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We have characterized Drosophila melanogaster ACK (DACK), one of two members of the ACK family of
nonreceptor tyrosine kinases in Drosophila. The ACKs are likely effectors for the small GTPase Cdc42, but
signaling by these proteins remains poorly defined. ACK family tyrosine kinase activity functions downstream
of Drosophila Cdc42 during dorsal closure of the embryo, as overexpression of DACK can rescue the dorsal
closure defects caused by dominant-negative Dcdc42. Similar to known participants in dorsal closure, DACK
is enriched in the leading edge cells of the advancing epidermis, but it does not signal through activation of the
Jun amino-terminal kinase cascade operating in these cells. Transcription of DACK is responsive to changes
in Dcdc42 signaling specifically at the leading edge and in the amnioserosa, two tissues involved in dorsal
closure. Unlike other members of the ACK family, DACK does not contain a conserved Cdc42-binding motif,
and transcriptional regulation may be one route by which Dcdc42 can affect DACK function. Expression of
wild-type and kinase-dead DACK transgenes in embryos, and in the developing wing and eye, reveals that ACK
family tyrosine kinase activity is involved in a range of developmental events similar to that of Dcdc42.

Cdc42 is a member of the Rho family of Ras-related small
GTPases originally identified through a mutation in Saccharo-
myces cerevisiae that affects formation of the bud site. The
Cdc42 protein is required for the assembly of a ring of F-actin
filaments in the neck of the bud (1). Subsequent work in
mammalian fibroblasts demonstrated that Cdc42 drives the
formation of F-actin-rich filopodia (40, 50), and numerous
later studies have confirmed that Cdc42 regulates the actin
cytoskeleton and, as a consequence, cell shape (65). Cdc42
participates in a diverse range of cellular processes including
membrane trafficking, transcription, cell growth, and Ras-me-
diated transformation (65). The various effects of Cdc42 are
presumed to be mediated through the interaction of the acti-
vated, GTP-bound form of the protein with downstream effec-
tors.

Given the important events controlled by Cdc42, intensive
efforts have been made to elucidate the signaling pathways
activated by this GTPase. This work has largely focused on
identifying proteins that interact with GTP-bound Cdc42. Two
such proteins are ACK-1 and ACK-2, closely related mamma-
lian nonreceptor tyrosine kinases that bind GTP-bound Cdc42
and not its inactive GDP-bound form (44, 67). ACK-1 and
ACK-2 cannot bind either version of the closely related Rho
family GTPases Racl and RhoA, and these kinases represent
likely effectors in Cdc42-specific signaling.

To date, much of what is known about Rho family signaling
has come from biochemical and cell biological work, but it is
now being studied with genetic approaches in a number of
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model organisms, including Drosophila melanogaster. The Dro-
sophila homolog of Cdc42, Dcdc42, has been studied by using
dominantly acting mutant transgenes and loss-of-function mu-
tations. This work has indicated that Dcdc42 participates in a
wide range of developmental events including neurite out-
growth (25, 43), actin filament assembly and follicle cell mor-
phogenesis during oogenesis (26, 48), and various aspects of
wing development including cell elongation, planar polarity,
cell fate choice, and apposition of the wing surfaces (5, 19, 20,
26). Dcdc4?2 is also required for germband retraction and dor-
sal closure of the epidermis during embryogenesis (26, 29, 57).

In the interest of further exploring Dcdc42 signaling in Dro-
sophila development, we have characterized a Drosophila
member of the ACK family of nonreceptor tyrosine kinases,
DACK. DACK is one of two ACK family members in Dro-
sophila, the other being DPR2. Through the expression of
wild-type and kinase-dead DACK transgenes, we show that
alterations in ACK family tyrosine kinase activity produce phe-
notypes similar to those resulting from perturbation of Dcdc42
signaling. We present evidence that ACK family tyrosine ki-
nase activity occurs downstream of Dcdc42 during dorsal clo-
sure.

MATERIALS AND METHODS

Standard molecular biology procedures were performed as described else-
where (61).

PCR amplification of a DACK genomic fragment. In a screen originally in-
tended to identify Polo-like kinases, PCR was performed on Drosophila genomic
DNA using the degenerate oligonucleotides 5'-AAGAT(T/C/A)GG(T/C/G)GA
(T/C)TT(T/C)GG(N)(C/G)T-3" (forward primer) and 5'-(C/G)(T/A)(G/A)TA
(G/A)TC(G/A)ACCCA(T/C)TT-3' (reverse primer) corresponding to the likely
conserved amino acid sequences KIGDFGL/V and KWVDYS. Amplified frag-
ments were treated with Klenow polymerase, cloned into EcoRV-digested
pBluescript, and sequenced. Among the PCR products identified was a 0.4-kb
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fragment, with the forward PCR primer at both ends, that encoded a predicted
amino acid sequence with significant homology to mammalian ACK proteins.

‘Whole-mount in situ hybridization to embryos. In situ mRNA hybridizations
using digoxigenin-labeled RNA probes were performed essentially as described
previously (66).

Preparation of dsRNA for RNA-mediated interference (RNAi) studies. A
PstI/Pvull restriction fragment encompassing nucleotides 2512 to 3285 of the
DACK cDNA sequenced by the Berkeley Drosophila Genome Project (BDGP)
was subcloned into PstI/Smal-cut pKS-ds-T7, a modified pBluescript SK(+)
vector with two T7 promoter sites (11). The DACK fragment was released with
T7 promoters on both ends by Ascl digestion, and transcription was performed
using the RiboMAX kit (Promega) according to the manufacturer’s directions.
The integrity of the double-stranded RNA (dsRNA) was checked by agarose gel
electrophoresis prior to injection. Injection of dsRNA was performed as de-
scribed by Kennerdell and Carthew (39).

Construction of transgenic lines. A kinase-dead mutant version of a DACK
cDNA was made using the QuikChange site-directed mutagenesis kit (Strat-
agene). The oligonucleotide 5 CCCGGTGGCCGTCAGGGTGCTGAAGT
CGG 3’ was used to convert amino acid residue 156 from Lys to Arg. The base
change altering the codon is in bold. Mutant and wild-type DACK cDNAs were
subcloned into the pUAST vector (7) and injected into yw embryos, and trans-
genic lines were established (54).

Fly stocks and transgene expression. Standard Drosophila procedures were
followed. Unless otherwise stated, all flies were raised and crossed at 25°C.
Transgenes under upstream activation sequence (UAS) control were expressed
using GAL4 (7). Females from GAL4 lines were crossed to males from the
pUAST transgenic lines and the progeny were examined as embryos or adults.
For heat shock induction of transgenes, embryos were collected and aged at 25°C
until 6 to 12 h after egg laying. They were then placed in vials and heat shocked
in a water bath set at 37°C. Following heat shock, embryos were aged at 21°C for
at least 48 h and subjected to cuticle preparation, or aged for 7 h at 21°C and
fixed for RNA in situ hybridization.

Antibodies. A glutathione S-transferase (GST) fusion protein containing se-
quences from the predicted DACK protein was used to immunize rabbits. An-
tibodies were affinity purified by the low-pH method (61). A monoclonal an-
tiphosphotyrosine antibody was obtained from Upstate Biotechnology Inc.

Immunohistochemistry. Fixing and antibody staining of embryos were as de-
scribed previously (4). Peroxidase-conjugated goat secondary antibodies (Jack-
son ImmunoResearch Laboratories) were detected by using the glucose oxidase-
diaminobenzidine-nickel method (34).

In situ hybridization to polytene chromosomes. Polytene chromosomes were
prepared and hybridized with a biotinylated DNA probe as described elsewhere
(4). Peroxidase detection of signals was done with a Detek-1-HRP kit (Enzo
Biochemicals).

In vitro binding assay. The full-length DACK open reading frame was tran-
scribed and translated into [**S]methionine-labeled protein using the Promega
TNT Quick Coupled Transcription/Translation kit. This protein was then tested
for binding to GST-Dcdc42 fusion protein that had been loaded with GTP+S or
GDP, using the protocol described by Lu and Settleman (42). Briefly, GST-
Dcdc42 was bound to glutathione-Sepharose beads and loaded with GTPyS or
GDP. The GST-Dcdc42 samples were then incubated with in vitro-translated
DACK, washed, and resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Signals were detected by autoradiography.

Cuticle preparations and wing mounts. Cuticles were prepared as described
previously (4), but with the fixation step removed. At least 300 embryos were
examined in each experiment. Wings were mounted in Aquamount (BDH).

Mobilization and plasmid rescue study of the P-element insertion
1(3)S137212. The P-element in the /(3)S137212 lethal insertion line was mobi-
lized by mating to flies carrying the Sb P[A2-3](99B) element and excision lines
established previously (59). Plasmid rescue of sequences flanking the
1(3)S137212 insertion was performed as described elsewhere (55).

RESULTS

There are two members of the ACK family of tyrosine ki-
nases in Drosophila. A PCR fragment encoding a predicted
amino acid sequence with strong homology to ACK-1 and
ACK-2 (44, 67) was identified in a PCR screen for Polo-like
kinases. This fragment was used to screen a plasmid embryonic
4- to 8-h cDNA library (9), and a single cDNA clone of 3.9 kb
was isolated. This cDNA contained an open reading frame
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encoding a predicted 1,073-amino-acid protein with a molec-
ular mass of 118 kDa. Subsequently, the BDGP reported the
sequence of a 4.4-kb cDNA from the same gene (60). The
BDGP sequence (GenBank accession no. AF181642) is iden-
tical to ours, except that their cDNA is 0.5 kb longer at the 5’
end. A BLASTP search of the GenBank database revealed that
the predicted protein encoded by these cDNAs was most sim-
ilar to murine ACK (GenBank accession no. NP_058068), with
the two proteins showing 68% identity in their tyrosine kinase
domains (Fig. 1). The next closest matches were with human
ACK-1 (44) and bovine ACK-2 (67), with their tyrosine kinase
domains showing 67% identity to DACK. Due to these strong
homologies to the ACKs, we named our protein DACK. The
same name has been independently chosen by another group,
who used dsRNA interference in Drosophila cell lines to dem-
onstrate that DACK is a component of signaling by the adap-
tor protein Dock (14). Another ACK-like tyrosine kinase has
been described in Drosophila (2, 36). DPR2 encodes predicted
proteins of 1,274 (GenBank accession no. AAF58423) and
1,356 (GenBank accession no. AAG22275) amino acids which
differ in their N termini but have identical tyrosine kinase
domains. The DPR2 tyrosine kinase domain has 44% identity
with that of DACK, and it is significantly more divergent from
the mammalian ACKs than DACK, showing only 44% identity
with ACK-1 in the tyrosine kinase domain. The tyrosine kinase
domain of DPR2 is most similar to that of ARK-1, a Caeno-
rhabditis elegans member of the ACK family (33). Figure 1A
shows an alignment of the amino acid sequences of the DACK
and DPR?2 tyrosine kinase domains with other members of the
ACK family. Members of the ACK family share conserved
motifs in addition to their tyrosine kinase domains (Fig. 1B).
All have a conserved stretch of sequence N terminal to the
tyrosine kinase domain and all have an SH3 domain (49) on
the C-terminal side. With the exception of DACK and the
human protein TNK1 (32), all members of the family shown in
Fig. 1B have a CRIB (Cdc42/Rac interactive binding) domain
next to the SH3 domain. The CRIB domain has been found in
a wide range of proteins and mediates binding to the Rho
family members Cdc42 and Rac (10). With regard to the ACK
family, the CRIB domains of ACK-1 and DPR2 have been
shown to bind Cdc42 (10, 44, 47). Finally, all members of the
family in Fig. 1 have proline-rich C termini containing copies of
the minimal SH3-binding motif PXXP (3).

DACK transcripts and protein are enriched at the leading
edge of the epidermis during dorsal closure. Northern analysis
of total RNA from adult heads and bodies revealed a single
DACK transcript of about 4.75 kb that was present at higher
levels in the head (Fig. 2A). We looked at DACK transcript
distribution during embryogenesis by using whole-mount in
situ hybridization with a DACK RNA probe. DACK transcripts
were widely distributed during embryogenesis and, early in
dorsal closure, DACK transcript levels were elevated at the
leading edge of the advancing epidermis (Fig. 2C). We raised
polyclonal antibodies against a GST fusion protein containing
amino acids 873 to 979 from the C-terminal, nonconserved end
of DACK. Western analysis using our affinity-purified anti-
serum detected a single band of an estimated 130 kDa in head
extracts (Fig. 3A). During the course of this work, an anti-
serum raised against the full-length DACK protein was re-
ported (14). We performed whole-mount immunostainings on
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FIG. 1. ACK family tyrosine kinase domains. (A) Alignment of the
tyrosine kinase domain of DACK (accession no. AF181642) with the
tyrosine kinase domains of murine ACK (accession no. NP_058068),
human ACK-1 (accession no. NP_005772), bovine ACK-2 (accession
no. AAC05310), C. elegans B0302.1 (accession no. T15316), human
TNK1 (accession no. NP_003976), Drosophila DPR2 (accession no.
AAF58423), and C. elegans ARK-1 (accession no. CAB65957). Se-
quences are arranged in order of degree of identity with DACK.
(B) Schematic diagram of domains found in ACK family members.
Listed on the left are the percent identities between the tyrosine kinase
domains of each family member and DACK.
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FIG. 2. Analysis of DACK transcripts by Northern blotting and
RNA in situ hybridization. (A) About 30 pg of total RNA from Canton
S adult head (lane 1), Canton S adult body (lane 2), Df(3L)C175/
TM3Sb whole adults heterozygous for a deficiency predicted to remove
the DACK locus (lane 3), or Canton S whole adults (lane 4) was
hybridized with a DACK cDNA probe and showed a single transcript
of about 4.75 kb. (B) The same blot shown in panel A was probed with
an Rp49 cDNA as a loading control (53), demonstrating that DACK
transcript levels are higher in the head than the body and are reduced
in Df(3L)C175/TM3Sb flies relative to Canton S flies. (C) Lateral view
of stage 13 wild-type embryo at the beginning of dorsal closure, show-
ing enrichment of DACK transcripts at the leading edge of the epider-
mis (arrowhead). The head is to the left in this and all subsequent
embryo figures.

embryos with either our affinity-purified anti-DACK antiserum
or that raised by the other group. For both antisera, we saw
strong staining in early embryos in cells corresponding to the
mitotic domains of synchronized cell division (Fig. 3B) (23).
During dorsal closure, there was elevated DACK staining
along the leading edge that was similar to what was seen with
DACK RNA in situ hybridizations, but the protein persisted at
the leading edge until a later stage of dorsal closure than the
transcript (Fig. 3C).

DACK transcript levels in tissues participating in dorsal
closure are affected by the level of Dcdc42 function. The lack of
a CRIB domain in DACK is surprising, given that the Dro-
sophila tyrosine kinase domain most similar to those of the
mammalian ACKs is found in DACK. Despite repeated at-
tempts, we have not been able to detect binding of DACK to
either GDP-bound or GTP-bound Dcdc42 (data not shown).
Our existing data, therefore, indicate that DACK is not a
Dcdc42-binding protein. Unlike the Rac/Cdc42-binding serine/
threonine kinase PAK, which is activated by binding of GTP-
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FIG. 3. Anti-DACK antibody stainings. (A) Western blot of adult head lysate incubated with affinity-purified anti-DACK antiserum, showing
a single band of about 130 kDa. (B and C) Whole-mount stainings of embryos with anti-DACK antiserum. (B) Dorsal view of stage 9 embryo
showing strong staining in mitotic domains. (C) Dorsal view of stage 15 embryo showing enrichment of DACK at the leading edge of the epidermis

late in dorsal closure (arrowhead).

bound Rac or Cdc42 (45), ACK function has not been shown
to be directly affected by Cdc42 binding (44, 67).

It is feasible that Cdc42 signaling could regulate DACK and
other ACK family members by other means. One possibility,
given the known involvement of the Rho family in signaling to
the nucleus, would be by regulation of transcription of ACK-
encoding genes. Elevated expression at the leading edge, sim-
ilar to what we see for DACK, has been described for a number
of genes participating in dorsal closure, including decapentaple-
gic (dpp) and puckered (puc) (52). The leading edge expression
of dpp and puc is dependent on a Jun amino-terminal kinase
(JNK) cascade that appears to be triggered by the Rho family
small GTPase Dracl and possibly Dede42. Further support for
the idea that Rho family small GTPases could regulate their
effector kinases transcriptionally comes from our work on the
Dracl/Dcdc42-binding kinase DPAK, a member of the PAK/
STE20 family (28). We noticed that excessive Dracl signaling
or impairment of Dcdc42 signaling in the embryo leads to a
dramatic increase in DPAK transcript levels in the amniose-
rosa. In wild-type embryos, DPAK transcript levels in the am-
nioserosa are no higher than in the surrounding epidermis, but
following expression of either UAS-DraclV12, a constitutively
active Dracl transgene (43), or UAS-Dcdc42N17, a dominant-
negative Dcdc42 transgene (43), by heat shock using the ubig-
uitously expressed heat shock-inducible Hs-GAL4™*driver,
DPAK transcript levels increased in the amnioserosa (Fig. 4A
and data not shown).

We determined if alterations in Dcdc42 signaling had any
effect on DACK expression in embryos by expressing UAS-
Dcdc42V12 and UAS-Dcdc42N17 transgenes by heat shock us-
ing Hs-GAL4™* and performing RNA in situ hybridizations
with a DACK cDNA probe. As controls, we hybridized wild-
type embryos, transgenic embryos not exposed to heat shock,

and heat-shocked Hs-GAL4™* embryos. A strong staining for
DACK transcripts was seen in the amnioserosa late in dorsal
closure in UAS-Dcdc42VI2/Hs-GAL4™? embryos that had
been exposed to a 1-h heat shock (Fig. 4B to D). Wild-type
embryos, heat-shocked Hs-GAL4™* embryos, and UAS-
Dcdc42VI2/Hs-GAL4™* embryos not exposed to heat shock
showed no enrichment for DACK transcripts in the amniose-
rosa (Fig. 4G and data not shown). Accumulation of DACK
transcripts at the leading edge of the epidermis persisting until
late in dorsal closure was seen following Dcdc42N17 expres-
sion with a 1-h heat shock (Fig. 4E and F). Wild-type embryos,
heat-shocked Hs-GAL4"* embryos, and UAS-Dcdc42N17; Hs-
GAL4™* embryos not exposed to heat shock only showed
DACK transcript accumulation at the leading edge at the be-
ginning of dorsal closure and not later (Fig. 2C and 4H and
data not shown).

Analysis of the DACK genomic region. The cytological posi-
tion of the DACK locus has been estimated by the BDGP to be
64A8-64A9. A subsequent chromosome in situ hybridization
(Fig. 5) and Northern blot analysis (Fig. 2A) revealed that
DACK is removed by the deficiency Df(3L)C175, mapping it to
64A3-64A5. The 64A region has been well characterized ge-
netically and it is likely that most of the essential genes have
been found (30, 41). Five lethal complementation groups have
been identified which are removed by Df(3L)C175, with all
being represented by at least six alleles, except for /(3)644m,
which has one allele (Fig. 5). Three of these complementation
groups, [(3)64Aa, 1(3)64Al, and [(3)64An, have been assigned
to the known genes wit, dfaa, and gad, respectively (13, 22). We
found that a lethal P-element insertion, [(3)S§137212, which
had been localized to this region (16), failed to complement an
allele of /(3)64A4b and therefore belongs to this complementa-
tion group. We performed plasmid rescue on /(3)S137212 and
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FIG. 4. RNA in situ hybridizations of DPAK (A) or DACK (B to H) riboprobes to embryos expressing Dcdc42 transgenes reveal that alteration
of Dcdc42 signaling affects DPAK and DACK expression in tissues involved in dorsal closure. Embryos were staged based on the degree of head
involution. (A) Dorsal view of early stage 15 UAS-Dcdc42N17; Hs-GAL4™* embryo that had been heat shocked for 1 h at 37°C, showing DPAK
transcript accumulation in the amnioserosa (arrowhead). (B to D) Dorsal views of stage 15 UAS-Dcdc42V12/Hs-GAL4™* embryos that had been
heat shocked for 1 h at 37°C, showing DACK transcript accumulation in the amnioserosa (arrowheads). (E and F) Dorsal views of stage 15 (E) and
stage 16 (F) UAS-Dcdc42N17; Hs-GAL4™* embryos that had been heat shocked for 1 h at 37°C, showing DACK transcript accumulation at the
leading edge at later stages than seen in wild-type embryos (arrowheads). The distorted dorsal hole in panel F is typical of the dorsal closure failures
seen following Dcdc42N17 expression. (G) Dorsal view of stage 15 UAS-Dcdc42V12/Hs-GAL4™* embryo that had been maintained at 21°C,
showing no areas of elevated DACK transcription on the dorsal surface. (H) Dorsal view of stage 15 UAS-Dcdc42N17; Hs-GAL4™* embryo that
had been maintained at 21°C, showing no areas of elevated DACK transcription on the dorsal surface.

obtained sequences flanking the insertion. When these se-
quences were aligned against the BDGP genomic sequence, we
found that the P-element in /(3)S137212 was inserted 72 bp
upstream of the predicted initiator methionine codon of the
predicted gene CG14991 (2), which is the closest neighbor to
DACK on the distal side (Fig. 5). [(3)S137212 is more likely to
be affecting the function of CG14991 than DACK, and we have
been unable to rescue the lethality caused by this insertion
through overexpression of a DACK transgene. We have con-

firmed that the lethality in the /(3)S137212 line is caused by the
P-element insertion by mobilizing the element and recovering
viable excisions. Northern analysis of alleles from the five le-
thal complementation groups uncovered by Df(3L)C175 re-
vealed no effects of any of these on the size or quantity of the
DACK transcript (data not shown). Taken together, our exist-
ing data on these complementation groups do not support any
of them corresponding to DACK, and it may be that DACK
does not mutate to zygotic lethality.
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FIG. 5. Position of the DACK gene. (Top) Chromosomal in situ hybridization with DACK genomic probe done on a Df(3L)CI175/+ larva,
showing signal at 64AB on only one chromosome. (Bottom) Diagram of DACK genomic region. Characterized transcription units and those
predicted by the BDGP are shown as arrows. The positions of two P-element insertions are indicated by triangles. The position of the [(3)S137212
insertion was determined in this study, and the lethality associated with this insertion was assigned to the /(3)644b complementation group. An
expanded view of the DACK transcription unit is shown at the top of the diagram. Exons are shown as boxes, introns are shown as triangles, and
the open reading frame is in black. The bottom of the figure shows the breakpoints of two deficiencies, Df(3L)C175 and Df(3L)H298, with the
sequences removed by the deficiencies indicated by open spaces. Dashed horizontal lines indicate uncertainty in the breakpoints. The five lethal
complementation groups uncovered by Df(3L)C175 are listed, together with the genes to which they have been assigned.

ACK family tyrosine kinase activity is involved in a set of
developmental events similar to that of Dcdc42. We attempted
to address DACK function using RNAI, an approach that has
been successfully used to study DACK in Drosophila cell lines
(14). We injected embryos with a 0.8-kb dsRNA transcribed
from a DACK cDNA. Other than those embryos that leaked
cytoplasm upon injection, embryos injected with DACK
dsRNA hatched into morphologically normal larvae and went
on to develop into fertile, morphologically normal adults.

We used a transgenic approach to study ACK family kinase

function by expressing wild-type and kinase-dead versions of
DACK. An invariant lysine involved in ATP binding in the
tyrosine kinases can be mutated to create a protein devoid of
tyrosine kinase activity (35, 63). Such kinase-dead mutants
have been frequently used as dominant-negative proteins to
study signaling by nonreceptor tyrosine kinases such as Src,
and they have been shown to block tyrosine phosphorylation by
their wild-type counterparts (for an example, see reference 69).
If DACK and the other ACK family kinase, DPR2, have
shared targets during development, the presence of DPR2 may
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FIG. 6. Expression of DACK transgenes with the en-GAL4 and GALA4’>*7 drivers to demonstrate effects on phosphotyrosine levels in embryos.
(A and C) Lateral views of embryos in which either a UAS-DACK transgene (A) or KD-DACK transgene (C) had been expressed with en-GAL4,
stained with anti-DACK antiserum to show overexpression of DACK proteins in en stripes. (B) Lateral view of en-GAL4; UAS-DACK embryo
stained with antiphosphotyrosine antibodies to show elevated phosphotyrosine levels in en stripes. (D) Lateral view of en-GAL4; UAS-KD-DACK
embryo stained with antiphosphotyrosine antibodies to show a staining pattern similar to that of the wild type (compare to panel F). (E) Wild-type
embryo stained with anti-DACK antiserum. (F) Wild-type embryo stained with antiphosphotyrosine. (G) Confocal fluorescent micrograph of
dorsal view of GAL4™%!; UAS-DACK embryo stained with antiphosphotyrosine antibodies to show elevated phosphotyrosine levels in ptc stripes.
Although head involution is advanced, the dorsal surface is still open and segments are slightly bunched around the dorsal hole (arrowhead).
(H) Confocal fluorescent micrograph of dorsal view of wild-type embryo at similar stage of development as that in panel G, stained with

antiphosphotyrosine antibodies.

be sufficient to rescue the effects of loss of DACK, and this may
explain the lack of phenotypes in our RNAi experiment. Ex-
pression of kinase-dead DACK might be expected to block
phosphorylation of such shared targets by DPR2 and reveal
roles for these ACK family proteins.

To check that our transgenes were expressing DACK pro-
tein, we induced them with an engrailed-GAL4 (en-GAL4)
driver that drives transgene expression in the en expression
pattern (A. Brand, personal communication to FlyBase [http:/
flybase.bio.indiana.edu/]). Staining of the resulting embryos
with our anti-DACK antiserum revealed elevated DACK pro-
tein in en stripes (17) for both wild-type and kinase-dead
DACK (KD-DACK) transgenes (Fig. 6A and C). Wild-type
embryos do not show this striped DACK staining pattern (Fig.
6E). To see if DACK transgene expression had a visible effect
on the distribution of phosphotyrosine in embryos, we stained
en-GAL4; UAS-DACK and en-GAL4;, UAS-KD-DACK em-
bryos with antiphosphotyrosine antibodies. In en-GAL4; UAS-
DACK embryos, there was a dramatic increase in phosphoty-
rosine staining in en stripes (Fig. 6B). This result indicated that
the wild-type DACK protein overexpressed from the transgene

had tyrosine kinase activity in the absence of a concomitant
increase in Decdce42 activity. The antiphosphotyrosine staining
pattern of en-GAL4; UAS-KD-DACK embryos was similar to
that of wild type (Fig. 6D and F). We also expressed the DACK
transgenes using GAL4 driven by the patched (ptc) promoter
(GAL4>%7 [31]) and stained them with antiphosphotyrosine
antibodies. In late embryos, ptc expression is limited to two
narrow stripes per segment, and in GAL4%%; UAS-DACK
embryos phosphotyrosine levels are elevated in this pattern
(Fig. 6G). We saw a low frequency of mild defects in dorsal
closure in GAL4%!; UAS-DACK embryos, with some em-
bryos showing slight “bunching” of the dorsal hole and delayed
closure relative to wild-type embryos of similar age (compare
Fig. 6G and H). GAL4”%/; UAS-KD-DACK embryos were
highly disorganized and specific phenotypes could not be in-
terpreted (data not shown).

Heat shock inductions of either constitutively active or dom-
inant-negative Dcdc42 transgenes cause a range of defects in
embryonic epithelial morphogenesis (26; N. Harden, unpub-
lished observations). We expressed our DACK transgenes in a
similar fashion and evaluated embryonic morphology using
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FIG. 7. Developmental defects resulting from expression of DACK transgenes with GAL4 drivers. (A) Lateral view of wild-type embryonic
cuticle; (B) wild-type wing; (C) lateral view of embryonic cuticle showing failure of germband retraction following expression of UAS-DACK by
heat shock using the Hs-GAL4™* driver. (D and F) Wings of flies in which UAS-KD-DACK had been expressed with the 7/B-GAL4 driver. Arrows
in panel D show a large blister; arrows in panel F indicate ectopic vein tissue. (E) Dorsal view of embryonic cuticle showing dorsal hole (arrowhead)
following expression of UAS-KD-DACK by heat shock using the Hs-GAL4™* driver. (G to I) Scanning electron micrographs of eyes of wild-type
(G), GMR-GAL4; UAS-DACK (H), and GMR-GAL4; UAS-KD-DACK (I) flies.

cuticle preparations. Expression of UAS-DACK in 6- to 12-h-
old embryos with a 1-h heat shock using Hs-GAL4™* resulted
in about half of the embryos failing to survive to the first instar
larval stage. Of these dead embryos, 45% showed germband
retraction failures (Fig. 7C) and 20% had holes in the dorsal
cuticle, indicating failures of dorsal closure. A further 25% of
the dead embryos did not secrete any cuticle. Control induc-
tions of a UAS-lacZ transgene with Hs-GAL4™ 7 did not result
in any of these phenotypic effects. A collection of phenotypic
effects similar to those caused by UAS-DACK was seen follow-
ing expression of UAS-KD-DACK with the Hs-GAL4™-* driver.
Forty percent of Hs-GAL4™*; UAS-KD-DACK embryos died
before hatching into larvae. Of the embryos that failed to
hatch, 34% had germband retraction failures, 15% had dorsal

holes (Fig. 7E), and 35% failed to secrete cuticle. Most of the
Hs-GAL4™*; UAS-KD-DACK embryos with dorsal holes also
had head defects (data not shown). Head defects, defective
dorsal closure, and germband retraction failures have all been
seen following expression of either dominant-negative or con-
stitutively active Dcdc42 transgenes and in embryos with re-
duced maternal Dcdce42 function (23, 26, 53; N. Harden, un-
published observations).

Given that loss of Dcdc42 signaling can affect a range of
developmental events in the wing (5, 19, 20, 26), we looked for
wing phenotypes following expression of KD-DACK in the
developing wing. KD-DACK was expressed in the central por-
tion of the wing pouch of the wing imaginal disk by using the
71B-GAL4 driver (12). 71B-GAL4; UAS-KD-DACK flies had
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rounded, spread-out wings with frequent blisters and ectopic
veins (Fig. 7D and F). Both wing blisters and ectopic veins have
been seen in flies bearing partial loss-of-function Dcdc42 mu-
tations and following expression of dominant-negative Dcdc42
in the developing wing (5, 19, 26). Expression of the UAS-
DACK transgene with the 71B-GAL4 driver resulted in lethal-
ity at the pharate adult stage. We have not attempted an
examination of the wings of these flies.

Perturbations of Cdc42 signaling also affect development of
the adult eye. Overexpression of Dcde42 in the developing eye
under control of the synthetic GMR promoter results in a
rough eye phenotype characterized by missing photoreceptors
and disruption of ommatidial morphology (51). Flies homozy-
gous for partial loss-of-function Dcde42 mutations or carrying
combinations of weak and strong Dcdc42 alleles exhibit om-
matidial fusions and loss or duplication of bristles (26). We
expressed our DACK transgenes in the developing eye using a
GMR-GALA4 driver (24). Eyes in which wild-type DACK had
been overexpressed were rough and smaller than wild type.
Scanning electron micrographs revealed that ommatidia were
disorganized and consistently missing in a band running dor-
soventrally across the middle of the eye (Fig. 7H). There was
also serious disruption of the pattern of bristles, with bristles
missing in some areas and excessive in number in others. Ex-
pression of KD-DACK also resulted in small, rough eyes, but
scanning electron micrographs revealed an eye phenotype
more severe than that generated by overexpression of wild-
type DACK. Eyes were disorganized and almost completely
devoid of ommatidia (Fig. 7I). Bristles were missing in the
posterior two-thirds of each eye, while there were clusters of
bristles at the anterior end.

Overexpression of DACK can rescue the dorsal closure de-
fects caused by expression of dominant-negative Dcdc42. The
dorsal closure failures caused by DACK transgene expression
are an indication of a role for ACK family kinases in dorsal
closure. We wondered if ACK family tyrosine kinase activity
was operating downstream of Dcdc42 during dorsal closure
and we checked to see if overexpression of DACK could rescue
the dorsal closure defects caused by UAS-Dcdc42N17. Our
results with the en-GAL4-driven expression of DACK sug-
gested that DACK has some degree of tyrosine kinase activity
even in the absence of Dcdc4?2 signaling. Thus, even if DACK
is dependent on Dcdc42 for its full activity, overexpression of
the protein may be able to bypass a requirement for Dcdc42.
Heat shock transgene inductions in this experiment were kept
to 30 min to minimize the phenotypic effects of DACK over-
expression. Flies heterozygous for a chromosome bearing both
UAS-Dcdc42N17 and the heat shock-inducible GAL4 driver
Hs-GAL4*?°”were mated to either a control line or flies ho-
mozygous for a UAS-DACK transgene. The progeny were heat
shocked as embryos 6 to 12 h after egg laying and examined
with cuticle preparations. For each experiment in which the
UAS-DACK transgene was coexpressed with UAS-Dcdc42N17,
a control cross was performed in parallel, with the two crosses
and heat shocks being handled simultaneously and identically.
We consistently found that coexpression of UAS-Dcdc42N17
with UAS-DACK produced significantly lower dorsal hole fre-
quencies than when UAS-Dcdc42N17 was expressed without
UAS-DACK. The results of two such experiments are given in
Fig. 8. Half the progeny in any cross will have transgene ex-
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pression, and thus the actual frequencies of phenotypic effects
in transgene-expressing embryos are estimated to be twice the
values shown. In the first experiment shown in Fig. 8, the
control cross was designed to control for a possible general
effect of UAS transgene coexpression on the UAS-Dcdc42N17-
induced phenotypes. For this, UAS-Dcdc42N17 was coex-
pressed with a UAS-LacZ transgene (which has no phenotypic
effects when expressed alone). A total of 12.4% of the progeny
had dorsal holes. When the UAS-Ddc42N17 transgene was
coexpressed with UAS-DACK, the frequency of dorsal holes
was 3.7%. In the second experiment shown in Fig. 8, the con-
trol cross was designed to control for possible genetic back-
ground effects of crossing to the UAS-DACK line. For this, the
Hs-GAL4??7, UAS-Dcdc42N17 line was crossed to the yw
strain that had been used to make the UAS-DACK line. Fol-
lowing induction of UAS-Dcdc42N17, 17.5% of the progeny
from this cross had dorsal holes. In the parallel cross in which
UAS-DACK was coexpressed with UAS-Dcdc42N17, the fre-
quency of dorsal holes was 2.6%.

DACK does not participate in activation of the JNK cas-
cade, and the JNK cascade is not required for the leading edge
expression of DACK. The rescue of Dcdc42N17-induced dor-
sal closure defects by overexpression of DACK indicates that
ACK family tyrosine kinase activity is a major component of
Dcdc42 signaling during dorsal closure. A potential route of
Dcdc42 signaling during dorsal closure is activation of the JINK
cascade at the leading edge, leading to transcription of dpp and
puc (52). Expression of either a UAS-Dcdc42V12 transgene or
a UAS-DraclV12 transgene with the en-GAL4 driver causes
ectopic activation of the JNK cascade in en stripes (27). How-
ever, this may not be physiologically relevant, as Dcdc42 loss-
of-function mutants do not show disruption of the JNK cas-
cade, and there is evidence for Dcdc42 acting downstream of
JNK in the Dpp pathway (26, 56). We tested to see if overex-
pression of DACK could cause ectopic activation of the JNK
cascade, using the same assay as was used for Dcdc42V12.
UAS-DACK was expressed with en-GAL4 in the presence of
the puc-lacZ enhancer-trap insertion puc®?, which allows tran-
scriptional control of puc gene expression to be visualized by
staining for B-galactosidase (58). This approach has also been
used to assess the effects on the JNK cascade of overexpressing
the kinase dTAK, a Drosophila member of the mitogen-acti-
vated protein kinase kinase kinase family. Overexpression of
dTAK causes ectopic activation of puc transcription similar to
that seen with Dcdc42V12 (46, 64). As a positive control for
our experiment, we repeated the en-GAL4 induction of
Dcdc42V12 and observed ectopic puc transcription in en
stripes (Fig. 9B). Overexpression of DACK, however, did not
lead to ectopic puc expression (Fig. 9C). We have also tested
the effects of DACK overexpression on the JNK-dependent
transcription of dpp at the leading edge. Embryos in which
DACK had been overexpressed in the epidermis using the
GAL4>%! driver (31) were hybridized with a dpp riboprobe.
There was no evidence of ectopic dpp expression, and the
distribution of dpp transcripts in these embryos was indistin-
guishable from that of the wild type (Fig. 9E). We looked at
the effects of impairment of DACK function on the JNK cas-
cade by examining the leading edge transcription of dpp in
embryos homozygous for Df(3L)C175, which are devoid of
zygotic DACK, and in embryos expressing KD-DACK. In both
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FIG. 8. Rescue of Dcdc42N17-induced dorsal closure defects by overexpression of DACK. The graph and table show frequencies of cuticle
phenotypes (in percent) for two independent experiments, each of which consisted of one control expression of UAS-Dcdc42N17 and one
coexpression of UAS-Dcdc42N17 with UAS-DACK. no cuticle, embryo failed to secrete cuticle; dorsal hole, failure of cuticle secretion in a portion
of the dorsal surface; normal, dorsal surface indistinguishable from wild type; LacZ, progeny of the cross Hs-GAL4??%7, UAS-Dcdc42N17/CyO X
UAS-LacZ|UAS-LacZ; DACK, progeny of the cross Hs-GAL4%*?7, UAS-Dcdc42N17/CyO X UAS-DACK/UAS-DACK; yw, progeny of the cross

Hs-GAL4%%7, UAS-Dcdc42N17/CyO X yw.

cases, dpp transcription was maintained at the leading edge
(Fig. 9F and G).

Given that DACK is itself enriched at the leading edge
during dorsal closure, it is possible that DACK transcription
could be under control of the JNK cascade. We looked at
DACK transcript distribution in basket mutant embryos bear-
ing a loss-of-function mutation in the gene encoding Drosoph-
ila INK (57, 62) and found that the leading-edge expression of
DACK was intact (data not shown). We also ectopically acti-
vated the JNK cascade in en stripes by expressing UAS-
Drac1V12 with en-GAL4 and looked at DACK transcripts in
embryos. There was no increase in DACK transcript levels in
en stripes (data not shown).

DISCUSSION

We have characterized a nonreceptor tyrosine kinase,
DACK, which is the closest Drosophila homolog to the mam-
malian ACKs. DACK is one of two known ACK family mem-
bers that lacks the GTPase-binding CRIB domain, and we
have not been able to demonstrate in vitro binding to GTP-
bound Cdc42. This is in contrast to the mammalian ACK
family members ACK-1 and ACK-2, which bind GTP-bound
Cdc42 in vitro through the CRIB domain (44, 67). The rele-
vance of Cdc42 binding to the function of ACK-1 and ACK-2
remains uncertain. The association of ACK-1 with GTP-bound
Cdc42 inhibits both the intrinsic and GAPase-activating pro-
tein-stimulated GTPase activity of Cdc42 and may therefore be

used to sustain Cdc42 in the active state (44). In in vitro kinase
assays, ACK-2 is not activated by binding to Cdc42, but ACK-2
kinase activity is increased when ACK-2 is cotransfected into
COS-7 cells with wild-type or constitutively active Cdc42 (67).
Various results indicate roles for ACK-1 and ACK-2 in Cdc42
signaling. Melanoma chondroitin sulfate proteoglycan-induced
spreading of melanoma cells is dependent on Cdc42 and
ACK-1, and activation of ACK-2 by cell adhesion is Cdc42
dependent (21, 68). In response to epidermal growth factor,
ACK-1 can tyrosine phosphorylate and activate Dbl, a guanine
nucleotide exchange factor for the Rho family, in a Cdc42-
dependent manner (37, 38).

An attempt to inhibit DACK function by using RNAI
yielded no obvious phenotypic effects, suggesting that loss of
DACK is nonlethal. A likely possibility is that DACK shares
target proteins with the other ACK family tyrosine kinase in
Drosophila, DPR2. Expression of DACK transgenes during de-
velopment did produce phenotypic effects, presumably by af-
fecting DACK and/or DPR2 signaling pathways. Expression of
KD-DACK during embryogenesis, wing development, and eye
development resulted in a range of phenotypic effects similar
to those caused by loss-of-function mutations in Dcdc42 or
by expression of Dcdc42N17. More importantly, overexpres-
sion of wild-type DACK can suppress dorsal closure defects
caused by Dcdc42N17 expression. The extensive rescue of
Dcdc42N17-induced dorsal closure failures by DACK overex-
pression indicates that ACK family tyrosine kinase activity is a



VoL. 22, 2002

&

ACK FAMILY TYROSINE KINASE ROLES IN DROSOPHILA 3695

FIG. 9. JNK cascade-dependent transcription of genes at the leading edge is not affected by gains or losses of DACK function. Lateral views
of embryos stained with anti-B-galactosidase antibody (A to C) or hybridized with a dpp riboprobe (D to G). Arrowheads in each panel denote
the leading edge. (A) puc®®’/+ embryo showing puc expression at the leading edge; (B) en-GAL4/+; puc®’, UAS-Dcdc42V12/+ embryo showing
ectopic puc expression in en stripes (arrow); (C) en-GAL4/+; puc®®, UAS-DACK/+ embryo showing puc expression at the leading edge;
(D) wild-type embryo showing dpp expression at the leading edge, in the lateral epidermis and in the midgut. (E) GAL4™%!/+; UAS-DACK/+
embryo showing wild-type distribution of dpp transcripts; (F) Df(3L)C175/Df(3L)C175 embryo showing dpp transcripts at the leading edge and in
the lateral epidermis; (G) wild-type distribution of dpp transcripts following expression of UAS-KD-DACK by heat shock using the Hs-GAL4™*

driver.

major route for Cdc42 signaling during dorsal closure. We
have demonstrated that overexpression of DACK does not
trigger ectopic activation of the JNK cascade, in contrast to the
previous finding that constitutive activation of Cdc42 signaling
using Dcdc42V12 induces this pathway (27). Furthermore, we
show that the JNK cascade is not disrupted by either impair-
ment of ACK family tyrosine kinase function through expres-
sion of KD-DACK or by loss of zygotic DACK through a
deficiency removing the DACK gene. Our results suggest that
the JNK cascade does not lie downstream of ACK family
tyrosine kinase activity in Dcdc42 signaling. We have also
shown that the JNK cascade does not drive expression of
DACK. Our work is consistent with analysis of loss-of-function
alleles of Dcdc42, which indicates that the JNK cascade is not
a major component of Dcdc42 signaling (26). Dcdc42 may
normally make a minor contribution to the activation of the

JNK cascade that could be greatly amplified by expression of
Dcdc42V12.

We cannot exclude the possibility that the ACK family ty-
rosine kinase activity acting downstream of Dcdc42 during
dorsal closure is provided entirely by DPR2. However, the
leading-edge enrichment of DACK and the alterations in
DACK transcription in the leading edge and amnioserosa in
response to Dcdc42 transgene expression are indications that
DACK has a role in Dcdce4?2 signaling during dorsal closure.
The transcriptional regulation of DACK does not appear to be
a simple homeostatic response, as it is tissue specific and works
in opposite directions in two tissues, i.e., dominant-negative
Cdc42 causes upregulation of DACK transcripts at the leading
edge, whereas constitutively active Dcdc42 causes upregulation
of transcription in the amnioserosa. The relevance of this tran-
scriptional regulation of DACK remains unknown, but it may
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provide a route for Dcde42 to regulate DACK function during
dorsal closure. The serine/threonine kinase DPAK, a likely
downstream effector for Dracl and Dcdc42, also responds
transcriptionally to a change in Dcdc42 signaling in the amnio-
serosa but, interestingly, in the opposite direction from DACK,
in that it is dominant-negative Dcdc42 that induces upregula-
tion of DPAK transcription in this tissue.

Dcdc42 might also regulate DACK through its GTPase ac-
tivity. Although Dcdc42 does not appear to bind DACK di-
rectly, it could possibly influence DACK function indirectly in
a signaling complex. An indirect mode of activation of ACK
proteins by Cdc42 proteins is consistent with the finding that
constitutively active Cdc42 fails to activate ACK-2 in vitro but
can promote activation when cotransfected with ACK-2 in vivo
(67).

The high level of DACK protein seen in mitotic domains is
of interest, as Cdc42 is involved in yeast budding and cytoki-
nesis in Xenopus laevis embryos (1, 18). To date, no defects in
Drosophila cytokinesis have been seen with impaired Dcdc42
function, although constitutively active Dcdc42 disrupts cellu-
larization of the embryo, a specialized form of cytokinesis (15,
26).

The wing blisters induced by expression of KD-DACK are
reminiscent of those found in wings bearing clones homozy-
gous for loss-of-function mutations in the genes encoding the
Drosophila integrins opg;, 0ps,, and Bpg (8). There is evidence
that the mammalian ACKs function in integrin signaling (21,
68), and the Drosophila wing may provide a useful model to
genetically dissect this role for the ACK family.

Despite being among the first-described potential effectors
for Cdc42, the ACKs remain poorly characterized in terms of
the signaling they participate in. The strong eye phenotypes
generated by DACK transgene expression should provide a
particularly good system for investigating signaling pathways
involving the Drosophila ACK family proteins. The rough eye
phenotypes generated by Rho family transgene expression in
Drosophila have been used to identify second site mutations in
genes encoding components of Rho family signal transduction
(6, 51), and we have recently identified deficiencies suppressing
the rough eye phenotype induced by overexpression of wild-
type ACK.

This genetic analysis of ACK function in Drosophila using
eye development, combined with genetic approaches using
other well-defined processes such as wing development and
dorsal closure, should aid greatly in elucidating ACK-mediated
pathways.
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