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Abstract. Integrin-linked kinase (ILK) was identified by
its interaction with the cytoplasmic tail of human B1 inte-
grin and previous data suggest that ILK is a component of
diverse signaling pathways, including integrin, Wnt, and
protein kinase B. Here we show that the absence of ILK
function in Drosophila causes defects similar to loss of in-
tegrin adhesion, but not similar to loss of these signaling
pathways. ILK mutations cause embryonic lethality and
defects in muscle attachment, and clones of cells lacking
ILK in the adult wing fail to adhere, forming wing blisters.
Consistent with this, an ILK—green fluorescent protein
fusion protein colocalizes with the position-specific in-
tegrins at sites of integrin function: muscle attachment
sites and the basal junctions of the wing epithelium.

Surprisingly, mutations in the kinase domain shown to
inactivate the kinase activity of human ILK do not
show any phenotype in Drosophila, suggesting a ki-
nase-independent function for ILK. The muscle detach-
ment in ILK mutants is associated with detachment of
the actin filaments from the muscle ends, unlike inte-
grin mutants, in which the primary defect is detachment
of the plasma membrane from the extracellular matrix.
Our data suggest that ILK is a component of the struc-
ture linking the cytoskeleton and the plasma membrane
at sites of integrin-mediated adhesion.
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Introduction

The interaction of cells with the surrounding extracellular
matrix (ECM)! affects many aspects of cell behavior, includ-
ing the migratory properties of cells, their growth, and dif-
ferentiation. Integrins are a large family of transmembrane
heterodimeric proteins that mediate such interactions. The
large extracellular part of both « and 8 subunits binds pro-
teins within the ECM. The short cytoplasmic domain of the
B integrin subunit anchors the cytoskeleton to the plasma
membrane via intermediary adaptor proteins. Through
these interactions, integrins connect the extracellular matrix
to the cytoskeleton, providing strong cell adhesion to the
ECM (Hynes, 1992; Cheresh and Mecham, 1994).

In Drosophila, null mutations of the genes encoding the
position-specific (PS) integrins cause diverse morphoge-
netic defects during development and embryonic lethality
(reviewed in Brown et al., 2000). Several characteristic PS
integrin mutant phenotypes are caused by loss of adhesion
between adjacent cell layers. In the absence of PS inte-
grins, the muscle attachment to the epidermis via the ECM
fails, so the muscles detach and round up (Wright, 1960).
In the detached muscles, the plasma membrane is sepa-
rated from the ECM, but the muscle actin filaments re-
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main linked to the plasma membrane (Newman and
Wright, 1981; Prokop et al., 1998). This demonstrates that
the integrins are necessary to link the cell to the ECM, but
are not the only molecule mediating interactions between
the plasma membrane and the cytoskeleton. Similarly, the
PS integrins are required to hold together the two epithe-
lial cell layers that form the adult wing (Brower and Jaffe,
1989; Wilcox et al., 1989; Zusman et al., 1990; Brabant and
Brower, 1993; Brower et al., 1995). When clones of cells
homozygous for integrin mutations are produced in the
wing, the mutant cells do not adhere to the opposing cell
layer, resulting in a wing blister. This adhesion involves
two different integrins, containing two of the five a sub-
units present in the Drosophila genome (Adams et al.,
2000). In large clones, mutations in the aPS2 subunit only
cause a wing blister when present on the ventral side,
while mutations in the aPS1 subunit only cause blisters on
the dorsal side, consistent with their enriched expression
on the different sides (Brower et al., 1984; 1995; Brabant
and Brower, 1993). The wing blister phenotype has been
used successfully in genetic screens to identify other genes
required for this integrin-mediated adhesion in the adult
wing (Prout et al., 1997; Walsh and Brown, 1998). We are
complementing this approach with a reverse genetic ap-
proach consisting of the identification of mutations in
genes encoding Drosophila orthologs of vertebrate pro-
teins implicated in integrin function. In this way, we can
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test whether genetic removal of a protein produces defects
consistent with its proposed role.

The study of integrins in cell culture systems has offered
many insights and assays for integrin function. In particu-
lar, in many cells, integrins cluster at focal adhesion
plaques after binding to their extracellular matrix ligands.
At these sites, integrin activation leads to recruitment of
cytoskeletal and signaling proteins, which bind either di-
rectly or indirectly to the cytoplasmic domains of the inte-
grin subunits (reviewed in Giancotti and Ruoslahti, 1999).
This property of integrins gives them the ability to act as
signal transducers, resembling the signaling role of other
transmembrane receptors. Thus, one key question in un-
derstanding cellular responses to ECM is whether inte-
grin-mediated cell adhesion and signaling are distinct
events or closely linked. The elucidation of the in vivo role
of integrin-binding proteins may facilitate our understand-
ing of this question.

A number of groups have used two-hybrid screening in
yeast to identify intracellular proteins that bind to the cy-
toplasmic tails of integrins (e.g., Kolanus et al., 1996;
Chang et al., 1997). One of the proteins identified by this
method is integrin-linked kinase (ILK; Hannigan et al.,
1996). ILK contains three clear ankyrin repeats at the NH,
terminus, followed by a kinase domain most similar in se-
quence to the kinase domain of Raf serine/threonine pro-
tein kinase. The ankyrin repeats provide modules for pro-
tein—protein interaction and have been shown to bind to
the first LIM domain in the protein PINCH (Tu et al.,
1999). The kinase domain overlaps at its NH, terminus
with a short sequence proposed to bind phosphoinositides
as it shares some similarity to a pleckstrin homology do-
main, and phosphoinositides have been shown to activate
ILK activity (Delcommenne et al., 1998). Overexpression
of wild-type and mutant forms of ILK in cell culture has
suggested diverse roles for ILK. It has been implicated in
both positive and negative regulation of integrin function
and has been recently shown to colocalize with integrins at
focal adhesions (Hannigan et al., 1996; Delcommenne et
al., 1998; Li et al., 1999). Expression of high levels of ILK
in cells has been shown to cause increased accumulation of
B-catenin with T cell factor in the nucleus (Novak et al.,
1998). The translocation of these molecules to the nucleus
is usually associated with a cellular response to signals
from the Wnt family of secreted proteins (Behrens et al.,
1996). Wnt signaling downregulates a negative regulator
of the Wnt pathway, GSK3, and ILK has been proposed
to act similarly, by increasing the phosphorylation of
GSK3B (Delcommenne et al., 1998). Overexpression of
ILK also results in the increased phosphorylation of pro-
tein kinase B (PKB), and has been proposed to represent
the elusive serine*” kinase activity, which is required for
full activation of PKB (Delcommenne et al., 1998).

Although the COOH terminus of ILK is clearly related
to kinase domains, there are a few results suggesting that
kinase activity may not be the main function of this do-
main. The ILK sequence diverges from other kinases at
some extremely well-conserved positions, such as the as-
partic acid in subdomain VIb, which is involved in the
transfer of the phosphate (for more discussion, see Hanks
and Hunter, 1995; Johnson et al., 1996; Dedhar et al., 1999;
Lynch et al., 1999; and Results). On the other hand, several
lines of biochemical evidence support the view that ILK is
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an active kinase. First, ILK has been shown to phosphory-
late peptides on serine and threonine residues, as well as
other standard kinase substrates such as myelin basic pro-
tein (Hannigan et al., 1996; Morimoto et al., 2000). Second,
replacement of a conserved residue in the substrate bind-
ing loop of the kinase domain (E359K) results in a mutant
ILK protein that has lost its in vitro kinase activity and
causes dominant-negative effects (Delcommenne et al.,
1998; Wu et al., 1998) or loss of wild-type overexpression
effects (Novak et al., 1998) when overexpressed in cell cul-
ture. A mutation in the ATP binding site (K219M) has
been shown to eliminate the ability of ILK to stimulate
phosphorylation of PKB on Ser*’? (Lynch et al., 1999).
However, introducing a second mutation, predicted to
mimic autophosphorylation at a potential site in ILK
(S342E), partially restores PKB phosphorylation despite
the mutation in the ILK ATP binding site (Lynch et al.,
1999). This led these authors to propose that the primary
substrate of ILK may be itself, and that the main function
of ILK is that of an adaptor rather than a kinase.

With the identification of a putative ILK ortholog in the
expressed sequence tag sequences of the Drosophila ge-
nome project, we began a genetic analysis of ILK function.
The main goal of this work was to determine whether ILK
is essential for the pathways it has been proposed to inter-
act with: integrins, B-catenin, and PKB. Phenotypes corre-
sponding to each of these pathways have been described in
Drosophila, and they are each distinct, allowing us to un-
ambiguously determine whether ILK is required for any of
these pathways. Our results show that ILK is required for
integrin-mediated adhesion, but not signaling involving in-
tegrins, B-catenin (armadillo), or PKB. In support of this,
we find that an ILK-green fluorescent protein (GFP) fu-
sion protein is concentrated at sites of integrin adhesion.
To our surprise, we have not found any defects in the de-
velopment or viability of flies in which the wild-type ILK
gene has been replaced with one containing a mutation
that inactivates the kinase activity of human ILK. Our re-
sults suggest that the main function of ILK may be as a
structural adaptor between the plasma membrane and the
cytoskeleton at sites of integrin-mediated cell adhesion.

Materials and Methods

Molecular Characterization of the Drosophila ilk gene

The clone LD02317 from the Berkeley Drosophila genome project was
used as a probe for screening an imaginal disc cDNA library (Brown and
Kafatos, 1988). Both strands of a full-length cDNA clone of 1,793 bp were
isolated and sequenced with the aid of the Cambridge Biochemistry De-
partment facility. Genomic clones were isolated by screening filters of a
gridded set of P1 clones (Genome Systems). Three overlapping genomic
P1 clones DS06392, DS04977, and DS0269 hybridized, which were local-
ized to the 78C1-4 region. A 15-kb Notl fragment containing the ilk gene
was isolated from the P1 clone DS06392 (provided by S. Russell, Univer-
sity of Cambridge) and the ilk transcription unit was sequenced. Com-
puter assembly and analysis of the sequence was performed with Se-
quencher (Gene Codes Corp.), MacVector and AssemblyLign (Oxford
Molecular Group), and BLAST searching at NCBI. The nucleotide se-
quence has GenBank accession number AJ249345.

The ilk coding region sequence of the ilk! allele was determined by am-
plifying this region of the genomic DNA from single homozygous mutant
ilk! embryos using PCR. Amplification products from three independent
embryos were sequenced. The only change to the ILK amino acid se-
quence in all three was found to be a change from W211 to a stop codon.

To test interaction of the cytoplasmic region of BPS with ILK, amino
acids 785-845 of BPS were cloned into the LexA-fusion bait vector
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pEG202 (constructed by E. Golemis, Massachusetts General Hospital,
Boston, MA). This construct corresponds to the construct containing the
human 3, cytoplasmic tail used by Hannigan et al. (1996) to isolate human
ILK. The region of Drosophila ILK corresponding to the human ILK
clone isolated by Hannigan et al. (1996) (amino acids 288-448) was cloned
into the prey vector pJG4-5 (constructed by J. Gyuris, Massachusetts
General Hospital). Human or Drosophila ILK prey constructs and either
BPS or human B; bait constructs were transformed into EGY48 yeast
(MATa his3 trpl ura3 LexAops-LEU2) with the lacZ reporter plasmid
pSH18-34 (2X4 LexAop-LacZ) as described by Hannigan et al. (1996).
Transformants were assayed for growth in the absence of leucine and lacZ
expression. LacZ expression was assayed by growing the yeast on filters,
soaking them in X-Gal buffer (100 mM NaH,/Na,H PO,, pH7, 10 mM
KCl, 1 mM MgSOy,, 0.27% B-mercaptoethanol, 0.33 mg/ml X-Gal), snap
freeze/thawed twice, and then incubating with X-Gal at 30°C for up to 16 h
(Clontech protocol modified by I. Adams, Wellcome/CRC Institute). The
empty prey vector negative control (pJG4-5) was used to set the back-
ground level of activity.

A wild-type ilk genomic rescue construct was prepared by subcloning a
9,091-bp Notl to Sacl genomic DNA fragment containing 2,910 bp upstream
of the nucleotide corresponding to the first nucleotide of the longest ILK
cDNA, and 3,833 bp downstream of the polyA addition site, into the P-ele-
ment transformation vector pWhiteRabbit. The sequence of the genome
(Adams et al., 2000) has revealed the presence of a second predicted gene
within this fragment, upstream of ik, but the ability of UAS:ILK to rescue
the [(3)78Ca’ allele confirms that the /(3)78Ca lethal mutation is within the
ilk gene. To fuse GFP to the COOH terminus of ILK, Xhol and HindIII
sites were inserted between the last codon and the stop codon of the ilk
gene, and at the NH, and COOH termini of the GFP (variant mGFP6;
Kaltschmidt et al., 2000) coding sequence by PCR. A short linker amino acid
sequence was introduced at the NH, terminus of GFP so that the fusion pro-
tein junction corresponds to MRRSSSSMSK, with the linker underlined.

The UAS:ILK construct was made by inserting an AatlIl/Xbal frag-
ment from the ilk genomic sequence, which starts in the 5’ untranslated
sequence and extends 133 bp downstream of the polyA addition site,
downstream of the GAL4-dependent UAS promoter in pGreenRabbit
derived from pUAST (Brand and Perrimon, 1993). The mutations in the
kinase domain of ILK were made by site-directed mutagenesis and trans-
ferred into the UAS:: ILK and GFP-tagged i/k genomic rescue constructs.

In Situ Detection of mRNA and Proteins

In situ hybridization of whole-mount embryos was performed as described
by Tautz and Pfeifle (1989) with digoxigenin-labeled RNA probes, corre-
sponding to the antisense strand of ik and the sense strand of part of the
kak gene as a negative control, were prepared using the Genius kit (Boeh-
ringer) according to the manufacturer’s instructions. The labeled probes
were hydrolyzed by alkali treatment (Na,CO; -NaHCO; buffer, pH 10.5)
at 60°C for 2 h. For detection of riboprobes, samples were incubated with
a 1:5,000 dilution of antidigoxigenin Fab fragments (Boehringer) preab-
sorbed against fixed embryos (0-17 h after egg laying). Images were ob-
tained by photography on a Leica DMR microscope (Leica) with a Spot
digital camera (Diagnostic Instruments).

Double labeling of ILK-GFP and PS integrins was performed using stan-
dard antibody-staining methods, although the period of time in methanol
was kept to a minimum to keep the GFP fluorescence strong. PS integrins
were detected with anti-BPS mouse mAb CF6G11 (1:10; Brower et al.,
1984) and Texas red—conjugated goat anti-mouse (1:200; Vector Labs, Inc.).
The expression of the ILK-GFP reporter gene was also examined in the pu-
pal wing by dissecting pupae 9-d old into PBS and examining on the confo-
cal microscope. To visualize the actin within the muscles of stage 17 whole
embryos, we altered standard fixation procedures by replacing methanol
with 80% ethanol and stained with rhodamine-labeled phalloidin (R-415;
Molecular Probes), as described in Xue and Cooley (1993). We used 24B::
Gal4 to drive UAS::Src-GFP (Kaltschmidt et al., 2000) to visualize the mus-
cle surface. Images were obtained from the MRC1000 confocal microscope
(Bio-Rad Laboratories). All the images were assembled in Photoshop 5.5
(Adobe Systems, Inc.) and labeled in Freehand 8 (Macromedia).

Fly Stocks and Genetics

The ethylnitrosourea-induced allele ilk! (/(3)78Ca’) and the x-ray-induced
deficiencies Df(3L)Pc-14d and Df(3L)ME107 were generated by Russell
et al. (1996). We used a third chromosome balancer marked with GFP,
TM3 P[w+, actin::GFP] (Reichhart and Ferrandon, 1998), to distinguish
homozygous ilk! embryos. Somatic clones homozygous for ilk! were pro-
duced in the wing and the germ line by x-ray—induced mitotic recombina-
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tion in the second larval instar (4,000 rads). To generate marked clones in
the wing, we induced clones in males of the genotype mwh ilk'/+. To in-
duce germ line clones, we irradiated females containing the dominant fe-
male sterile mutation ovoP! translocated to 3L (Chou and Perrimon,
1996): mwh ilk'/P[w+, ovoP! 18],

To assay rescue of ilk! by the genomic rescue construct (wild type, GFP
tagged, and GFP-tagged kinase mutant), we performed the cross P[w+,
ilk+]/CyO; ilk'/TM6B to Df(3L)Pc-14d/TM3 and scored surviving P[w+,
ilk+]; ilk!/Df(3L)Pc-14d flies by the absence of the Sh and Hu markers on
TM3 and TM6B, respectively. The survivors were then tested for fertility.
The ability of UAS:ILK (wild type and kinase dead) to rescue ilk! was as-
sayed by scoring flies of the genotype UAS:ILK/+; ilk! 24B:Gal4/
Df(3L)Pc-14d ry e. The integrin mutant alleles used in this study are the
null alleles if?# and mys*“# (Bunch et al., 1992; Brown, 1994). Larval cuti-
cles were prepared by standard methods from wild-type, ilk!/Df(3L)Pc-
14d, and armYP¥/Y embryos. To overexpress wild-type and mutant ILK in
different tissues, we used the Gal4 system (Brand and Perrimon, 1993).
We used the following Gal4 drivers: 24B, 69B, 48Y, engrailed::Gal4, arma-
dillo::Gal4, twist::Gal4 (FlyBase Consortium, 1999).

Results

Characterization of the Drosophila ilk Gene

The existence of Drosophila ILK was first revealed by se-
quence from the Berkeley Drosophila Genome Project.
Within the 5’ end sequence of cDNA clone LD02317 is en-
coded a peptide with 65% identity to residues 1-45 of hu-
man ILK. We used this clone to screen an imaginal disc
cDNA library and isolated one clone of 1,813 bp that en-
codes a 448 amino acid protein that is similar throughout
its length to human ILK and the ILK encoded in the ge-
nome sequence of Caenorhabditis elegans (Fig. 1 a; C. ele-
gans Sequencing Consortium, 1998). We isolated genomic
clones containing the ilk gene by screening a filter of grid-
ded P1 clones, which also served to map the gene to cyto-
logical interval 78C1-4. By sequencing the gene, we found
that the ilk gene is interrupted by three introns and that
the total length of the primary transcript is 2,347 nt.

The predicted Drosophila ILK protein is 60% identical
and 75% similar overall to human ILK, and these two are
more similar to each other than to any other protein ki-
nase, indicating that they are orthologs. Our sequence is
identical to that published by Lynch et al. (1999) and to
that reported in the Drosophila genome sequence (Adams
et al., 2000), which also shows that Drosophila has only
one ILK gene. All three domains in ILK, the ankyrin re-
peats, pleckstrin homology-like domain, and kinase do-
main, are conserved in the three species (Fig. 1 a). The
high conservation between Drosophila, C. elegans, and hu-
man ILK strongly suggests that its function has been con-
served during evolution.

As mentioned in the Introduction, human ILK differs in
sequence from other kinases at several residues that are
otherwise invariant, so the conservation at these positions
is of particular interest (Fig. 1 b; Hanks and Hunter, 1995).
These residues were found to differ from the consensus in
all three ILK sequences, but are not conserved among
ILKs in the different species. In kinase subdomain I, the
kinase consensus is GxGxxG, with the middle glycine in-
variant, and the first two glycines different in each ILK se-
quence. The invariant aspartic acid in subdomain VIb,
which is involved in the transfer of the phosphate, is not
conserved, and again is different in the three sequences.
By contrast, the invariant lysine in subdomain II, which is
a key residue in ATP binding, and the motif A/SPE in sub-
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a Drosophita iLk [ 1SS
H. sapiens ILK 56% 45% 61%
C. elegans ILK 56% 51% 58%

b I ITI IITI VIb VII VIII IX X1 kinase subdomains
G-G--G...A-K...E...DL-N...DFG...APE...D-G...R kinase consensus
G-G--G...A-K...E...DL-N...DFG...APE...D-G...R Drosophila Raf
§-T--G...V-K...E...HL-H...DAK...SPE...D-A...R Drosophila ILK
A-5--G...V-K...E...YL-H...DTK...SPE...D-A...R C elegansILK
B-N--G...V-K...E...AL-5...DVK...APE...D-A...R H. sapiens ILK

Cc ) :
ilk" mutation (W211stop) N | P358S
site directed kinase mutants [ I

K219M E358K

Figure 1. Sequence conservation of Drosophila TLK. (a) A com-
parison of Drosophila ILK with C. elegans 1LK and Homo sapi-
ens ILK. Below each of the three domains is indicated the per-
cent identity between that ILK and Drosophila ILK. (b)
Alignment of highly conserved amino acids within kinases. The
subdomain numbering is from the alignment of Hanks and
Hunter (1995), and amino acids that are generally highly con-
served and their counterparts in the ILK sequences are bold. (c)
Point mutations in the ilk gene. The mutation in the ik allele
changes the codon encoding W2!! into a stop codon, truncating
the protein as shown. The site-directed mutations we generated
in Drosophila ILK replace the invariant lysine at position 219
with methionine, the proline at 358 with serine, and the
glutamate at 359 with lysine (b, *). The E359K change has been
shown to inactivate the kinase activity of human ILK and v-src
(Bryant and Parsons, 1984; Delcommenne et al., 1998); the
K219M change inactivates the kinase activity of Drosophila Raf
(Sprenger et al., 1993), and P358S makes Drosophila Raf temper-
ature sensitive (Hata et al., 1994).

domain VIII, which is involved in substrate recognition
(Hanks and Hunter, 1995; Johnson et al., 1996), are con-
served in all three ILK sequences. Thus, the divergence of
human ILK from other kinases is not a recent change, but
occurred before the separation of invertebrates and verte-
brates.

ILK Is Found at Sites of Integrin Function

Many kinases that act in specific processes during develop-
ment have been found to be ubiquitously expressed; e.g.,
PKB (Andjelkovic et al., 1995). By contrast, the mRNA
distribution of ilk was found to be both temporally and
spatially regulated. At the cellular blastoderm stage, ilk
expression is low (Fig. 2 a), and it becomes stronger during
gastrulation, mainly in the presumptive mesoderm (b). Its
expression continues to increase through stage 13 within
the somatic mesoderm, the midgut endoderm, and the sur-
rounding visceral mesoderm (Fig. 2 c¢). High levels of ilk
expression are maintained in the somatic and visceral mus-
cles through the end of stage 16, when the embryos are al-
most fully developed (Fig. 2 d).

Our attempts to raise polyclonal antibodies against ILK
that stain embryos were not successful, but we were able
to make a functional protein tagged with green fluorescent
protein. We started with a 9-kb fragment of genomic
DNA, which contains the ilk transcription unit and the
flanking regions that are likely to contain the ilk promoter
and enhancers. We inserted the GFP sequence between
the last amino acid of ILK and the stop codon, separated
by a short linker of four serines. This fusion gene, along
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a Figure 2. Expression of
Drosophila ILK mRNA dur-
ing embryogenesis. (a) Lat-
eral view of a cellular blasto-
derm embryo showing low
levels of ILK mRNA distri-
bution in the whole embryo.
b Anterior is left in this and all
subsequent panels. (b) Lat-
£y eral view of an embryo dur-
ing gastrulation (stage 11),
ect dorsal side up. Staining is
Sy seen in the mesodermal layer
," B (mes) underlying ectoderm
- (ect), including the stomo-
: deum (st) and the procto-
e > deum (pr). (c) Dorsal view of
D an embryo at stage 13 show-
ing high levels of ILK
Vi mRNA in the progenitors of
) the visceral muscles (vm) and
somatic muscles (sm). Lower
&y levels of expression can be
¥ detected in endodermal ori-
gin midgut (end) and in epi-
dermis (ep). (d) Dorsal view of an embryo at stage 16. Strong ex-
pression of ILK mRNA is visible in the visceral muscles (vm),
somatic muscles (sm), and pharyngeal muscles (pm).

*

with the wild-type fragment as a control, were introduced
into the Drosophila genome by P-element transformation.
The GFP-tagged ilk gene produced readily detectable flu-
orescent protein in the embryo. We are confident that the
ILK-GFP fusion protein reflects the endogenous expres-
sion and subcellular localization of ILK, because it ap-
pears to be able to substitute perfectly well for the wild-
type ILK protein, as revealed by its ability to rescue an ilk
mutation (see below).

Our finding that ilk mRNA is expressed mainly in meso-
dermal tissues was confirmed by the localization of ILK-
GFP protein. However, we also found that low levels of
ILK are distributed throughout the embryo. Some of these
correspond to sites of integrin expression, such as at the
leading edge of the epidermis and amnioserosa during
dorsal closure (Fig. 3 a). Strong expression of ILK-GFP in
the visceral mesoderm is first detected at stage 12, and it
accumulates steadily during embryogenesis, following the
level of mRNA expression. In mid-stage 16 embryos,
ILK-GFP is particularly strong in the midgut constrictions
and the pharyngeal muscles (Fig. 3 b). Low levels of ILK-
GFP were found in the ventral nerve cord (not shown) and
throughout the epidermis (Fig. 3, a and c). The most strik-
ing feature of ILK localization during embryogenesis is its
tight localization at muscle attachment sites (Fig. 3 c),
where PS integrins are strongly expressed (e; Bogaert et
al., 1987). These data show that high levels of ILK-GFP
are found at the places where integrins are found and the
two proteins are tightly colocalized (Fig. 3 d). There is not
strong expression of ILK at epidermal sites where wingless
signaling through B-catenin is particularly active (Peifer et
al., 1994), but low levels of ILK are detectable throughout
the embryo, so this expression pattern does not exclude
the possibility of the suggested interaction between ILK
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Figure 3. ILK colocalizes with integrins during embryonic devel-
opment. (a—e) Colocalization of ILK-GFP and PS integrins. ILK-
GFP is visualized by GFP fluorescence (green) and the BPS
subunit is detected with a monoclonal antibody (red), with colocal-
ization appearing yellow. Anterior is left in this and all subsequent
panels. (a) Dorsolateral view of an embryo at stage 13 during dor-
sal closure, where ILK-GFP and integrins are concentrated at the
leading edges of epidermis and the edges of the amnioserosa (as).
(b) Optical horizontal section of mid-stage 16 embryo focused on
the internal organs to show the localization of ILK in pharyngeal
muscles (pm) and visceral mesoderm (vm), with particularly strong
expression of ILK seen here at the first midgut constriction (con),
and at muscle attachment sites (ma). (c) Lateral view of a late
stage 16 embryo showing ILK-GFP localization at muscle attach-
ment sites. (d and e) Same embryo at higher magnification to show
the tight colocalization of ILK with integrins (d) and the integrin
staining alone (e). Bars, 20 pm.

Zervas et a. Drosophila Integrin-linked Kinase Function

Figure 4. Integrins are not
required for ILK localization
at muscle attachment sites.
Lateral view of the embry-
onic muscles at stage 16 in
wild-type (a) and BPS inte-
grin  mutant myospheroid
(mys) (b) embryos. The actin
filaments have been labeled
with  rhodamine-phalloidin
(red) and ILK is visualized
by GFP fluorescence (green).
The plain arrows indicate lo-
calization of ILK-GFP at the
corresponding muscle-attach-
ment site. The dashed arrow
shows a detached muscle in
the mys embryo. Normal
ILK localization to the ends
of muscles (a) is not blocked
by the absence of integrins
(b). Bar, 10 pm.

and B-catenin/T cell factor signaling (Novak et al., 1998)
occurring in Drosophila.

The colocalization of ILK-GFP with integrins raises the
question as to whether this is due to the binding of ILK to
the cytoplasmic tail of the BPS subunit. We examined the
distribution of ILK-GFP in embryos mutant for the BPS
subunit and found that ILK-GFP is still concentrated at
the muscle attachments (Fig. 4, a and b). In addition, we
could not detect any interaction between Drosophila ILK
and the BPS subunit cytoplasmic domain by two-hybrid
analysis, although we were able to reproduce the interac-
tion between human ILK and human 3, integrin (Table I,
Hannigan et al., 1996). We see weak interaction between
Drosophila ILK and the B, integrin cytoplasmic tail, but
not between human ILK and BPS, indicating that the dif-
ferences between the cytoplasmic tails (11 of 47 amino ac-
ids) have caused the loss of this interaction. Thus, we have
not been able to provide evidence for a direct interaction
between Drosophila ILK and the PS integrins, either in
yeast or in the Drosophila embryonic muscles.

Identification of ilk Mutations

To assess the function of ILK during development, we
sought mutations in the ilk gene. The region containing
the ilk gene was characterized genetically as part of the
studies of the nearby gene Ecdysone-induced protein 78C
(Eip78C) (Russell et al., 1996). A genetic screen for lethal
mutations uncovered by the deficiency Df(3L)Pc-14d,
which deletes 78C2;D1, identified two new lethal comple-
mentation groups, /(3)78Ca and [(3)78Cb (Russell et al.,
1996). By mapping the genes within a genomic clone, we
found that Eip78C is proximal to ilk, and deficiency map-
ping had shown that Eip78C is distal to [/(3)78Cb, and
proximal to /(3)78Ca, making the latter the best candidate
for the ilk locus. We sequenced the ilk coding region from
the DNA of flies containing the /(3)78Ca mutation and
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Tablel. Direct Interaction between ILK and Integrins Is Not
Conserved in Drosophila

Human B, integrin Drosophila Bpgintegrin

Empty vector - -
Human ILK ++ -
Drosophila ILK +/— -

Y east two-hybrid assay for direct protein—protein interactions between ILK and the
cytoplasmic tail of B integrinsin humansand Drosophila. + +, strong lacZ expression,
detectable after 20 min at 30°C. +/—, weak lacZ expression only just detectable above
background after 2 h at 30°C. —, lacZ expression at the level of the empty prey vector
control.

compared it to the sequence of the gene in the strain that
was mutagenized in the genetic screen. Sequences from
three independent PCR amplifications of the [(3)78Ca
mutant DNA have a single change, the nucleotide transi-
tion (G - A), which changes W?!! to a stop codon (Fig. 1
c). Therefore, this mutant gene will produce a truncated
form of ILK that lacks the kinase domain, which is also the
region in human ILK (but not Drosophila ILK) that binds
to the integrin cytoplasmic tail by yeast two-hybrid inter-
action (Hannigan et al., 1996; Table I).

To prove that the lethality associated with the [(3)78Ca’
allele is due to the change in the ilk gene, we prepared a
rescue construct consisting of the ilk primary transcript, 3
kb upstream and 4 kb downstream, and introduced this
into the germ line by P-element transformation. As men-
tioned above, we also prepared a GFP-tagged version of
the same construct. Both constructs are able to rescue fully
the lethality of /(3)78Ca'/Df(3L)Pc-14d to viable, fertile
adults with no visible defects. Therefore, we conclude that
[(3)78Ca’ is a mutant allele of the ilk gene and will subse-
quently refer to this allele as ilk’.

A second allele, ilk?, was isolated in a screen for genes
required for integrin-mediated adhesion in the adult wing
(Walsh and Brown, 1998), but it was not described in this
work as only a single allele was isolated, which is homozy-
gous lethal and causes a dominant wing blister phenotype.
This mutation is lethal over ilk’, although a few adult es-
capers (<5%) are seen. Genetic and cytological analysis
(data not shown) revealed that ilk? is associated with a re-
ciprocal translocation between the second and third chro-
mosomes. The dominant phenotype of ilk? is not shared by
other ilk mutations (ilk’ and ilk deficiencies), so we are not
certain whether it is caused by the aberration in the ilk
gene or a second site mutation.

Loss of ILK Produces Defects Similar to Loss of
Integrins and Different from Loss of 3-Catenin or PKB

We found that embryos homozygous for ilk! die at the end
of embryogenesis. To check whether the ilk mutant em-
bryos have defects similar to the pattern defects caused by
the loss of the Wnt signal through B-catenin (armadillo)
(Peifer et al., 1991), or the reduced cuticle caused by loss
of PKB (Perrimon, 1996; Staveley et al., 1998), we exam-
ined the cuticle secreted by the epidermis. We found that
the cuticle of ilk mutant embryos is completely normal
(compare Fig. 5, a with b) with, for example, no indication
of the dramatic pattern changes observed when B-catenin
is defective (c). The development of the midgut was also
found to be normal (data not shown), ruling out a require-
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Figure 5. Embryos mutant for ILK do not show a cuticle pheno-
type. Cuticle preparations that show the patterning of the under-
lying epidermis. Wild-type cuticles (a) are indistinguishable from
ILK null mutant [ilk’/DF(3L)Pc-14d] cuticles (b). This is in con-
trast to null mutations that affect Wnt signaling in the epidermis,
such as removal of the B-catenin homologue armadillo (c), which
causes a dramatic failure in epidermal patterning.

ment for ILK in the B-catenin signaling that occurs in the
visceral mesoderm (Yu et al., 1996).

Since ILK is particularly highly expressed in the meso-
derm, we then examined the defects in mesodermal deriva-
tives. A particularly prominent phenotype associated with
mutations in the BPS subunit or the « PS2 subunit is detach-
ment of the somatic muscles (Wright, 1960; Brabant and
Brower, 1993; Brown, 1994). The muscle detachment be-
gins in stage 15 and is well advanced by stage 16 in embryos
lacking the BPS subunit, but starts later in the absence of
aPS2, with only some of the muscles detaching during stage
16. We stained ilk mutant embryos with an antibody
against muscle myosin, but were not able to detect any de-
tachment during stage 16 (data not shown). The deposition
of the cuticle at the end of stage 16 prevents staining with
antibodies in stage 17 and later, but the embryos are still
permeable to phalloidin, which stains filamentous actin.
Phalloidin staining of stage 17 ilk mutant embryos shows
defects in most of the muscles by this point in development,
with the actin clumped together rather than extended along
the length of the muscles as seen in wild-type embryos (Fig.
6, a and b). Embryos lacking the «PS2 subunit have a more
severe phenotype at this stage, with all the muscles de-
tached and rounded up or spindle shaped (Fig. 6 d).

Having observed a relatively mild phenotype for ILK,
which is detectable later in development than the PS integrin
phenotype, we wished to be certain that this mutation com-
pletely removed ILK function. We tested whether ilk! is an
amorphic (null) allele by comparing the homozygous ilk!
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Figure 6. Loss of ILK function in the embryo causes muscle de-
tachment. Compared with wild type (a), embryos homozygous
for ilk! (b) or ilk!/Df(3L)Pc-14d (c) show abnormal contraction
of the actin. The muscle detachment phenotype caused by the ab-
sence of the PS2 integrin is shown for comparison (d). All em-
bryos are at stage 17 and stained with rhodamine-phalloidin to vi-
sualize actin filaments. Lateral views are shown in a, b, and d, and
a dorsal lateral view is shown in c (the clear stripe is the dorsal
midline). Bar, 20 pm.

phenotype to that of ilk!/Df(3L)Pc-14d embryos and found
them to be identical (compare Fig. 6, b with ¢), demonstrating
that ik is an amorphic allele. Embryos transheterozygous
for the two overlapping deficiencies Df(3L)Pc-14d and
Df(3L)ME-107, and therefore completely deficient for ilk,
also have an equivalent muscle phenotype (data not shown).
Another possibility was that some i/k mRNA or protein that
was deposited in the egg during oogenesis persisted until late
stages of embryogenesis, masking a complete loss of function
phenotype. We removed any such maternal product by mak-
ing germ-line clones of the ilk’ mutation. We found that em-
bryos lacking both maternal and zygotic ILK have a modestly
more severe muscle phenotype, with clumping of the actin
first visible a little earlier, at the end of stage 16 (data not
shown). These embryos also have normal cuticles and do not
display any additional defects compared with embryos lack-
ing zygotic ILK function. Therefore, maternal contribution of
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ILK does not significantly compensate for the loss of ILK
synthesized during embryogenesis.

ILK has been proposed to act as an effector for integrin
signaling, so we wanted to test whether it is required in this
role in Drosophila. We recently identified two genes ex-
pressed in the Drosophila midgut that are targets of inte-
grin signaling, providing the first transcriptional assay for
integrin signaling in this organism (Martin-Bermudo and
Brown, 1999). We examined one of these targets, 258, in
embryos lacking ilk function (also in the absence of mater-
nal product) and found that it was expressed normally
(data not shown), demonstrating that ILK is not required
for this integrin-signaling pathway. Complete loss of inte-
grin function causes additional defects in midgut morpho-
genesis and dorsal closure (Newman and Wright, 1981;
Roote and Zusman, 1995), which are not seen in the ilk
mutant embryos (data not shown).

The phenotype of ilk! in the embryo is consistent with a
role for ILK in integrin-mediated adhesion, and we wished
to assess whether this is also true during adult develop-
ment. Although ILK activity is required for viability, it is
possible to assay the role of ilk after embryogenesis by
making mosaic mutant animals by mitotic recombination.
Clones of cells within the wing that are homozygous for the
ilk! allele cause a wing blister (Fig. 7 a). This phenotype
appears identical to that caused by clones mutant for the
integrin subunits BPS, aPS1, and aPS2, as well as a number
of other loci (see Brown et al., 2000). The marked ilk!
clones allowed us to determine that wing blisters are asso-
ciated with clones on either side of the wing blade, indicat-
ing either that ILK is essential for both PS1 and PS2 inte-
grin-mediated adhesion, whose functions are primarily
restricted to the dorsal and ventral sides, respectively (Bra-
bant and Brower, 1993; Brower et al., 1995), or that ILK is
required for a parallel pathway required for wing adhesion.
We examined the localization of ILK-GFP within the pu-
pal wing and found that it is concentrated in a series of
discs corresponding to the sites of adhesion between the
dorsal and ventral surfaces (Fig. 7 b), as the integrins are
(Fristrom et al., 1993). Clones within the wing mutant for
B-catenin, or GSK3, cause a clear phenotype (loss/gain of
wing margin; Couso et al., 1994), which were not seen in
any of the ilk mutant wings (Fig. 7, a and c, and data not
shown), providing additional evidence that ILK is not re-
quired for the function of this pathway in Drosophila.

In summary, the phenotype of the ilk mutations indi-
cates that ILK is essential for two cell-ECM adhesion
events that also require integrin function: muscle attach-
ment and adhesion between the two surfaces of the wing.
These data do not allow us to determine whether ILK is re-
quired for integrin function directly or for some other hy-
pothetical adhesive mechanism that is also essential for
adhesion at these sites. If ILK functions directly with inte-
grins, the difference between the ilk mutant phenotype and
that of the integrins suggests that it mediates some integrin
intracellular interactions, but not all. We find that ILK is
not required for pathways involving B-catenin or PKB, al-
though this does not rule out a redundant role for ILK in
these pathways. Many of the effects of ILK on these path-
ways have been seen when ILK is overexpressed in cells in
culture, so we tested whether overexpression is required to
reveal the role of ILK in these processes.
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Figure 7. ILK maintains cell adhesion in the adult wing. (a) Blis-
ter caused by a clone of cells lacking ILK on one surface of the
wing. The position of the clone was identified by the mwh marker
and is marked by the dashed line. (b) ILK-GFP is localized ba-
sally in the pupal wing epithelium. This image is a stack of confo-
cal sections from a live pupal wing. Bar, 10 pm. (c) Expression of
UAS:ILK in the mesoderm by 24B::Gal4 rescues the lethality of
ilk'/Df(3L)Pc-14d, but the adult flies have blistered wings.

Overexpression of ILK

Overexpression of ILK in cell culture has been proposed
to affect several signaling molecules, including GSK33
(Delcommenne et al., 1998), so we wished to test whether
this also occurred in a whole organism. We used the Gal4
system (Brand and Perrimon, 1993) to drive additional ex-
pression of ILK in the wing, on top of the endogenous pro-
tein levels, since this tissue shows clear phenotypes for the
different signaling pathways (Couso et al., 1994; Brabant et
al., 1996). We prepared a UAS::ILK construct and used a
variety of GAL4 drivers (see Materials and Methods). We
did not detect any phenotype: neither wing blisters indica-
tive of an effect on integrins nor differentiation defects that
might have revealed an effect on B-catenin signaling (data
not shown). We demonstrated that this construct does ex-
press functional ILK by using it to rescue the embryonic le-
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thality of ilk!/Df(3L)Pc-14d flies. Expression of UAS:ILK
primarily in the mesoderm with the driver 24B::Gal4
(which is also expressed in the epidermal tendon cells in
the embryo; Brand and Perrimon, 1993) is sufficient to res-
cue the embryonic lethality of the i/k mutation, and viable
adults were obtained. The surviving adults have blistered
wings (Fig. 7 c), perhaps due to insufficient expression of
UAS:ILK by 24B in the wings. Several points can be con-
cluded from these experiments: the UAS::ILK construct is
functional, the lethality of the i/k! mutation is rescued by
expression of the ILK protein alone, ILK is only required
in the embryo in those cells where the 24B driver is ex-
pressed, and additional expression of ILK does not perturb
signaling through B-catenin in the wing.

Mutations in the Kinase Domain of ILK Do Not Show a
Phenotype in Drosophila

Although overexpression of wild-type ILK did not have an
effect in Drosophila, it was possible that we would see ILK
functions normally masked by redundancy if we expressed
a dominant-negative form. Expression of ILK-containing
mutations in conserved residues within the kinase domain,
which inhibit kinase activity in human ILK, has been
shown to cause effects that are consistent with them acting
as dominant-negative molecules (Delcommenne et al.,
1998; Lynch et al., 1999). We made one of these mutations
in Drosophila 1LK, replacing glutamic acid 359 with a
lysine (Fig. 1 c¢). This amino acid is located in subdomain
VIII, is invariant in all known protein kinases (Hanks and
Hunter, 1995), and this change has been shown to reduce
drastically the kinase activity of v-Src and human ILK
(Bryant and Parsons, 1984; Delcommenne et al., 1998).
However, when we used the Gal4 system to express the
E359K mutant ILK with a variety of drivers (see Materials
and Methods), we saw no effects (data not shown). This
raised the possibility that inactivation of the ILK kinase
domain does not disturb its function in Drosophila, so we
tested whether this mutant construct was able to rescue
the embryonic lethality of the i/k! mutation, when driven
by 24B::Gal4. To our surprise, we found it was as good at
rescuing the ilk mutation as the wild-type ILK. To avoid
any effects of overexpression, we introduced this mutation
into our genomic rescue construct, which expresses ILK
from its own promoter. The kinase-defective ILK protein
expressed from ilk?3*?K is also able to fully rescue the em-
bryonic lethality of ilk! mutant flies to adult viability, in-
distinguishable from the wild-type version of ilk gene: for
wild-type ILK, 26/116 were rescued mutant adults (ex-
pected 29), for E359K we saw 11/66 (expected 9). To con-
firm that these results are not due to some peculiarity in
the E359K mutation, we generated the same rescue con-
struct with different mutations. We changed the invariable
lysine 219, which is located in subdomain II and mediates
interaction with ATP, to methionine and the highly con-
served proline 358 to serine. The K219M change causes
the closely related Drosophila Raf kinase to completely
lose kinase activity and P358S causes it to become temper-
ature sensitive, with normal activity at 16°C and no activity
above 20°C (Sprenger et al., 1993; Hata et al., 1994). How-
ever, we found that both ilk®?°M and ilk™%5 mutant genes
are able to rescue the lethality of ilk’ mutant flies to adult
viability. The ilk"*%S mutant gene rescues ilk! equally well at

1014



Figure 8. 1LK is required for coupling the actin cytoskeleton to the
plasma membrane. Visualization of the plasma membrane (green)
and actin filaments (red) of the muscles in embryos that are wild
type (a), lack ILK [ilk'/Df(3L)Pc-14d] (b), or lack the PS2 integrin
(if B%Y) (c). Lateral views are shown of the ventral longitudinal
muscles of embryos at stage 17 (a and b) or 16 (c). The detachment
of actin from the plasma membrane in the absence of ILK is shown
by an arrow in b, and the detachment of the muscle plasma mem-
brane is shown by dashed arrows in b and c. The plasma mem-
brane is labeled with Src-GFP (green) and the filamentous actin
with rhodamine-labeled phalloidin (red). Bar, 10 pm.

18°,25°, and 29°C, demonstrating that, unlike Raf, this mu-
tation does not cause ILK to become temperature sensi-
tive for the functions required for viability.

Specific Muscle Defects in the Absence of ILK Function

There are a number of possible roles that ILK could have
in the generation of the normal actin configuration within
the muscles. It could be required for the extracellular adhe-
sion of the muscle to the ECM, for example by modifying
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integrin adhesion to the ECM, or it could be required for
the link between the actin filaments and the intracellular
face of the muscle membrane. To distinguish between these
two possibilities, we marked the plasma membrane of mus-
cle cells so that we could examine the membrane attach-
ment to the ECM as well as the actin filaments in the
muscle cells. We used GFP fused to the NH,-terminal
myristylation signal of Src kinase to mark the membrane
(Kaltschmidt et al., 2000). In wild-type embryos, the actin
filaments extend to the very ends of the muscles so that the
signal from rhodamine-phalloidin and Src-GFP overlap
(Fig. 8 a). By contrast, in the ilk!/Df(3L)Pc-14d mutant em-
bryos, we see muscles where the actin has detached from
the plasma membrane and the membrane remains attached
at its normal position adjacent to the ECM (Fig. 8 b). This
is visible because the filamentous actin retracts to one end
of the muscle, presumably due to the contraction of the ac-
tin/myosin fibers. We also see muscles where both the
plasma membrane and actin has retracted, although they
are still separate. This detachment of the membrane from
the ECM-containing attachment site is seen in muscles
lacking PS integrin function, but in that case the actin fila-
ments are still anchored to the membrane (Fig. 8 c). Thus,
both ILK and integrins are required for the ECM—cytoskel-
etal link, but the point at which breakage occurs differs: in
the absence of integrins, the membrane pulls away from the
ECM as a severe, early defect; whereas, in the absence of
ILK, the cytoskeleton also pulls away from the membrane
as a later defect after the integrins have been localized and
bound ECM (Fig. 9). This phenotype allows a clear distinc-
tion between the two possible roles for ILK in muscle at-
tachment: ILK is not required for the stage 16 adhesion of
integrins to the ECM, but instead is required later to main-
tain the link between the contractile actin filaments and the
plasma membrane at the ends of the muscles.

Discussion

The identification of integrin-linked kinase as a signaling
molecule that binds directly to the cytoplasmic domain of
integrins (Hannigan et al., 1996) prompted us to explore its
role in integrin function during Drosophila development.
As our work progressed, continued work on mammalian
ILK has shown that it is part of several different signaling
pathways (Delcommenne et al., 1998; Novak et al., 1998).
Therefore, our goal has been to use the genetic advantages
of Drosophila to determine what are the essential, nonre-
dundant activities of ILK within the whole organism.
What is certainly clear from these results is that ILK ex-
ists in Drosophila and that, at least by sequence, it closely
resembles ILK in other organisms. This conservation is
significant for two reasons. First, it suggests that the unex-
pected results we obtained for the function of ILK in
Drosophila are likely to be significant for the functions of
the ILK family as a whole. Second, we confirm that ILK in
Drosophila is no more diverged from a typical kinase than
is ILK in humans: the same residues that are widely con-
served in typical Ser/Thr kinases but diverge in Drosophila
ILK are also divergent in human ILK (Fig. 1 b). This is sig-
nificant because on the basis of these divergent residues it
has been suggested that human ILK might not have strong
kinase activity (Lynch et al., 1999). By contrast, overex-
pression of human ILK with a specific mutation in the ki-
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Figure 9. Model for muscle defects in ilk and in-

wild type ilk mutant
nase domain that reduces kinase activity has dominant-
negative effects, suggesting that kinase activity is crucial
(Delcommenne et al., 1998; Novak et al., 1998). We made
the same specific mutation and found that, in the whole or-
ganism, there are no obvious dominant-negative effects
and, surprisingly, that this kinase-defective ILK can rescue
all the functions of ILK required to produce a viable adult
fly of normal appearance.

The ability of the kinase-defective ILK to function nor-
mally is surprising, but not unprecedented, as ab!/ is a bona
fide kinase for which a kinase-dead form can rescue loss of
function mutations (Henkemeyer et al., 1990). In the case
of abl, there are functions that require kinase activity, but
they are redundant, and only apparent when additional
genes are mutated. This may certainly also be true for
ILK, but a screen for mutations that enhance the ILK phe-
notype may be required before any such kinase-dependant
function can be assayed. On the other hand, the kinase-
defective rescue is much more dramatic in ilk than in abl,
and ILK is significantly diverged from the consensus kinase
sequence, so the straightforward interpretation that ILK is
not required to act as a kinase in vivo must be considered a
possibility. If no kinase activity is needed, some explana-
tion is required for the conservation between ILK and the
kinase domains of functional kinases. One explanation
could be that the sequence conservation reflects a struc-
tural requirement rather than an enzymatic one. Perhaps
having lost enzymatic activity it retains the ability to bind
“target” sites. This has been seen in “anti-phosphatases,”
which retain the phosphatase domain structure and bind
phosphorylated residues but lack catalytic activity (Hun-
ter, 1998). This is consistent with the observation that the
integrin-binding activity of ILK was found in the kinase
domain (Hannigan et al., 1996). A detailed biochemical in-
vestigation into what molecules bind ILK, and how, will
hopefully be able to shed light on this question.

The striking colocalization we have observed between
ILK and the PS integrins was not particularly surprising
given that ILK was identified by its ability to bind inte-
grins and their colocalization at focal contacts (Hannigan
et al., 1996; Li et al., 1999). We were more surprised to find
that ILK is localized normally to the muscle ends in the
absence of integrins. This refutes one obvious possible
mechanism for ILK localization: apparently it is not re-
cruited to the muscle ends by binding the cytoplasmic do-
main of BPS. In cell culture, there is evidence to suggest
that the NH, terminus of ILK may also play a part in local-
ization (Li et al., 1999), and we are currently testing this in
flies. Consequently, although we are unable to present
data supporting a direct interaction between ILK and BPS
in vivo, the fact that loss of ILK funtion gives a similar
phenotype to the loss of integrins strongly suggests that
they interact. The only place where we have seen ILK and
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integrin mutant

tegrin mutants.

integrins colocalized where ILK does not cause an inte-
grin-like phenotype is in the leading edge of the epidermis
during dorsal closure. There are several possible explana-
tions for this, the simplest being that the function of ILK in
these cells is redundant. It is worth noting that even the
function of integrins in this process is not clear but is prob-
ably different from their assembly of strong adhesive junc-
tions, as seen in muscles and wings (Brown et al., 2000).

Our analysis of the phenotype of a null mutation in ilk
showed that it is essential for completion of embryogenesis
and for wing formation. More specifically, in these mutants
there is breakage at the sites of integrin-mediated adhesion.
ILK does not seem to be required for the normal activity of
any of the signaling pathways we examined. All the ilk mu-
tant phenotypes we have detected could be explained by
failure in integrin-mediated adhesion, with no suggestion
that cellular differentiation is affected. It might be argued
that muscles are not known to differentiate in response to
integrin signals, so they are unlikely to reveal signaling
through ILK. However, we also tested a known transcrip-
tional target of integrin signaling in the gut and saw no ef-
fects from loss of ILK. In addition, although the wing and
embryonic cuticle are excellent places to observe distinct ef-
fects from disrupting signaling through, for example, 3-cate-
nin or PKB, nonetheless the only effects we saw were loss of
attachment at sites of integrin-dependent adhesion.

In contrast to cell-culture studies (Delcommenne et al.,
1998; Novak et al., 1998), we have been unable to observe
any effect of overexpression of ILK, either in the wild-type
or kinase-defective form. One possible explanation is that
using the Gal4 system we do not get high enough levels of
ILK to induce phenotypic effects, although other kinases
such as FAK do give phenotypes when overexpressed using
this system (Palmer et al., 1999). Alternatively, if the role of
ILK in Drosophila is primarily to form an adhesive link, we
might not expect such a link to be affected by excess ILK.

The phenotypes we observed in ILK null mutants are
superficially similar to loss of PS integrin function, but, at
least in the embryo, the failure occurs at a later develop-
mental stage than for integrin null mutations. This sug-
gests that the linkage between the actin filaments and the
ECM is more severely disabled by removing integrins than
ILK, so that more or stronger muscle contractions are re-
quired to break the remaining link. The reason for the
breakage is also different: in embryos lacking integrins the
muscle membrane pulls away from the ECM, whereas in
ilk mutants the break first occurs internally as the contrac-
tile cytoskeleton pulls away from the membrane.

Our current model to explain this phenotype is that ILK
participates in a late process by which integrin connections
to the contractile apparatus are cemented. We do not see
internal breakages in integrin nulls because the connection
to the ECM fails early in such mutants, so there is little
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strain on the link between membrane and cytoskeleton in
later contractions. In some integrin hypomorphs, however,
adhesion to the ECM lasts longer and there appears to be
some late internal breakage (Bloor and Brown, 1998), so it
seems plausible that the ilk phenotype represents loss of a
subset of integrin function.

While this model has yet to be thoroughly tested, the
phenotype indicates with some certainty that, in the
Drosophila embryo, ILK is not required for the initial for-
mation of integrin-based adhesive junctions or to activate
integrins to bind their extracellular ligands. On the basis of
this phenotype, we would expect that ILK either forms or
assists in the formation of the connection between inte-
grins and actin-binding proteins. An alternative, which we
cannot rule out at present, is that ILK functions in a paral-
lel pathway to integrins at the sites of integrin function, for
example by linking a different transmembrane receptor to
the actin filaments of the muscle contractile apparatus.
The linkage between ILK and the actin cytoskeleton
seems likely to involve other adaptor proteins, since ILK
does not have a recognizable actin-binding domain. We do
not have any evidence yet to indicate which of the multi-
tude of actin-binding proteins known to localize at sites of
integrin attachment binds to ILK. We anticipate that a
continued genetic analysis of the proteins required for in-
tegrin adhesion will eventually provide a complete de-
scription of the chain of molecules required to connect the
cytoskeleton to the ECM.
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