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Integrin cell surface receptors are ideally suited to coordinate cellular differentiation and tissue assembly
during embryogenesis, as they can mediate both signaling and adhesion. We show that integrins regulate gene
expression in the intact developing embryo by identifying two genes that require integrin function for their
normal expression in Drosophila midgut endodermal cells. We determined the relative roles of integrin
adhesion versus signaling in the regulation of these integrin target genes. We find that integrin-mediated
adhesion is not required between the endodermal cells and the surrounding visceral mesoderm for integrin
target gene expression. In addition, a chimeric protein that lacks integrin-adhesive function, but maintains the
ability to signal, can substitute for the endogenous integrin and regulate integrin target genes. This chimera
consists of an oligomeric extracellular domain fused to the integrin B3 subunit cytoplasmic domain; a control
monomeric extracellular domain fusion does not alter integrin target gene expression. Therefore,
oligomerization of the 47-amino-acid B, intracellular domain is sufficient to initiate a signaling pathway that

regulates gene expression in the developing embryo.
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Interactions between cells during embryogenesis are vi-
tal for the processes of morphogenesis and differentia-
tion. One category of these interactions uses secreted
ligands, or morphogens, to specify pattern and cell fate
decisions over several cell diameters (Lawrence and
Struhl 1996). A second category uses transmembrane li-
gands, such as Delta and Serrate, to signal to adjacent
cells (Artavanis-Tsakonas et al. 1995). A third category of
interactions has features of both the other categories:
Secreted ligands are used, but because they become in-
corporated into the insoluble meshwork of secreted pro-
teins between cells, the extracellular matrix (ECM), they
signal to those cells in direct contact with the matrix
(Adams and Watt 1993). Integrin cell surface receptors,
which mediate adhesion to the extracellular matrix and
transduce signals, are likely to play important roles in
ECM signaling (Juliano and Haskill 1993; Clark and
Brugge 1995; Roskelley et al. 1995; Sastry and Horwitz
1996). The simplest way that integrins could contribute
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to ECM signaling is by mediating adhesion to the ECM
so that cells are kept close to the source of signals. Al-
ternatively, ECM signals could be largely transmitted by
integrin signaling pathways. The goal of this work is to
test the relative importance of these two integrin func-
tions, adhesion and signaling, in the transmission of
ECM signals within the intact embryo.

The ECM is a complex mixture of proteins that has
important structural functions as well as a role in sig-
naling (for review, see Adams and Watt 1993; Juliano and
Haskill 1993; Kreis and Vale 1993; Roskelley et al. 1995).
Examples of essential structures formed by the ECM in-
clude the tendons that link muscles to the bone, the
comparable tendon matrix in insects that links the
muscles to the epidermis, and the basement membrane,
a thin electron-dense layer that separates cell layers from
each other and is important in maintaining their integ-
rity. The major ECM components, such as collagen, fi-
bronectin, and laminin, provide structure to the matrix
and contribute to signaling in at least two ways. One,
they provide binding sites for other small growth factor
peptides, such as members of the Wnt and TGF-g fami-
lies, which, by binding to the ECM, may be presented to
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the cell in a higher concentration or in an especially
active form (for review, see Adams and Watt 1993;
Taipale and Keskioja 1997). Two, these structural com-
ponents of the ECM also serve as signaling ligands by
binding to integrins (Clark and Brugge 1995; Sastry and
Horwitz 1996), and in one case, receptor tyrosine kinases
(Shrivastava et al. 1997; Vogel et al. 1997).

Each integrin is composed of two type I transmem-
brane proteins, an « subunit and a g subunit (for review,
see Hynes 1992). Both subunits take part in binding to
extracellular ligands, which in most cases are ECM pro-
teins, but also include transmembrane proteins. The cy-
toplasmic tails of almost all of the integrin subunits are
very short, <50 amino acids, and do not appear to have
any enzymatic activity. Therefore, integrin intracellular
function is thought to be mediated through interactions
with other proteins, including cytoskeletal molecules re-
quired for adhesion and components of signaling path-
ways. The association of cytoskeletal molecules with in-
tegrins requires that the integrins are bound to an extra-
cellular ligand, whereas the initiation of signaling
pathways appears to require just aggregation of integrins
(Miyamoto et al. 1995a). Integrin aggregation, or cluster-
ing, most likely occurs as cells bind to the multivalent
ECM, so that integrin adhesion and signaling are nor-
mally simultaneous events.

Perhaps the best characterized ECM signaling event
occurs when cells in culture are transferred from suspen-
sion to an ECM substrate. Within a few minutes, a num-
ber of intracellular proteins are transiently activated by
phosphorylation (for review, see Clark and Brugge 1995;
Juliano 1996; Sastry and Horwitz 1996; Schlaepfer and
Hunter 1998). This initial rapid response to cells binding
to the ECM results in the activation of at least two signal
transduction molecules that transmit signals to the
nucleus, mitogen-activated protein kinase (MAPK) and
Jun amino (N)-terminal kinase (JNK) (Chen et al. 1994,
Schlaepfer et al. 1994; Miyamoto et al. 1995b; Zhu and
Assoian 1995). These proteins can also be activated by
simply clustering integrins, demonstrating that integrins
are responsible for transmitting the ECM signal. There
appears to be a variety of possible routes from the inte-
grins to MAPK, which involve focal adhesion kinase
(FAK), Shc, Ras, Rho, and Raf (Schlaepfer et al. 1994,
Chen et al. 1996; Renshaw et al. 1996; Schlaepfer and
Hunter 1996; Wary et al. 1996; Lin et al. 1997b). The
pathway involving Shc is unique in that it is initiated by
specific integrin o subunits (Wary et al. 1996). MAPK
and related kinases link signaling to gene regulation by
translocating into the nucleus, and they may provide
this function for integrin signaling pathways, because
integrin clustering has been shown to induce expression
of immediate-early genes (Yurochko et al. 1992; Wary et
al. 1996). These studies demonstrate the ability of inte-
grins to transmit signals from the ECM to the nucleus,
but it is not yet clear how much we can extrapolate from
this rapid signaling event, which is over within an hour,
to signaling during developmental events in which inte-
grins are continuously in contact with the ECM.

When cells are cultured in continuous contact with an
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ECM, the composition of the ECM can dramatically af-
fect the proliferation or differentiation of the cells (for
review, see Adams and Watt 1993; Roskelley et al. 1995;
Juliano 1996; Sastry and Horwitz 1996). Integrins are also
known to be important for these longer term examples of
ECM signaling, but it is not yet certain whether it is
integrin adhesion or signaling that is required. If the role
of the ECM could be replaced experimentally by cluster-
ing of integrins, then this would confirm an integrin sig-
naling pathway. The integrin-dependent interactions
with the ECM have been shown to be essential for the
transmission of signals initiated by other signaling mol-
ecules, such as mitogen stimulation of proliferation and
prolactin stimulation of mammary epithelial cell differ-
entiation. In both cases, integrin function is required for
an early step in the transmission of the signal. In the
absence of adhesion to the correct substrate, the mitogen
signal is arrested between Ras and MAPK kinase (Lin et
al. 1997a; Renshaw et al. 1997) and prolactin fails to
activate its receptor (Edwards et al. 1998).

Integrins could have active or passive roles in the
transmission of the signals sent by the ECM during con-
tinuous contact with cells. There could be an integrin-
specific signaling cascade that synergizes with these
other pathways to promote proliferation or differentia-
tion. As integrins recruit large numbers of signaling pro-
teins to sites of adhesion (Miyamoto et al. 1995b; Plopper
et al. 1995), a more passive model for integrins in signal-
ing is that they are required to organize effective intra-
cellular signaling centers composed of cytoskeletal and
signaling components. Even more passive, integrin-me-
diated adhesion to the ECM could be essential for other
types of cell surface receptors to bind to ECM ligands and
transduce signals, such as the recently identified recep-
tor tyrosine kinases that are activated by binding to col-
lagen (Shrivastava et al. 1997; Vogel et al. 1997).

Integrin function is also important for the assembly of
the ECM, and recent genetic evidence suggests that it is
this function rather than integrin signaling that is re-
quired for keratinocyte differentiation (Bagutti et al.
1996). So far, genetic analysis of integrin function in Dro-
sophila and mice has shown that integrins are essential
for normal development, with a clear requirement for
integrins in cell-ECM adhesion, but has yet to provide
strong support for the role of integrin signaling in em-
bryonic cellular differentiation (for review, see Brown
1993; Brakebusch et al. 1997). However, it may be that
integrin signaling pathways are only required for particu-
lar aspects of cellular differentiation, and integrin target
genes that absolutely require integrin function for their
normal expression have not been identified yet. There-
fore, to address the role of integrins in cellular differen-
tiation of the Drosophila embryo, we have continued to
look for such genes.

To identify target genes of a putative integrin signaling
pathway in Drosophila, we have searched for genes that
are expressed in the late stages of embryonic differentia-
tion and examined their expression in embryos mutant
for different integrin subunits. The integrin subunits
identified in Drosophila consist of a highly diverged B



subunit, 8,, and three position-specific (PS) integrin het-
erodimers, PS1 (apg;PBps), PS2 (apgoPps), and PS3
(aps3Bps), which are most similar to vertebrate B, inte-
grin heterodimers (Brown 1993; Yee and Hynes 1993;
Stark et al. 1997). In this work, we have focused on in-
tegrin function during the formation of the larval mid-
gut, in which all five integrin subunits are expressed.
However, only mutations in the PS1 and PS2 integrins
have strong phenotypes in this tissue (Brabant and
Brower 1993; Reuter et al. 1993; Brown 1994; Brower et
al. 1995; Stark et al. 1997), causing a failure in the mor-
phogenesis of the midgut and gastric caeca (four blind-
ended tubes that evaginate from the anterior midgut).
These two integrins are expressed in the complementary
cell layers of the gut, with PS1 expressed in the endo-
derm epithelia, and PS2 in the surrounding layer of vis-
ceral muscles (Fig. 1A).

We have successfully identified two genes that are
regulated by PS1 integrin function in the midgut endo-
dermal cells of the developing embryo. With these genes
in hand, we have performed several experiments aimed
at distinguishing between two possible ways that the
integrin could be required for normal differentiation; as
an adhesive molecule whose function is required for
other signals to be received, or as a signaling molecule
that initiates an intracellular pathway that regulates
gene expression. Using a novel approach to send integrin
signals in the absence of integrin adhesion, we show that
the PS integrins function as signaling receptors, trans-
ducing signals from the extracellular matrix to inside the
cell that result in changes in gene expression, indepen-
dent of their role in adhesion.

Drosophila integrin signaling

Results

Identification of genes that require PS1 integrin
function for their normal pattern of expression
in the Drosophila midgut

To investigate whether PS integrin function is required
for cellular differentiation during embryogenesis, we ex-
amined whether PS integrin mutations alter the expres-
sion of enhancer trap lines and constructs that are ex-
pressed in endodermal cells during the late stages of mid-
gut development. Each of these constructs expresses
B-galactosidase (in most cases targeted to the nucleus)
under the control of adjacent regulatory elements, and
thus, histochemical staining provides a simple assay for
the expression of a variety of different genes. We found
that PS1 integrin function is required for the normal ex-
pression of two of the genes tested (Fig. 1). The enhancer
trap insertion in line 258 (Murakami et al. 1994) is ex-
pressed at high levels in the gastric caeca and at low
levels in the anterior part of the midgut (Fig. 1B). In the
absence of PS1, 258 is now expressed at high levels in the
anterior midgut, similar to the level of expression in the
gastric caeca, which does not change (Fig. 1E). Thus, the
PS1 integrin is required for the repression of 258 expres-
sion in the anterior midgut. Conversely, lack of PS1 re-
sults in reduced expression of the gene construct Mt (Fig.
1C,F). This construct consists of a promoter fragment
from a major midgut specific trypsin gene, Antrypl from
the mosquito Anopheles gambiae, fused to lacZ (con-
struct tylcBst), and is specifically expressed in the ante-
rior part of the Drosophila larval midgut (Skavdis et al.
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Figure 1. Loss of PS1 integrin results in
changes in gene expression in the gut epi-
thelia.(A) Schematic drawing of a portion
of the midgut, showing the large endoder-
mal cells outlined in blue, which express
the PS1 integrin, surrounded by a thin
layer of visceral muscles (pink), which ex-
press the PS2 integrin. (B—G) Midguts from
wild-type and integrin mutant embryos
that were dissected and stained for B-ga-
lactosidase produced by enhancer traps
(258 and A3-2-66) or a gene construct (Mt).
Relative to wild type (B-D), the absence of
the PS1 integrin leads to an increase in 258
expression in the midgut (E), a decrease in
Mt expression (F), and no change in A3-2-
66 expression (G). Because the expression
of these markers changes during early lar-
val development, the embryos were care-
fully staged to avoid differences as a result
of developmental arrest.
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1996). Other enhancer traps do not change in the absence
of PS1, such as the insertion in line A3-2-66 expressed in
the large flat cells (Hoppler and Bienz 1995; Fig. 1D,G).
Because all of the lines examined produced mRNAs with
a similar structure, which encode B-galactosidase, the
differences in expression caused by the absence of PS1
function are most likely to reflect the transcriptional
control of these loci, rather than the stability of the gene
product. The demonstration that PS1 function is re-
quired to suppress the transcription of 258 while stimu-
lating the expression of the Mt construct, shows that the
PS1 integrin specifically modulates gene expression,
rather than generally up or down-regulating levels of
gene expression. These represent the first examples of
genes that are transcriptionally regulated by integrins in
Drosophila (integrin target genes), and therefore provide
us with an assay to determine what aspect of integrin
function is required to regulate genes during cellular dif-
ferentiation.

Loss of integrin-mediated adhesion between
the endoderm and visceral mesoderm is not the cause
of the changes in endodermal cell gene expression

We can imagine three ways that the PS1 integrin could
be required for normal patterns of gene expression in the
midgut endoderm (Fig. 2):(1) PS1 could be required to
hold the endoderm and visceral muscles in close prox-
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Figure 2. Possible models for integrin regulation of gene ex-
pression. Each section of the diagram shows two blue endoder-
mal cells expressing the apg;Bpg integrin (blue and gray) attach-
ing via the extracellular matrix (purple) to two pink visceral
mesodermal cells that express the apg,Bps integrin (pink and
gray). In the first two models, the PS1 integrin holds the endo-
derm in close proximity to the visceral mesoderm so that either
(1) secreted signals from the visceral mesoderm are received by
a receptor on the endodermal cell surface (in green), or (2) an
ECM component signals to a nonintegrin receptor (in purple). In
the third model, PS1 integrin adhesion to the ECM also sends
signals. The outcome of the signal is depicted as the repression
of 258 expression (light blue nucleus). In the PS1 mutant em-
bryos (bottom), all three types of signal can be disrupted by the
loss of PS1 integrin function, resulting in the increased expres-
sion of 258 (dark blue nucleus).
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Figure 3. Loss of integrin-mediated adhesion does not hinder
the induction of endodermal Labial expression by Dpp secreted
from the visceral mesoderm. (A) In wild-type embryos at stage
13, Labial expression (shown in black) is induced in those en-
dodermal cells (arrowhead) in direct contact with visceral me-
sodermal cells (arrow) that express Decapentaplegic (not shown)
under the control of the transcription factor Ultrabithorax
(shown in brown). (B) This induction of Labial expression still
occurs in the absence of PS integrin-mediated adhesion (lacking
the Bpg subunit). Examination of older embryos (stage 16) shows
that Labial expression is still maintained in the absence of PS
integrins (D), as it is in the wild type (C).

imity so that secreted signals sent by the visceral meso-
derm are received by the endoderm; (2) PS1 could be
required to hold the endoderm close to the ECM, or lead
to the correct assembly of the ECM, so that signaling
molecules within the matrix can bind to receptors on the
endodermal cell surface; and (3) PS1 could send intracel-
lular signals. There is good precedent for the first possi-
bility because the visceral muscles are known to send
signals to the endoderm. The visceral muscles secrete
Decapentaplegic (Dpp; a member of the TGF-g family),
which induces a new cell fate in the endoderm, as re-
vealed by the expression of the homeobox gene labial
(Immergluck et al. 1990; Panganiban et al. 1990). To test
whether the disruption of integrin-mediated adhesion
between these two cell layers disrupts this known ex-
ample of signaling between them, we examined the ex-
pression of Labial in embryos mutant for the PS inte-
grins. We found that Labial is expressed normally in the
integrin mutant embryos (Fig. 3). This demonstrates that
the loss of PS integrin adhesion between the two layers
does not necessarily disrupt signaling between them.
However, it remains possible that this signal is sent prior
to the loss of attachment between these cell layers, and
that other later signals would be hindered. Therefore, we
tested this first possibility in an alternative way.

Both PS1 and PS2 integrins are required for the close
apposition of the visceral muscles to the endoderm, as
shown in Figure 4A-C, in which embryos lacking PS2
can be seen to have an even more extensive detachment
of the visceral muscles from the endoderm than embryos
lacking PS1. Therefore, if expression of the integrin tar-
get genes is regulated by a factor secreted by the visceral
mesoderm, then we would expect the PS2 mutant em-
bryos to show the same changes in gene expression as
the PS1 mutant embryos, whereas if these genes are
regulated by the ECM through the integrins or other re-
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ceptors, then we would expect to see no change in the
expression of these genes (Fig. 4D). We found that the
loss of PS2 integrin function in the visceral muscles does
not cause any changes in the expression of the two genes
that are altered by the loss of PS1, 258 and Mt (Fig. 4E,F),
nor the gene that is not affected by the loss of PS1, A3-
2-66 (Fig. 4G). In the absence of both PS1 and PS2 inte-
grins (embryos lacking the common Bpg subunit), the
morphological defects are too severe at this late stage to
reliably examine the expression of these genes; substan-
tial cell death occurs in the absence of both integrins at
this stage, but not when just one or other integrin is
absent (data not shown).

These results rule out the possibility that the changes
in gene expression are an indirect consequence of the
loss of integrin-mediated adhesion between the two cell
layers of the midgut. Furthermore, these results show
that the extracellular ligands required by PS1 in the en-
dodermal cells to regulate gene expression cannot be
transmembrane proteins on the surface of the visceral
muscles and therefore are most likely to be ECM com-
ponents. This is consistent with the evidence showing
that laminin is a key ligand for PS1 (Gotwals et al. 1994;
Prokop et al. 1998).

An integrin chimera that signals without mediating
adhesion can regulate gene expression

Having ruled out the first of the three possible ways that
PS1 could be required for normal patterns of gene expres-
sion, there remain two possible models; a requirement
for PS1 adhesion to the ECM to allow other signals to be

Drosophila integrin signaling

Figure 4. Integrin-mediated adhesion between
the endodermal and the visceral mesodermal
cells is not required to regulate gene expression
in the endoderm. (A-C) Dissected guts stained
for actin with phalloidin conjugated to rhoda-
mine to show the visceral mesoderm surround-
ing the gut. The continuous layer of visceral
muscle seen in the wild type (A) is moderately
disrupted in embryos that lack the PS1 integrin
(B), and severely disrupted in embryos that lack
the PS2 integrin (C). In D, the predicted result
of the disruption of PS2 integrin-mediated ad-
hesion of the visceral muscle to the endoderm
is shown for each of the three models. If the
signal is sent from the visceral mesoderm
(model 1), then signaling will be lost in the PS2
mutant, whereas if the ECM provides the signal

g 3 (models 2 and 3) then the signaling will be
ﬁ‘- " o maintained. The latter is true as the absence of
Sl oo PS2 integrin does not change the expression
pattern of any of the markers of (cf. E-G with

Fig. 1A-C).

received, versus direct signaling by the PS1 integrin.
Generating a PS1 integrin that lacks the ability to medi-
ate adhesion but still retains signaling function would
allow us to distinguish between the two models. A pow-
erful technique in Drosophila to generate ligand inde-
pendent, constitutively active, forms of transmembrane
signaling proteins is to make chimeras containing the
cytoplasmic domain of the test transmembrane protein
fused to the extracellular and transmembrane domains
of mutant forms of the Torso receptor tyrosine kinase
(Dickson et al. 1992; Nellen et al. 1996). The mutant
extracellular domain of Torso is derived from a domi-
nant gain-of-function mutant allele (4021), which has a
change in the extracellular domain from a tyrosine to a
cysteine that allows the protein to form active signaling
oligomers, independent of ligand binding (Sprenger and
Niisslein-Volhard 1992). Clustering chimeric proteins
containing the cytoplasmic domain of integrin § sub-
units has been shown to lead to increased tyrosine phos-
phorylation of intracellular proteins such as FAK in ver-
tebrate cells (Akiyama et al. 1994; Lukashev et al. 1994),
but it is not known whether this fully mimics integrin
signaling, especially as other experiments have shown
that o subunits are important and, in some cases, suffi-
cient for signaling (Huhtala et al. 1995; Sastry et al. 1996;
Wary et al. 1996; Wei et al. 1998).

We constructed Torso/B,,, chimeras using the extra-
cellular Torso domains from wild-type (TorsoW ") and the
dominant 4021 allele (Torso®), and as an additional con-
trol used a fusion of Torso® to the cytoplasmic domain
of Punt (Nellen et al. 1996), a receptor serine/threonine
kinase. The chimeras were expressed in the midgut en-
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dodermal cells with the GAL4 system (Brand and Perri-
mon 1993), with the GAL4 line 48Y (Martin-Bermudo et
al. 1997). Both the wild-type chimera (Torso™"/B.,.) and
the dominant chimera (Torso”/B.,,) are expressed at
similar levels in the midgut as well as some other tissues
(Fig. 5A,B). To test the ability of these chimeric proteins
to mimic integrin signaling, we examined their ability to
substitute for the endogenous PS1 integrin and regulate
the two integrin target genes. We found that Torso™?/
Beye cannot substitute for PS1, as it does not change the
overexpression of 258 caused by loss of PS1 (Fig. 5FI). In
contrast, the Torso”/B.,, chimera can substitute for PS1,
as it represses the expression of 258 in the anterior mid-
gut (Fig. 5L). The constitutive signaling molecule is ex-
pressed throughout the gut, including in the gastric
caeca. It does not repress 258 expression in the gastric
caeca, but it does represses 258 in the portion of the
midgut in which PS1 integrin function is normally re-
quired to repress 258 (indicated by black lines in the
figure), and in addition, represses expression posterior to
this region. The other control, Torso”/Punt,, is not able
to repress 258 expression in the anterior midgut (Fig. 5P),
demonstrating that repression requires the Bpg cytoplas-
mic domain, and that the ability of Torso”/B.,. to regu-
late integrin target genes is not caused by its extracellu-
lar domain fortuitously mimicking the adhesive func-
tion of the PS1 integrin. Similar experiments performed
with the second integrin target gene Mt, also show that
only the Torso"/B.,, chimeric protein can successfully
substitute for endogenous PS1 integrin function and in-
duce expression of Mt in the absence of the endogenous
PS1 integrin (Fig. 5D,G,J,M,Q). Widespread expression of
Torso” /B, only activates Mt expression in the region of
the midgut in which it is normally expressed (Fig. 5M),
demonstrating that it is not integrin signaling alone that
specifies the spatial patterns of Mt and 258 expression.
The ability of the Torso"/B.,, chimera to substitute for
the endogenous integrin rules out the possibility that the
regulation of integrin target genes is an indirect conse-
quence of integrin adhesion, and shows that it is due to
a signaling pathway initiated by the 47-amino-acid Bpg
cytoplasmic domain.

Integrin regulation of gene expression does not require
specific a subunit function

Whereas the Bpg cytoplasmic domain alone can mimic
PS1 integrin signaling when fused to Torso®, in the in-
tact integrin the o subunit will be required for interac-
tion with the extracellular ligands to promote clustering
and may also play a role inside the cell in the signaling
pathway. It has been shown that only integrin het-
erodimers containing specific a subunits are competent
to signal through the Shc adaptor protein to Ras (Wary et
al. 1996). To test whether specific a subunits are re-
quired for signaling by PS integrin heterodimers, we ex-
amined the consequences of switching a subunits in the
endodermal cells. We have found previously that ap, is
not able to substitute for apg; function in the midgut
when assayed by larval lethality (Martin-Bermudo et al.
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Figure 5. Dimerization of the Bpg cytoplasmic tail is sufficient
to send signals that regulate gene expression. Antibody staining
of the chimeras shows that both wild-type and dominant forms
are expressed at similar levels in the embryonic midgut endo-
derm (end; A,B) with the GAL4 line 48Y. The increase in 258
expression that occurs in the absence of PS1 (F vs. C) is sup-
pressed by the dominant chimera Torso®/B.,, (L], but not by the
wild-type chimera Torso""/B.,. (I), nor a control chimera Tor-
soP/punt,,, (P). The region of the midgut that requires PS1 ac-
tivity for the repression of 258 is marked with a black line in
each panel. Similarly, the expression of the Mt transgene (D)
requires PS1 integrin function (G), which can be functionally
replaced with the dominant chimera Torso®/B..,, (M), but not by
the wild-type chimera Torso™"/B.,, (]), nor Torso®/punt., (Q).
(Right) Diagrams of the postulated effects of the different geno-
types on 258 and Mt expression are shown. (K,O,R) Torso do-
mains are green: (K,O) the By, is gray; (R) the punt,,, is pink.
Although Torso”/B.,, sends similar signals to the endogenous
PS1 integrin (E,O), neither the Torso®/punt,, signal (red arrow,
R) nor the nonoligomeric Torso™ /.., (K) alters 258 expression
(left side of nucleus) or Mt expression (right side of nucleus).



1997). We first tested whether expression of UAS-a;g;
with the GAL4 driver can substitute for endogenous apg;
function to repress the target gene 258 and found that it
can (Fig. 6C). We then tested two chimeric « subunits, in
which we have swapped the cytoplasmic domains be-
tween apg; and apg,, and the normal apg, subunit, and
found that all three could substitute for apg; and repress
258 expression (Fig. 6D-F). This shows that the « sub-
units do not provide specificity to this signaling event. In
addition, it shows that the PS2 integrin is able to interact
with enough ligands to become clustered and initiate a
signaling pathway, even when it is expressed in an ecto-
pic location.

Discussion

By identifying two genes that require integrins for their
normal expression in Drosophila, we have been able to
examine what aspects of integrin function contribute to
tissue differentiation during embryonic development. As
integrins are also required for adhesion between the em-
bryonic cell layers during embryogenesis, it was essen-
tial to test whether it is integrin adhesion or signaling
that is required for normal gene expression, because loss
of adhesion could indirectly disrupt other signaling path-
ways. We have confirmed that integrins themselves ini-
tiate a signaling pathway that regulates gene expression
through two key experiments. First, we have shown that
although the disruption of integrin function in either the
visceral mesoderm or the endoderm disrupts the adhe-
sion between these two cell layers, changes in endoder-
mal cell gene expression only occur when these cells
themselves lack integrin function. This is consistent
with the endodermal cell PS1 integrin signaling to regu-
late gene expression, and not with an indirect require-
ment for integrin function to hold these cell layers to-
gether so that other signals can be exchanged. Second,
we show that integrins can regulate gene expression in
the absence of an adhesive function, because the 47-
amino-acid cytoplasmic tail of the integrin Bpg subunit
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alone is sufficient to regulate gene expression when
fused to the transmembrane and extracellular domains
of a different transmembrane protein, the Torso receptor
tyrosine kinase. Consistent with experiments showing
that integrins must be dimerized or clustered to send
signals (Yurochko et al. 1992; Huhtala et al. 1995; Miya-
moto et al. 1995a), the cytoplasmic domain only regu-
lates gene expression when fused to modified forms of
the Torso protein that dimerize in the absence of ligand
(derived from dominant alleles of torso), and not when
fused to the wild-type monomeric form. Thus, oligomer-
izing the integrin Bpg subunit cytoplasmic domain ini-
tiates a signaling pathway that regulates the expression
of genes during the late steps of embryonic differentia-
tion. Furthermore, our results show that the a subunits
do not provide unique functions for this intracellular sig-
naling pathway, suggesting that the role of the a is con-
fined to extracellular ligand binding. These findings
demonstrate that the integrins have a regulatory role in
controlling differentiation during Drosophila embryo-
genesis, in addition to their essential structural role in
linking together different cell layers.

Integrin dimerization vs. clustering

The ability of the chimeric protein consisting of a fusion
between Torso” and Bpg to substitute for the wild-type
integrin function in regulating gene expression raises the
question of whether integrin dimerization is sufficient to
send signals, rather than requiring higher order clusters.
It is generally thought that receptor tyrosine kinases
form dimers when they bind to ligands (for review, see
Heldin 1995) although it is difficult to rule out the for-
mation of higher order oligomers. The mutation that
causes Torso to activate its pathway in the absence of
ligand is a substitution of tyrosine to cysteine (Sprenger
and Niisslein-Volhard 1992), which may allow the for-
mation of disulfide-linked dimers. We have found that
the extracellular domain of this constitutively active re-
ceptor tryrosine kinase can substitute for the extracellu-

Figure 6. Specific o subunits are not re-
quired for integrin signaling in the midgut
to regulate 258 gene expression. As shown
before, low levels of 258 expression in the
anterior midgut require PS1 integrin expres-
sion (A,B). Replacement of the endogenous
apg; subunit with an apg; subunit provided
by GAL4 driven expression produces the
wild-type 258 expression pattern (C). Ex-
pression of chimeric o subunits containing
the extracellular domain of apg; and the cy-

-x,-:;%‘ toplasmic domain of apg, (D), or the extra-

cellular domain of apg, and the cytoplasmic
domain of apg, (E), and expression of the en-

\ tire apg, subunit (F), are all able to produce

functional heterodimers that signal to re-
press 258 expression. The region of the mid-
gut that requires the PS1 integrin for repres-
sion of 258 is indicated by the black lines.
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lar domain of integrins, to generate a molecule that con-
stitutively sends integrin signals. This suggests that the
level of oligomerization that is required for these two
classes of signal-transducing receptors to initiate signal-
ing pathways is equivalent, and therefore, that dimeriza-
tion is sufficient for integrin signaling to regulate gene
expression. In vivo, integrins can become dimerized or
oligomerized by binding to the multivalent ECM. Ex-
perimentally, integrin signaling has been triggered by the
formation of large clusters by crosslinking with poly-
clonal antisera or monoclonal antibodies linked to beads
(e.g., Miyamoto et al. 1995a). Consistent with our re-
sults, dimerization of integrins with a monoclonal anti-
body has been shown to cause changes in gene expres-
sion in monocytes (Yurochko et al. 1992). However, in-
tegrin dimerization does not cause increases in
intracellular tyrosine phosphorylation: Higher order
clustering with a secondary antibody is required (Luka-
shev et al. 1994). This suggests that integrin signaling
independently causes the major increases in the tyrosine
phosphorylation of intracellular proteins and changes in
gene expression.

Signaling between integrins and the nucleus

A large number of signaling molecules have been ob-
served to be activated in response to integrin adhesion
and/or clustering (Clark and Brugge 1995; Juliano 1996;
Sastry and Horwitz 1996; Schlaepfer and Hunter 1998).
Some of these molecules have been identified in Dro-
sophila, and they are currently being tested to determine
whether they are part of this integrin signaling pathway
that is required for midgut differentiation. Wary et al.
(1996) have identified an integrin signaling pathway that
is a subunit specific and mediated by interactions be-
tween the « subunit transmembrane and/or extracellu-
lar domain and the adaptor protein She. This pathway
can be mimicked by clustering the « subunit alone,
whereas clustering the B cytoplasmic domain does not
initiate signaling through Shc. The fact that we can
mimick signaling by clustering the Bpg cytoplasmic do-
main and the o subunits do not provide specificity to the
signaling, demonstrates that a different type of pathway
is involved in gene regulation in the developing gut. It is
not suprising that the pathway we have identified ap-
pears to be independent of the Shc pathway, because the
apg; integrin is in the same subfamily as o, (Martin-
Bermudo et al. 1997), which does not signal through Shc.
The apg, subunit is in the same family as ag, which does
signal through Shc, suggesting that if this pathway oper-
ates in Drosophila, it is more likely to be operating
through this integrin.

The pathway downstream of the integrin cytoplasmic
domain could function in several ways to modify gene
expression. One possibility is that there is an intracellu-
lar signaling cascade that brings about the modification
of transcription factors, resulting in the repression of
some genes such as 258 and the activation of others,
such as the Mt construct. Alternatively, the integrin sig-
naling activity could be confined to the plasma mem-
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brane and function by modifying other signaling path-
ways, either by promoting their organization into signal-
ing complexes, or by modifying the initial steps in these
pathways. These possibilities are consistent with results
showing that there is reorganization of signaling mol-
ecules in response to integrin clustering (Miyamoto et al.
1995b), and that integrin function is required for other
signaling receptors to transmit their signals along the
appropriate pathway (Lin et al. 1997a; Renshaw et al.
1997; Edwards et al. 1998). Thus, the target gene 258
could be activated by the reception of a growth factor
type signal, which is modified in the anterior midgut by
integrin activity that could either block this signal close
to the plasma membrane, or could initiate a signaling
pathway that culminates in the binding of a repressor to
the 258 gene. The interaction of integrin signaling with
other pathways is also suggested by the fact that consti-
tutive signaling with the Torso”/B.,, chimera does not
cause ectopic repression of 258 nor ectopic expression of
Mt. The repression of 258 expression only occurs in the
anterior midgut and not in the gastric caeca, and Mt is
only expressed in the region of the midgut in which it is
normally expressed. This suggests that some compo-
nents of the pathway are differentially expressed in these
different domains of the midgut, or that the expression of
these genes is regulated by trans-acting factors expressed
in specific subregions of the midgut.

Role of integrin signaling during midgut development

The requirement for integrin function in the expression
of the target gene Mt suggests that the integrins are re-
quired for the latest stages of midgut differentiation. The
promoter driving this construct, which is derived from a
trypsin gene expressed in the mosquito midgut, is ex-
pressed at the very end of embryogenesis in Drosophila,
and it most likely reflects the expression of homologous
trypsin genes during the final stages of generating a func-
tional larval midgut. Thus, integrin function is required
for the endodermal cells to become fully functional, and
suggests an important link between proper morphogen-
esis of this tissue, in part mediated by integrin adhesion
to the ECM, and the differentiation of the organ. Experi-
ments in vertebrate cell culture add support to the role of
the ECM in the differentiation of the gut, because anti-
bodies against laminin-1, a component of the basement
membrane between epithelial and mesenchymal cells,
can block the differentiation of the gut epithelium, as
indicated by the absence of enterocytic markers such as
lactase—phlorizin hydrolase and sucrase isomaltase (De
Arcangelis et al. 1996).

However, the PSI integrin is not universally required
for the expression of final products of gut differentiation,
because, for example, a gene expressed during the late
differentiation of another group of specialized midgut
cells, the large flat cells, is expressed normally in the
absence of the PS1 integrin (enhancer trap A3-2-66). Yet,
despite the normal expression of this gene, the large flat
cells appear morphologically abnormal (M.D. Martin-
Bermudo and N.H. Brown, unpubl.), suggesting that their



differentiation is abnormal in the absence of PS1 integrin
function. This suggests that differentiation is a complex
process with multiple independent signals leading to the
final patterns of gene expression, only some of which are
integrin dependent. Alternatively, the expression of
some genes could be regulated in a redundant fashion by
more than one integrin, as another integrin B subunit,
B,, is also expressed in the midgut (Yee and Hynes 1993).
To resolve this question it will be helpful to identify
additional integrin target genes, so as to be able to char-
acterize the products of the genes that rely on feedback
from integrin-mediated morphogenesis.

In conclusion, we have demonstrated that during nor-
mal development, integrin binding to the ECM is not
only required to attach cells firmly to the basement
membrane, but it is also essential for normal patterns of
gene expression. More importantly, our results suggest
that dimerization of the Bpg subunit intracellular do-
main is sufficient to initiate a signaling pathway that can
upregulate and downregulate gene expression. This
shows that whereas integrin ligand binding is used for
adhesion to the extracellular matrix, as signaling recep-
tors, the integrins are formally equivalent to growth fac-
tor receptors, in that their ability to mediate adhesion is
not required for integrins to regulate gene expression.
Thus, these results have confirmed the importance of
integrins in providing a vital link between cell adhesion
during morphogenesis and cellular differentiation.

Materials and methods

Mutant alleles

The mutant alleles used are mew™® (Brower et al. 1995), if®*
(Brown 1994), and mys*“*® (Bunch et al. 1992).

Histochemical detection of B-galactosidase activity
and antibody staining

The histochemical staining was performed on hand-dissected
guts according to Murakami et al. (1994). Antibody staining of
embryos was done by standard methods with anti-Ultrabithorax
and anti-Labial antibodies (Panganiban et al. 1990), or the anti-
myc tag monoclonal 9E10 (Oncogene Research Products) at 1:
500, followed by enhancement with the Vectastain Elite ABC
kit. Stained embryos and dissected guts were photographed with
either a Zeiss Axiophot microscope and the images scanned
with a Nikon Coolscan, or were photographed with a Spot digi-
tal camera on a Leica DMR microscope. The digital images were
assembled with Adobe Photoshop 4.0, and labeled with Free-
Hand 8.0 on a Power Macintosh.

Construction of genes encoding Torso/B,,, fusion proteins

The UAS-torso”"/B,,, gene was constructed by combining, in
a series of steps, the following five DNA fragments: (1) a Kpnl-
Celll (filled in) fragment from pUAST (Brand and Perrimon
1993) containing the UAS promoter and 36 nucleotides of
HSP70 5’ untranslated sequence; (2) an Xhol (filled in) to SspBI
fragment from pBD490 (B. Dickson and E. Hafen, pers. comm.)
containing a signal sequence followed by a myc tag and the
amino terminus of the Torso extracellular domain; (3) an SspBI-
EcoRlI (filled in) fragment from torsoWT-sev (Dickson et al.
1992) containing the rest of the Torso extracellular domain and
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the transmembrane domain; (4) a BamHI (trimmed with mung
bean nuclease) to Spel fragment from pBcyt (see below) contain-
ing the cytoplasmic domain of the integrin Bpg subunit; (5) a
Spel-Rsrll fragment containing the polyadenylation site of the
rosy gene (Martin-Bermudo et al. 1997). The gene was cloned
between Kpnl and Rsrll sites in a P-element vector containing
the white gene as a selectable marker (pWhiteRabbit, N.H.
Brown unpubl.). The plasmid pBcyt, which contains a BamHI
site at the junction between the transmembrane and cytoplas-
mic domains of the Bpg subunit, was generated by PCR, with the
primer GGAGGATCCTCACTACGATCCAC and a primer in
the vector, cloned as a BamHI-Notl fragment and checked by
sequencing (the Spel site used for fragment 4 is within the 3’
untranslated region of the B,y gene). The amino acid sequences
at the junctions between transmembrane and cytoplasmic
domains are -LLLWKLLTTIHDRR- in the Bpg subunit and
-LTECRILTTIHDRR- in the Torso™"/B,,, fusion (the Torso se-
quence is underlined and the junction amino acids RI come
from the synthetic EcoRI site). To generate the UAS-torso”/
Beye gene, a NgoMI-EcoRI fragment from UAS-torso™ /B,
was replaced with the corresponding fragment from torso4021-
sev (Dickson et al. 1992). P-clement transformants were ob-
tained by standard methods, and several lines were obtained for
each construct. Independent lines of the constructs were used;
lines B, E2 and D1 for the UAS-torso""/B,,, gene and lines B
and C for the UAS-torso”/Bcyt gene. They were expressed in
the midgut by the GAL4 line 48Y, which is expressed in the
midgut from stage 12 onwards (Martin-Bermudo et al. 1997). To
unambiguously distinguish the mew mutant embryos, we used
a balancer chromosome marked with yellow* (Martin-Bermudo
et al. 1997), for example, virgin females y mew™® /FM6, y*;
UAS-torso®/B,,, were crossed to y*/Y; 24B; 258 males. In the
offspring, all will express UAS-torso”/B,,, under the control of
48Y and contain the 258 enhancer trap, and the 1/4 that are
mutant for mew can be distinguished by their y mouth hooks.

To assess the role of the a subunits, we used the following
UAS constructs: UAS-PS1 2.1, UAS-PS1/2cyt 2.1, UAS-PS2/
leyt 2.A, UAS-PS2 2A (Martin-Bermudo et al. 1997).
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