gene in the CNS and PNS has been recognized by Sugaya et al.
(22). These D-ret-expressing organs are analogous to the verte-
brate neural structures that express ret, such as the spinal cord,
brain, and sensory and autonomic ganglia (9, 11). D-ret expres-
sion was also found in the juvenile photoreceptor organ
(Bolwig’s organ; Fig. 4D) and the imaginal retina (Fig. 41), in
keeping with the vertebrate ret expression in the eye (9, 11, 34).

Thus, most organs that express D-ret are analogous to verte-
brate counterparts in their position and function, even though
the configuration of organ primordia in Drosophila is very
different from that in vertebrates. The expression data
strengthen the concept that D-ret is a homolog of vertebrate ret.
One notable exception, which is addressed below, is the gut-
associated neurons.
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Fig. 4. D-ret expression during organogenesis. In situ hybridization was
performed as in Fig. 3. (A) Stage 12. Three invaginations of the stomatogastric
nervous system (SNS) anlage express D-ret. (B) Stage 13. SNS cells settling on
the foregut. (C) Mature SNS ganglia at stage 16, showing the persistent D-ret
expression. EG1 and EG2, first and second esophageal ganglia; PVG, proven-
tricular ganglion (ref. 31). The frontal ganglion of SNS (out of focus) also
expresses D-ret. (D) Expression in the cephalopharyngeal ganglia, which ap-
pear as paired structures in the head (pairs marked by a line). do, dorsal organ;
bo, Bolwig's organ. For the names of the other D-ret-expressing ganglia, see
ref. 35. (E) The proctodeum region of a stage 12 embryo. The early malpighian
tubule diverticula (arrowheads) do not express D-ret. Pictured signals are the
yolk sac expression (see Fig. 3C). (F) Malpighian tubule anlagen transiently
show strong D-ret expression at stage 13. Two of the four growing tubules are
shown. (G) D-ret expression in the lateral epidermis at stage 13. (H) Ventral
neuroectoderm (CNS) expresses D-ret. Stage 16. (/) Eye-antennal imaginal disk
of a third-instar larva. D-ret is expressed weakly in the retinal cluster near the
morphogenetic furrow (arrowheads). The ocellar region of the presumptive
head (arrow) shows strong expression. (J) D-ret expression in germ-line nurse
cells in the ovarian follicles, which begins in approximately the fourth follicle
from the germarium and gradually increases. However, we were unable to
detect D-ret mRNA in the mature oocyte in the egg chamber (not shown) or
in the deposited egg at the precellularization stage (Fig. 3A). C and F are
composite pictures of two focal planes each. A-C and E-G, lateral views; D,
dorsal view; H, ventral view. I, posterior up, medial right.

D-ret Expression in the Endoderm. We investigated the curious
inconsistency that the ret-expressing enteric neurons in verte-
brates occur throughout the length of the gut, whereas in the fly,
D-ret-expressing neurons are found only in the foregut (in SNS).

1056 | www.pnas.org

In contrast to the vertebrate gut, which is entirely from the
endoderm, only the midgut is of endodermal origin in insects
(foregut and hindgut are of ectodermal origin; refs. 36 and 37).

Upon close examination, we found D-ret signals appearing as
scattered dots in the endodermal gut, as shown in Fig. 3 and 5.
These signals were best visualized by an in situ hybridization
protocol that includes a delipidation step (see Materials and
Methods). D-ret expression in the endoderm begins at stage 12 in
the anterior and posterior midgut rudiments (Fig. 54). [Each of
these two groups, holding about half of the midgut cells, migrates
from either end of the body cavity toward the center (29).] There
are only three cell types in the midgut rudiments (38): (i) cells
that make up the juvenile (larval) midgut; (if) precursor cells for
the adult midgut, which stay dormant in the juvenile midgut as
scattered “islands” until metamorphosis; and (ii7) interstitial cell
precursors (ICPs), which form a narrow band of large cells at the
center of the juvenile midgut.

The possibility that the cells expressing D-ret might be ICPs
can be ruled out, because ICPs occur only in the posterior half
of the midgut rudiment (38). During stages 13-16, when the
mesenchymal-looking juvenile midgut cells condense into epi-
thelia, the D-ret-positive cells do not participate in epithelium
formation. Instead, they migrate individually and spread evenly
on the lumen side of the forming midgut (Fig. 5 B and C),
identifying themselves as the adult midgut precursor cells (imag-
inal islands). The fact that they do not converge into a central
band further confirms that they are not interstitial cells. At stage
16, when the midgut is compartmentalized, the D-ret signal is
found as numerous dots that follow the outline of the juvenile
midgut (Fig. 5SD), still located near the lumen side (Fig. 5E).
These cells then integrate deeply into the juvenile midgut tissue
at the last stage of embryogenesis (Fig. 5F), consistent with the
previous descriptions of adult midgut precursors (38, 39).

Our finding that the midgut imaginal islands express D-ret was
not expected, because they do not give rise to neurons. The
striking topographical similarity between the fly midgut imaginal
islands and the vertebrate enteric neurons strongly suggests that,
despite the disparate cell fates, these two types of ret-expressing
cells are evolutionarily related.

Discussion

ret Expression in Endoderm Derivatives. The structure most sensi-
tive to the dosage level of ret during vertebrate embryogenesis is
the enteric nervous system (ENS), a meshwork of neurons in the
gut. ENS neurons occur throughout the alimentary tube, at the
density of 10-50 embedded neurons per square millimeter of the
gut wall (40). ENS neurons are derived from two neural crest
populations that originate from an anterior (vagal) and posterior
(sacral) location of the body (41). Each of the two groups
subsequently migrates toward the opposite end to colonize the
endoderm.

Because Drosophila has neither neural crest nor any identified
neuron in the endoderm derivatives, we were interested in the
expression pattern of D-ret. We have found that, in the embryo
where the larval gut is being formed, D-ret is expressed in the
midgut imaginal islands, which are the precursors for adult
midgut. The island cells arise as two groups at either end of the
endoderm, migrate toward the opposite end, and become evenly
embedded in the endodermal gut at the end of embryogenesis.
Therefore, in their topography, migratory paths, and D-ret
expression, the island cells are highly analogous to the vertebrate
ENS cells. This compelling parallel suggests evolutionary con-
tinuity between the fly imaginal islands and the vertebrate ENS.

In postembryonic development, the imaginal island cells are
fated to give rise to the midgut. After a Drosophila embryo
hatches, it lives for about 5 days as a larva, during which time the
larval gut is functional, until the animal pupates. When the pupa
undergoes metamorphosis, the larval gut histolyzes and the gut
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Fig. 5. D-ret expression in the endoderm. In situ hybridization was performed as in Figs. 3 and 4. D-ret mRNA is detected as blue signals, which are difficult
to locate in the background of transparent gut. To provide reference points, a shade of brown was added by performing an irrelevant antibody staining (ftz:
B-galactosidase). Lateral view, anterior left, except in C. (A) Stage 12. Loose clusters of D-ret-expressing cells appear within the anterior and posterior midgut
rudiments. (B) Stage 15. D-ret-expressing cells migrate individually and line the luminal surface of the developing midgut. The junction between the midgut and
hindgut is indicated with a bar. (C) Stage 15. Dorsal view. D-ret-expressing cells are spreading from the end of the endoderm toward the center. The posterior
end of the midgut, which at this stage is swaying toward the animal’s right, contains the highest density of D-ret-expressing cells. (D) Midgut at stage 16. This
parasagittal optical section captures the most number of D-ret-expressing cells scattered on the luminal side of the midgut. (E) Stage 16. Close-up view of the
stage shown in D. The D-ret-expressing cells are positioned near the luminal side, following the outline of the compartmentalized midgut tissue. (F) Stage 17.
The D-ret-expressing cells integrate deeply into the midgut proper. amr, anterior midgut rudiment; pmr, posterior midgut rudiment; mg, midgut; hg, hindgut;

es, esophagus; Lu, lumen of the midgut.

for the adult (imago) is reconstructed with hidden reserves of
precursor cells. The imaginal islands that express D-ret in the
embryo are the precursors for the adult midgut (38, 39). At the
time of metamorphosis, the island cells form a gut epithelium
and engulf the obsolete larval midgut, which is digested and
discharged as meconium (42). There is the formal possibility that
a small fraction of the island cells differentiate into midgut
neurons. However, such have not been reported to date, and all
of the island cells are thought to be the precursors for the adult
midgut proper, rather than neurons. Our D-ret expression data,
together with the known fate of the island cells, suggest that the
ret-expressing vertebrate ENS cells are evolutionarily related to
the precursor reserves of metamorphosing insects.

Given the possible evolutionary continuity, valuable insight
into the underlying mechanistic commonality may be obtained
through comparative approaches. In this regard, it is noteworthy
that the imaginal islands differ in ploidy from the larval midgut
cells that surround them. In mid-embryogenesis, the larval
midgut cells become polyploid through endoreduplication and
never divide again thereafter (43, 44). During the larval stages
when the body size increases greatly, the polypoid midgut cells
grow only in cell size (42). In contrast, the imaginal islands, kept
as a reserve, remain diploid and poised to proliferate. Their
proliferation potential is fully realized at the time of metamor-
phosis (36, 42). We propose that there could be shared compo-
nents between the mechanism that unleashes the proliferation
potential of precursor cells at fly metamorphosis and the mech-
anism operative in MEN2 cancer cells.
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ret Expression in the Excretory System. D-ret expression was also
detected in the malpighian tubules, which are the excretory
system in Drosophila, consisting of four relatively simple tubules
(29, 36). It appears that ret expression reveals the relatedness
between malpighian tubules and the vertebrate nephric duct at
the pronephric and mesonephric stages. Pronephros is the
vestigial kidney that transiently appears in vertebrate embryos
(45); its ductal portion, the nephric duct, expresses ret (9, 34). As
the pronephric tubules degenerate, the nephric duct becomes
connected to mesonephros, the functional kidney in fish and
amphibians. In mammals, the mesonephric tubules degenerate
and the ureteric bud grows out from the nephric duct. Subse-
quently, the ret-expressing ureteric bud induces metanephros,
the permanent kidney, through reciprocal interactions with its
neighboring mesenchyme (45). In ret-deficient mice, the ureteric
bud either fails to be extended into the mesenchyme or fails to
be remodeled into fine collecting ducts (7, 46). Our result that
the malpighian tubule anlage expresses ret only transiently is
consistent with the idea that ret is involved in a specific aspect of
tubulogenesis.

ret Expression in Extraembryonic Tissues. The earliest expression of
D-ret was detected in the yolk sac, which finds its counterparts
in the yolk sac and trophoblast expression in vertebrates (9, 30).
In a Drosophila egg, the yolk sac is a centrally located syncytium,
which is formed when the peripherally located blastoderm nuclei
become enclosed by infolding membranes. Because D-ret en-
codes a transmembrane protein, a question arises as to which
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cytoplasmic membrane would Ret be anchored. At the end of the
blastoderm cleavage, the encroaching membrane furrow flattens
at the basal side, forming a double sheet of bilayers (47, 48). The
double sheet then merges with the same structure of the next
furrow to generate two separate bilayers, one belonging to the
blastomere and one enclosing the yolk. The latter constitutes the
yolk sac membrane and has been identified with scanning
electron microscopy (49). The mature Ret protein is expected to
be present on the surface of the yolk sac membrane, facing the
inner surface of the germband with its extracellular domain. The
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yolk sac expression peaks shortly before the onset of germband
retraction. Because the entire germband glides over the yolk sac
during germband retraction, it is possible that D-ret may be
involved in germband retraction movement.
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