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One of the fundamental events in metamorphosis in insects is the
replacement of larval tissues by imaginal tissues. Shortly after
pupariation the imaginal discs evaginate to assume their positions
at the surface of the prepupal animal. This is a very precise process
that is only beginning to be understood. In Drosophila, during
embryonic dorsal closure, the epithelial cells push the amnioserosa
cells, which contract and eventually invaginate in the body cavity.
In contrast, we find that during pupariation the imaginal cells crawl
over the passive larval tissue following a very accurate temporal
and spatial pattern. Spreading is driven by filopodia and actin
bridges that, protruding from the leading edge, mediate the
stretching of the imaginal epithelia. Although interfering with JNK
(Jun N-terminal kinase) and dpp (decapentaplegic) produces similar
phenotypic effects suppressing closure, their effects at the cellular
level are different. The loss of JNK activity alters the adhesion
properties of larval cells and leads to the detachment of the
imaginal and larval tissues. The absence of dpp signaling affects
the actin cytoskeleton, blocks the emission of filopodia, and
promotes the collapse of the leading edge of the imaginal tissues.
Interestingly, these effects are very similar to those observed after
interfering with JNK and dpp signaling during embryonic dorsal
closure.

An important morphogenetic process, in both vertebrate and
invertebrate systems, is the movement and fusion of epi-
thelial sheets such as amphibian and avian epiboly, neural crest
closure, ventral closure in Caenorhabditis elegans, and embryonic
dorsal closure in Drosophila (reviewed in ref. 1). In these
processes, the mechanisms responsible for the spreading of
epithelial sheets are poorly understood. Further, the parameters
mediating cell recognition when epithelia are brought together
and fuse in register are practically unknown.

Imaginal discs of holometabolous insects are small epithelial
sacs that initiate during embryogenesis in connection with the
larval epidermis. They proliferate up to several thousand cells
within the larval body as they remain attached by a stalk to the
larval ectoderm (2). Upon metamorphosis, discs evert and
differentiate to form the external structures of the adult. Shortly
after puparium formation, the stalks connecting the imaginal
discs to the larval epidermis open up and shorten in preparation
for the evagination of the discs (3). Immediately afterward,
appendages form as a result of the unfolding and extension
(eversion) of the disc. Imaginal disc eversion is cytochalasin-
sensitive and, hence, likely to derive from microfilament con-
traction. About 6 h after pupariation, the wings, halteres, and
legs are fully everted (4). At that time, the proximal disc regions
release their connection with the larval epidermis and expand
upon it, and the peripheral disc cells grow into the neighboring
larval epidermis, replacing it gradually. The contralateral discs
adjoin each other and finally meet and fuse with one another and
with ipsilateral adjacent discs to form the imaginal thorax as a
continuum epithelium (5).

It has been reported recently that some of the signaling
mechanisms involved in thorax closure [JNK and decapentaplegic
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(dpp) signaling] (6, 7) partly resemble those involved in the
process of embryonic epithelial sealing (embryonic dorsal clo-
sure) in Drosophila (8-13).

The JNK signaling cascade is an intracellular relay pathway.
The core of this cascade is the stress-activated kinases JNKK and
JNK (Jun N-terminal kinase) (reviewed in ref. 14). In Drosoph-
ila, INKK and JNK homologues are encoded by the genes
hemipterous (hep) and basket (bsk). Mutants on both of these
genes show an embryonic dorsal-open phenotype consequence
of the lack of elongation of the cells of the lateral epidermis
(15-17). During closure, JNK signaling activity is modulated by
the product of the gene puckered (puc), which encodes a
dual-specificity phosphatase. puc is expressed in the dorsal-most
cells of the epidermis (“leading-edge” cells), and in its absence,
cell recognition at the dorsal midline is impaired (10).

dpp encodes a member of the transforming growth factor 8
superfamily that mediates inductive interactions at early stages
of embryogenesis. During embryonic dorsal closure, dpp is
expressed in the row of cells making up the leading edge of the
epithelia, and the loss of dpp function [in mutant alleles of its
receptor thick veins (tkv)] leads to dorsal open phenotypes (18).
The JNK cascade controls dpp expression in the leading-edge
cells (9, 11, 12).

Thorax closure in Drosophila represents an excellent model
system for the analysis of the mechanisms involved in coordi-
nating epithelial sheet spreading and cell recognition during
development. In this paper, we present a study of thorax closure
at the cellular level. We find that imaginal cells are brought
together by spreading over the larval epidermis in a process
mediated by extending microfilaments (filopodia), which seem to
pull the contralateral epithelial sheets toward the midline.
Further, we find that JNK and dpp signaling appear to have
distinct roles during imaginal fusion, with JNK involved in the
maintenance of the adhesiveness and integrity of the underlying
larval epidermis and Dpp participating in the regulation of the
cytoskeleton of the imaginal leading edge.

Materials and Methods

Drosophila Strains and Genetics. The pucf® allele is a P LacZ
enhancer-trap insertion in the puc gene (10). The hep! allele is
an insertion of a P element in the 5" untranslated region of the
hep gene (15). hep’” is a lethal allele generated by imprecise
excision from the hep’ allele (12).

Targeted expression of UAS-driven transgenes was induced by
using the following GAL4 lines. Pnr-GAL4 is expressed in wing
discs in a broad domain corresponding to the central presump-
tive notum (19); MZ980-GAL4 (kindly provided by J. Urban) is

Abbreviations: JNK, Jun N-terminal kinase; GFP, green fluorescent protein; APF, after
puparium formation; Dpp, decapentaplegic.
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Fig. 1.

Time course of thorax closure. (A) Dorsal view of a 5.5-h APF pucf®?/+ pupa stained with anti-g-galactosidase and anti-spectrin (to visualize cell

perimeters) antibodies. The most anterior cells of the wing imaginal disc are the first to meet at the midline. (B) The most posterior imaginal cells move forward

and initiate fusion at 6 h APF. (C) Middle cells fuse at 6.5 h APF.

expressed in the leading-edge cells and the presumptive scute-
[lum of the wing disc (see Results); and Arm-GAL4 is expressed
ubiquitously in imaginal and larval cells (20). The UAS lines used
in this study are: UAS-TkvPN, which drives the expression of a
kinase-defective form of Tkv, a type I receptor of Dpp (21);
UAS-Puc, which drives the expression of Puc (10); and UAS-
GFPn, which expresses a nuclear-targeted green fluorescent
protein (GFP) (22).

Dissection of Larvae and Pupae. Imaginal discs were fixed for 20
min in 4% paraformaldehyde in PBT (PBS with 0.3% Triton
X-100) and antibody stained according to standard protocols.

Staged pupae were cut out at their posterior ends, and gut, fat
body, salivary glands, and eye-antenna imaginal discs were
removed from the anterior half of the pupal case. Open pupae
were fixed overnight in 4% paraformaldehyde in PBT and
subsequently dissected by cutting them in two halves, which yield
a dorsal part with the wing discs attached and a ventral part
carrying the leg discs. Pupae were stained with different reagents
as described below.

Immunocytochemistry. Larvae and pupae were stained with anti-
B-galactosidase antibody [rabbit anti-B-Gal (Cappel), 1:10,000]
to detect puc enhancer-driven expression by using standard
procedures. Phalloidin staining was performed with tetramethyl-
rhodamine B isothiocyanate-coupled phalloidin (Sigma) at a
1:100 dilution in PBT for 1 h followed by three washes with PBT.
TO-PRO3 staining was performed for 5 min at a 1:50 dilution in
PBT followed by several rinses with PBT. GFP was observed
directly under confocal microscopy.

Results

Time Course of Wing Imaginal Discs Fusion. In the Drosophila
embryo, the dorsal side is covered by an extraembryonic cell
layer, the amnioserosa, continuous with the two edges of the
open epidermal sheet. After proliferation stops, the epidermal
cells differentiate and elongate in the dorsoventral axis as the
epidermal sheet spreads dorsally, replacing the amnioserosa and
sealing the embryo. The movement is initiated in epidermal cells
at the dorsal edge (“leading-edge” cells) and is later transmitted
to more ventral cells (for review, see refs. 23 and 24). Mutations
in components of the JNK pathway lead to a “dorsal-open”
phenotype, reflecting a failure of the lateral ectoderm to expand
dorsally. JNK signaling is necessary in the leading-edge cells to
activate puc expression and for the appropriate organization of
the cytoskeleton and membrane-associated proteins. puc nega-
tively regulates JNK and modulates its activity at the boundary
between the epidermis and the amnioserosa (10).
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During larval development, the expression of puc becomes
detectable in larval tissues and some imaginal cells (25) and the
stalk and the region peripheral to the peripodial membrane of
the wing, haltere, and leg discs (refs. 6 and 7 and data not shown).
We have found that puc (monitored in the LacZ insertion pucF%’
heterozygous flies) is expressed in the leading edges of all
thoracic discs (wing, halteres, and legs) and its expression is
maintained during the spreading and fusion of the imaginal
epithelium (data not shown). Thus, puc colocalizes with the cells,
leading the process of spreading and fusion in a manner that is
comparable to dorsal closure in the embryo.

Disc stalk opening and notum and wing blade eversion initiate
about 3.5 h after puparium formation (APF). Once eversion is
completed, it is possible to distinguish three phases leading up to
the fusion of the wing imaginal discs. (i) The disc epithelium
initiates its spreading toward the dorsal midline led by the most
anterior puc-expressing cells. These cells will be the first to meet
their contralateral counterparts at 5.5 h APF (Fig. 14). (ii)
Immediately afterward, the most posterior imaginal cells spread,
reaching the midline and fusing around 6 h APF (Fig. 1B). (iii)
Finally, centrally located cells close the gap at 6.5 h APF (Fig.
1C). At about that time, notum cells start to secrete their adult
cuticle.

Cell Behavior in Thorax Closure. Embryonic dorsal closure proceeds
through the planar stretching of epidermal cells. Meanwhile,
amnioserosa cells elongate in the apical-basal axis, invaginating
only at the end of closure. In contrast, in pupae, imaginal cells
roll over the larval tissue on their way to the dorsal midline,
leaving behind several rows of larval cells (Fig. 2). These larval
cells delaminate from the edges of the larval epidermal sheet as
imaginal cells proceed and undergo apoptosis.

During embryonic dorsal closure, filamentous actin and non-
muscle myosin accumulate at the leading edge of the lateral
epidermis and form a mechanically contiguous contractile band,
or purse string (26). To evaluate the role of the cytoskeleton in
thorax closure, we monitored the presence of actin. At early
stages, we observed that imaginal cells contact across, over the
larval epidermis, emitting filopodia (Fig. 34). These filopodia
form linear and branched structures that seem to originate in the
imaginal epithelial edges and contact the imaginal cells of
contralateral discs. Later, once the anterior ends of the discs
have been brought together, filopodia and actin bridges are
evident at posterior positions (Fig. 3 B and C). At these stages,
the cells of the leading edge change shape and undergo a
prominent elongation toward the midline. This contradicts pre-
vious reports, which describe only round, polygonal cells and an
accumulation of actin in the central midline upon fusion (7).
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Fig.2. Imaginal cells spread over larval cells during thorax closure. Confocal
images of a 5-h APF pupa expressing a nuclear GFP (GFPn) under the control
of Arm-Gal4. GFPn is expressed in all imaginal (small diploid nuclei) and larval
(large polyploid nuclei) cells. (A) Dorsal surface focal plane. Leading-edge
imaginal cells are highlighted in red. The edge of the spreading discs is marked
in yellow. (B) A focal plane situated 6 um below the dorsal surface. The edge
of the underlying larval epidermis is marked in light blue.

Changes of shape align with the filamentous bridges, suggesting
a mechanical role for these actin-rich structures.

Spreading and Fusion of Imaginal Cells Depend on JNK Signaling. The
JNK signaling cascade participates in the spreading and fusion of
discs during pupation. Wing discs of maternally rescued homozy-
gous hep'” (D-JNKK) animals remain in their initial position in
the prepupa, they do not spread, and in many cases disc eversion
does not take place (ref. 6; unpublished observations). Milder
defects can be observed in several other conditions in which JNK
signaling is impaired. Thus, in hypomorphic heteroallelic com-
binations of kayak (a gene coding for the Drosophila homologue
of the transcription factor c-Fos) or hep, the thoracic epithelia
fail to reach the midline and fuse (7). Similar abnormalities are
observed after overexpressing Puc or dominant-negative Fos
with a Pnr-Gal4, a line that is expressed in the larval tissue and
the central notum region (“pannier domain of expression”) (19).

To analyze the role of JNK signaling in leading-edge cells, we
used the MZ980-Gal4 line. This Gal4 line is expressed specifi-
cally in the presumptive edge cells of wing (Fig. 4 A and B) and
haltere (not shown) discs and in the intervening larval cells (data
not shown). Expressing Puc ectopically with MZ980-Gal4 results
in adults with a mild thorax cleft phenotype (Fig. 4C) reminis-
cent of hep hypomorphic alleles (hep’) (Fig. 4D).

Complete failure of JNK signaling (in hep’” animals) abol-
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Fig. 3. Imaginal cells extend filopodia that connect contralateral discs. (A)
Confocal image projection of a 5-h APF pupa stained with phalloidin to label
polymerized actin and TO-PRO3 to mark nuclei. Long, thick filopodia extend
from the wing imaginal disc edges, expand over the larval tissue, and even-
tually connect the confronting discs (arrowheads). (B) At 6 h APF, after discs
contacted anteriorly, filopodia (arrowheads) extend from more posterior
areas of the leading edge (confocal projection). (C) Dorsal surface confocal
image of a 6-h APF pupa. Filopodia link the contralateral discs, and imaginal
cells change shape extending toward the midline.

ishes both spreading and fusion. In many zygotic null animals
thorax closure does not proceed and wings occasionally fail to
evert (6). We found that in hep’” animals, the expression of actin
is down-regulated in both the larval and the epidermal tissues.
In these mutants, filopodia departing from leading-edge cells are
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Fig. 4. JNK signaling is involved in imaginal disc spreading and fusion, and
it is necessary for the integrity of the larval tissue (A and B). The pattern of
expression of the MZ980-Gal4 is revealed by the targeted expression of
B-galactosidase. (A) Expression in the stalk region of third instar imaginal
discs. (B) Expression in the dorsal junction and the scutellum of a 10-h APF
pupa. (C) Mild thorax cleft observed after Puc overexpression with the MZ980-
Gal4. (D) Weak thorax cleft observed in hypomorphic hep’ animals. (E) Cellular
defects associated to the strong hep’”> condition. Larval cells disassociate from
the imaginal epithelia and undergo premature apoptosis (arrowheads). No
filopodia are observed, and the imaginal tissue detaches and initiates
retraction.

rare or missing and imaginal cells do not change shape (Fig. 4EF).
In addition, the larval epidermal cells detach from each other
and from the imaginal epidermis, round up, and their nuclei
constrict, breaking up the integrity of the larval epithelium. As
a consequence, the imaginal discs never spread and fuse.

Dpp Signaling Is Required for Thorax Closure and Affects Cytoskeleton

Dynamics. Hypomorphic mutations in dpp cause a thoracic cleft
phenotype reminiscent of that observed in hep! (27). Further,
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this failure in thorax closure also is observed in several mutant
combinations of the dpp receptors thick veins (tkv) and punt (28,
29) and the dpp signal transducer medea (30). dpp in imaginal
discs is expressed in a very complex and dynamic pattern, and it
accumulates in the stalk cells that will generate the imaginal
leading edge. Later, during closure, dpp is found in the anterior
part of the dorsal midline, in a fraction of the cells expressing puc
(6, 7). Interestingly, dpp expression is not affected in a hep’”-null
background (6), in contrast to the embryo, where the expression
of dpp in the most dorsal epidermis is controlled by JNK
signaling.

To study the cellular activities depending on dpp during thorax
closure, we interfered with dpp signaling by expressing a dom-
inant negative form of the receptor Tkv (TkvPN). When TkvPN
is expressed in the pannier domain, it leads to a strong cleft
phenotype, where both heminota remain extremely contracted
and isolated (Fig. 54). In this condition, we found an intervening
naked cuticle joining the heminota (Fig. 5B). A more restricted
ectopic expression was generated with the MZ980-Gal4 line. In
this combination, which probably represents a partial reduction
in dpp activity, the thorax cleft is attenuated (Fig. 5C) and
cuticular polarity defects are observed at the midline (Fig. 5D).
Occasional individuals with stronger phenotypes (similar to
those obtained with Pnr-Gal4) are recovered (not shown),
suggesting that leading-edge cells are determinant for the
spreading of the imaginal tissue.

In contrast to JNK activity-deficient animals, interfering with
dpp signaling does not appear to affect the integrity of the larval
epidermis. The lack of spreading of the imaginal sheets in the
absence of Tkv activity appears to be due to extreme compacting
of the actin cytoskeleton at the leading edge (Fig. 6E). No
filopodia appear to be generated from the imaginal epithelium,
and imaginal cells progressively are pulled together, causing
bunching of the epidermis. This phenotype is reminiscent of the
cellular defects of embryos mutant for tkv. In these embryos,
during embryonic dorsal closure, epidermal cells appear to
elongate correctly, but they become misdirected, generating a
phenotype of epidermal bunching (ref. 31; E.M.-B. and A.
Martinez-Arias, unpublished results). Taken together, these data
indicate that dpp signaling during thorax closure is involved in
the maintenance of cell polarity and the control of the actin
cytoskeleton.

Discussion

Eversion, Spreading, and Fusion of Imaginal Tissues. Imaginal disc
epithelia have the general characteristics of other epithelia in
Drosophila and in other organisms. The discs have a basal surface
lined with a fibrous basal lamina and an apical surface at which
cells are connected at their ends by a series of specialized
junctions, including zonula adherens, gap, and septate junctions
(reviewed in ref. 32).

Before eversion, the squamous cells of the peripodial epithe-
lium are folded and adhere to the basal lamina. Just before
eversion takes place, the cells detach from the basal lamina; the
epithelial cells then columnarize and the accompanying con-
traction forces the discs to evert through the peripodial stalks
(33, 34). Stalk widening and disc eversion appear to result from
microfilament contraction, which leads to dramatic changes in
cell shape, rather than from changes in membrane adhesiveness.

There are some differences between dorsal closure and imag-
inal spreading (Fig. 6). During embryonic closure, the amnio-
serosa and the epidermal cells keep their relative positions
constant, and despite occasional delaminations, amnioserosa
cells remain in place until the very end of the process. They
detach from the overlying epidermis only upon closure comple-
tion, become dispersed into the body cavity, and undergo
apoptosis (35). By contrast, during disc spreading, imaginal cells
crawl over the larval epidermis (Fig. 2). In this process, larval

PNAS | July5,2000 | vol.97 | no.14 | 7891

DEVELOPMENTAL

RIDIOGY



Fig.5. dpp signaling is necessary for the spreading of imaginal discs and for
filopodia formation. (A and B) The overexpression of UAS-TkvPN with Pnr-Gal4
induces a strong cleft phenotype, where heminota are kept well apart (A) but
joined by naked cuticle (B). (C and D) The overexpression of UAS-TkvPN with
MZ980-Gal4 produces a mild cleft phenotype (C). The intervening cuticle
shows distinct polarity defects (D). (E) After the overexpression of UAS-TkvPN
with Pnr-Gal4, filopodia are not present at the leading edge of imaginal tissue
(arrowheads), and imaginal cells are pulled together into bunches (arrows).

cells are left below and behind and eventually delaminate from
the edges.

The Role of the Cytoskeleton. Spreading and fusion of epidermal
cells could be directed by different mechanisms. In adult verte-
brates, cells at the edge of cutaneous wounds extend lamellipodia
and drag themselves forward. In contrast, in vertebrate embryos,
wound-edge cells remain blunt-faced and the force to draw the
wound edges together seems to be provided by a purse-string-
like contraction of a thick cable of actin at the leading edge (36).
This mechanism also applies to some developmental processes,
such as Xenopus gastrulation (37) and the late stages of C. elegans
ventral enclosure (38). In Drosophila, purse-string contraction
appears to be the mechanical force leading embryonic dorsal
closure. Actin and non-muscle myosin accumulate at the leading
edge of the epithelium and mutations in zipper (the gene coding
for non-muscle myosin) (26) or hep (15) that abolish actin and
non-muscle myosin accumulation yield dorsal-open phenotypes.
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Fig.6. Comparison of embryonicdorsal closure and imaginal thorax closure.
Embryonic dorsal closure proceeds through the stretching of epidermal cells
(green) and the simultaneous contraction of the apical ends of amnioserosa
cells (orange). Amnioserosa and epidermis remain continuous during the
whole process and keep contact with the basal lamina (red). Once dorsal
closure is concluded, amnioserosa cells delaminate and undergo apoptosis
(black). During imaginal thorax closure, imaginal cells (blue) detach from the
basal lamina (red) and crawl over the larval cells (purple), emitting filopodia.
Larval cells delaminate from the borders of the larval sheet and undergo
apoptosis (black) once the imaginal cells leave them behind.

Our data suggest that the spreading of the imaginal epithelium
is active and led by cells at the boundary, although a contribution
of the rest of the cells of the epithelia may be possible. Forward
locomotion of imaginal cells probably will involve contraction of
intracellular actomyosin filaments. We also observe extensive,
thick filopodia connecting cells to the contralateral heminota
(Fig. 3). These multibranched filopodia, which protrude out of
leading-edge cells, expand over the larval surface and eventually
form actin bridges. Upon contact, they seem to exert a mechan-
ical force, pulling the imaginal tissues together.

The mechanical role of thick filopodia involved in imaginal
spreading is conserved in other developmental processes such as
gastrulation in the sea urchin embryo and the epiboly of the C.
elegans hypodermis. In sea urchin, primary and secondary
mesenchyme cells extend filopodia as they move, making con-
tacts with the ectoderm (39). During ventral enclosure in the
nematode, leading cells display actin-rich filopodia and treat-
ment with cytochalasin D immediately halts the process (38).

The Recognition of Epithelia. One important characteristic of
epithelial fusion in a developmental context is the precise
recognition of the contralateral parts. During embryonic dorsal
closure in Drosophila, a perfect match links the anterior and
posterior compartments of each segment across the midline (40).
During pupariation, the spreading of the imaginal tissues results
in the alignment of notal landmarks along the anterior—posterior
axis. When rare mismatches occur, anterior cells never match to
posterior ones; rather, they meet anterior cells of distinct con-
tralateral segments (41). This accurate identification suggests
that different positional values must be present in different cells
at the leading edge and, importantly, a mechanism should exist
that allows perception of these differences at a distance.

Thorax closure starts at the anterior end of the wing disc,
proceeds through the most posterior region, and, finally, fills the
gap (Fig. 1). This regulated cadence also has been observed in
an independent study (K. Usui, personal communication). Tim-
ing also is regulated during embryonic dorsal closure. In this
process, spreading and fusion proceed from both ends of the
embryo, showing segmental periodicity (42).

A mechanism that directs migration or spreading is contact
guidance. Contact guidance in discs could be mediated by
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filopodial tracts making appropriate informative contacts at the
contralateral discs. This situation would be reminiscent of sea
urchin gastrulation, where thin filopodia are involved in cell-cell
signaling (43). This function also has been suggested for cy-
tonemes, actin-rich, thin filopodia present on Drosophila imag-
inal discs (44).

JNK and dpp Signaling Have Different Roles in Morphogenesis. In
addition to morphological similarities, genetic evidence points to
a similar molecular mechanism, led by the JNK signaling cas-
cade, directing embryonic dorsal and imaginal thorax closure.

During imaginal closure, JNK signaling affects the adhesion
between imaginal and larval epidermal cells. In mutant condi-
tions for this pathway, larval cells detach and prematurely
degenerate, disrupting the continuity of the epithelium, which
appears to be necessary for spreading and fusion. This defect also
has been observed during embryonic dorsal closure. In embryos,
after loss of both maternal and zygotic hep functions, amniose-
rosa cells detach from each other and from the epidermal cells
and undergo premature cell death (E.M.-B. and A. Martinez-
Arias, unpublished results). Thus, JNK signaling appears to
affect both the cytoskeleton and cell adhesiveness.

The activity of JNK signaling is manifested by the expression
of puc, which is detected in imaginal leading-edge cells and in a
subset of cells of the peripodial membrane that ultimately will
adopt a border position. Thus, the JNK pathway appears to
determine the leading cells in the moving epithelia and to set up
the borders between columnar and squamous epithelia (6).
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Alternatively, puc expression (and JNK signaling) could just
reflect a particular physiological state of border cells.

The loss of dpp signal during embryonic dorsal closure causes
the pulling together of the leading edges of segments into
bunches (31). This phenotype appears to be due to defects in the
leading-edge cytoskeleton, resulting in a misregulated contrac-
tion. Similar defects are seen after interfering with dpp signaling
during imaginal disc spreading. Bunches develop at the leading
edge, resulting in the excessive contraction of the epithelium.

The role of dpp in imaginal and embryonic fusion appears to
be conserved in related developmental processes. During palate
fusion in vertebrates, the transforming growth factor 3, a
homologue of Dpp, is expressed in the cells that will form the
palate suture. Mutations in transforming growth factor 83 cause
palate clefts in homozygous null mice. In these mice, in contrast
to wild-type animals, filopodia-like structures are not present on
the surface of the medial-edge epithelial cells (45). Thus, dpp
appears to be involved in the regulation of cytoskeleton dynam-
ics along the leading edge of epithelia, although we do not know
how its activity is implemented.
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