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In Drosophila, the correct formation of the segmental commissures depends on neuron–glial interactions at
the midline. The VUM midline neurons extend axons along which glial cells migrate in between anterior and
posterior commissures. Here, we show that the gene kette is required for the normal projection of the VUM
axons and subsequently disrupts glial migration. Axonal projection defects are also found for many other
moto- and interneurons. In addition, kette affects the cell morphology of mesodermal and epidermal
derivatives, which show an abnormal actin cytoskeleton. The KETTE protein is homologous to the
transmembrane protein HEM-2/NAP1 evolutionary conserved from worms to vertebrates. In vitro analysis has
shown a specific interaction of the vertebrate HEM-2/NAP1 with the SH2–SH3 adapter protein NCK and the
small GTPase RAC1, which both have been implicated in regulating cytoskeleton organization and axonal
growth. Hypomorphic kette mutations lead to axonal defects similar to mutations in the Drosophila NCK
homolog dreadlocks. Furthermore, we show that kette and dock mutants genetically interact. NCK is thought
to interact with the small G proteins RAC1 and CDC42, which play a role in axonal growth. In line with
these observations, a kette phenocopy can be obtained following directed expression of mutant DCDC42 or
DRAC1 in the CNS midline. In addition, the kette mutant phenotype can be partially rescued by expression
of an activated DRAC1 transgene. Our data suggest an important role of the HEM-2 protein in cytoskeletal
organization during axonal pathfinding.
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Development of a multicellular organism requires exten-
sive cell movements. In the developing nervous system,
many neuronal and glial cells migrate away from their
place of birth to their final destination. Subsequently,
neuronal growth cones have to navigate often over long
distances through the body. To date, a number of signal-
ing molecules and their receptors function in the guid-
ance of cells and growth cones (Tessier-Lavigne and
Goodman 1996). Eventually these guidance signals are
transmitted to the cellular cytoskeleton to direct cell
growth and movement (Tanaka and Sabry 1995; Hu and
Reichardt 1999).

How is the signal perception at the membrane con-
nected to the cytoskeleton? The RHO family of small
GTPases is implicated in a range of cellular functions
including cell migration and neurite outgrowth (Hall
1998). Notably, the expression of the CDC42 GTPase in
fibroblasts leads to the formation of filopodia, whereas
expression of RAC1 induces the formation of lamellipo-

dia (Nobes and Hall 1995; Tapon and Hall 1997). Func-
tion of RAC1 during axonal outgrowth is conserved be-
tween flies and mammals (Luo et al. 1996). A connection
between these small G proteins and membrane-bound
receptors is beginning to emerge. A central role has the
SH2–SH3 adapter protein NCK, which is involved in
multiple cellular signaling events (McCarty 1998). NCK
can bind via the p21-activated kinase (PAK) to both
CDC42 and RAC1. Both PAK and small G proteins are
involved in actin organization (Sells et al. 1997). Addi-
tional effector proteins have been reported to bind to the
different SH3 domains of the NCK adapter protein (Hu et
al. 1995; Rivero-Lezcano et al. 1995; Quilliam et al. 1996;
Symons et al. 1996; Tang et al. 1997; McCarty 1998;
Rohatgi et al. 1999). The first SH3 domain of NCK in-
teracts with the transmembrane protein HEM-2/NAP1
(Kitamura et al. 1996).

The SH2 domain of NCK is capable to interact with a
variety of receptor tyrosine kinases (RTK) coupling acti-
vation of RTK by extracellular signals to intracellular
signaling (Li et al. 1992; Stein et al. 1998). Expression of
mutagenized NCK protein variants in Xenopus embryos
affected dorsoventral patterning and the migratory prop-
erties of mesodermal cells (Tanaka et al. 1997; Gupta and
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Mayer 1998). A Drosophila NCK homolog is encoded by
the gene dreadlocks (dock). dock mutations disrupt axon
guidance and targeting in the developing nervous system
(Garrity et al. 1996; Desai et al. 1999). Similar axonal
phenotypes were observed following disruption of a PAK
homolog (Hing et al. 1999).

During Drosophila embryogenesis, a ladder-like axon
pattern is established in the ventral nerve cord (Good-
man and Doe 1993). The individual neuromeres are con-
nected by two lateral longitudinal connectives, whereas
the individual neuromeres are interconnected by two
segmental commissures, the anterior and the posterior
commissure. Over the last few years, a number of ge-
netic studies have identified key players during the for-
mation of this axonal network (Klämbt et al. 1991;
Seeger et al. 1993; Kolodziej et al. 1995; Harris et al.
1996; Mitchell et al. 1996; Hummel et al. 1999a,b).

Basically, axonal pattern formation occurs in a series
of sequential steps. First, commissural growth cones are
guided toward and across the midline (Tessier-Lavigne
and Goodman 1996). Once the commissural axon tracts
are established, the commissures need to be arranged
into their final ladder-like appearance. This developmen-
tal process requires the migration of the midline glial
cells along cell processes of the VUM-midline neurons
(Klämbt et al. 1991).

In a large EMS mutagenesis, we screened for muta-
tions affecting the organization of the CNS axon pattern.
We identified >20 genes required for the correct migra-
tion of the midline glial cells (Hummel et al. 1999a).
These mutations fall into two different classes, the
pointed group and the tramtrack group. One member of
the pointed group is kette. The newly identified genes
could control the differentiation or migration of the mid-

line glial cells or the formation and correct projection of
the midline axons along which the midline glial cells
migrate. Double-mutant analyses provided the first hints
that most of the genes affected by these fused commis-
sure mutations function in the midline glial cells,
whereas the gene kette is likely to act in CNS midline
neurons (Hummel et al. 1999b).

Here we describe the molecular identification and de-
tailed phenotypic analysis of kette. Mutations in kette
disrupt the function of the Drosophila homolog of the
HEM-2/NAP1 protein, which has been first identified by
Baumgartner et al. (1995). kette mRNA is widely ex-
pressed in the early embryo, but expression becomes re-
stricted to the CNS by the end of embryogenesis. Loss of
kette function leads to strong defects in axonal pattern
formation. In the CNS midline, the VUM neurons show
distinct projection defects, which correlate to the migra-
tory defects of the midline glial cells. Overexpression
studies demonstrate an important role of the KETTE pro-
tein level during axonogenesis. Further analyses of the
non-neuronal kette phenotype imply a more general
function during the organization of the actin cytoskele-
ton. Phenotypic and genetic studies suggest functional
interactions of KETTE with the SH2–SH3 domain pro-
tein DOCK and with small GTPases such as DRAC1.

Results

Isolation of kette alleles

Five different kette mutations were recovered on the ba-
sis of a characteristic CNS axon pattern phenotype con-
sisting of fused commissures and reduced longitudinal
connectives (Fig. 1). In an independent screen, a large

Figure 1. kette affects the migration of the
midline glial cells. Frontal views of dissected
embryonic nerve cords stained for the overall
axon pattern using the mAb BP102 and subse-
quent HRP immunohistochemistry. (B–C) On
the basis of their mutant phenotypes, the
different kette alleles were placed in the fol-
lowing allelic series: ketteC3–020 = ketteJ4–048 >
ketteP168 > ketteG1–037 > ketteJ1–070. The geno-
type is indicated; not all genotypes are shown.
The midline glial cells (E–H) are labeled in blue
using the enhancer trap insertion AA142. Ante-
rior is up. (A) In a wild-type embryo, most CNS
axons are organized in a ladder-like pattern con-
sisting of two longitudinal connectives (lc) and
two commissures in each neuromere. Anterior
commissure (ac) and posterior commissure (pc)
are well separated. (B) Amorphic kette mutants
show fused commissures and disrupted longitu-
dinal connectives. (C) The hypomorphic muta-
tion J1–70 results in a subtle commissural and
connective phenotype. (D) The excision mutation D14–2 shows the amorphic kette phenotype. (E) In stage 12/13 wild-type embryos,
the midline glial cells have migrated toward the commissures and start to intercalate between anterior and posterior commissures
(arrowhead). (F) In stage 16 wild-type embryos, two midline glial cells have migrated between anterior and posterior commissure. (G)
In mutant ketteC3–20 embryos, the midline glial cells migrate in an abnormal path and are found on the entire width of the commissure
(arrowheads). (H) In stage 16 mutant kette embryos, the midline glial cells fail to intercalate between the segmental commissure and
a fused commissure phenotype develops.
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number of P-element-induced lethal mutations were
screened for defects in axonal pattern formation (T.
Hummel, unpubl.). The P-element insertion l(3)03335
(Karpen and Spradling 1992) leads to strong fused com-
missure phenotype and failed to complement all EMS-
induced kette alleles. The P element mapped at the cy-
tological position 79E, which corresponds well to the
meiotic position 3–46.8 determined for the EMS-induced
kette mutations (Hummel et al. 1999a). Both the kette
phenotype and the lethality associated with the P-ele-
ment insertion could be reverted by mobilizing the P
element. From 160 independent excision lines, 53 re-
mained associated with a lethal mutation or showed re-
duced viability. In 36 lines, the mutations lead to em-
bryonic lethality as the original l(3)03335 P-element in-
sertion and 13 excision mutations lead to larval or pupal
lethality. In four lines <10% of the expected numbers of
homozygous adult flies eclosed. The largest deficiency
isolated, ketteD14–2 (see Fig. 4, below), removes the entire
kette gene and shows the same axonal phenotype in ho-
mozygous condition and in transheterozygosity to
ketteC3–20 or ketteJ4–48 (Fig. 1), indicating that ketteC3–20

and ketteJ4–48 are amorphic mutations.

kette disrupts neuron–glial interaction
at the CNS midline

Strong kette alleles show a fused commissure pheno-
type, which is generally due to a defect in the migration
of midline glial cells (Klämbt et al. 1991). To analyze the
migration of these cells, we used the midline glia marker
AA142. In late stage 12 embryos, the midline glial cells
are found anterior to where commissural axons cross the
midline (Fig. 1E). In wild-type embryos, these cells ini-
tiate a posterior-ward migration. In stage 16 embryos,
two midline glial cells have migrated between anterior
and posterior commissure and separated the two axon
bundles (Fig. 1F). In kette mutant embryos, the midline
glial cells are specified normally, however, their migra-
tion appears abnormal. Contrary to the wild type, the
midline glial cells migrate laterally away from the mid-
line along the forming commissural axon bundles (Fig.
1G, arrowheads). This is reminiscent of the phenotype of
embryos lacking pointed, which encodes a glial differen-
tiation factor (Klämbt 1993; Klaes et al. 1994). Because
kette appears to act in the VUM midline neurons (Hum-
mel et al. 1999b), the cause of this phenotype is different
from the one in pointed embryos.

Glial migration defects could be due to alterations in
the axonal projection pattern of the VUM neurons. The
axonal processes of the VUM neurons are in direct con-
tact with the migrating glial cells and presumably pro-
vide the substrate for their migration (Klämbt et al. 1991;
Stollewerk and Klämbt 1997). Differentiation of the
VUM neurons can be analyzed by use of the mAb 22C10.
The VUM neurons reside ventrally in the CNS midline
and project through the posterior commissure to the an-
terior commissure, where they turn and grow toward the
periphery (Fig. 2A, arrows). In kette mutant embryos, the
projection of the VUM neurons was frequently affected

(Fig. 2B). Pathfinding defects were found at positions in
which wild-type VUM axons changed their growth di-
rections. Possibly due to maternal kette contribution
(see below), this early kette phenotype is variable. In
∼20% of the embryos, the VUM axons project normally
to the posterior commissure but do not follow the cor-
rect path once they have reached the anterior commis-
sure (Fig. 2B, arrows). In ∼30% of the mutant embryos,
severe VUM projection defects are found from early
stages onward (Fig. 2B8). In the remaining embryos, the
projection defects are such that we cannot discriminate
VUM axons from other neuronal processes. However, in

Figure 2. kette functions in midline neurons. Frontal views
(A,B,E–G) of dissected embryonic CNS preparations; anterior is
up. C and D are whole mount stainings of stage 16 embryos;
anterior is to the left. CNS axon tracts are labeled in brown
using mAb 22C10. The midline neurons (C,D) are labeled in
blue using the enhancer trap insertion X55. (A) In stage 14 wild-
type embryos, the VUM axons originate in the midline, project
through the posterior commissure to the anterior commissure,
where they bifurcate and turn to finally leave the CNS (arrows).
(B,B8) In kette mutant embryos, the VUM axons project abnor-
mally. In every neuromere, variable defects in the projection
pattern can be observed (arrows, cf. with A). (C) Lateral view of
a wild-type stage 16 embryonic CNS. (D) Lateral view of a kette
mutant CNS stage 16 embryo. The number and position of the
midline neurons has been determined using the marker X55. No
changes in number and only slight changes in position were
found. (E) In a stage 16 ketteJ4–48 mutant embryo, commissures
are fused (arrow) and the two longitudinal connectives (lc) are
closer toward the midline. (F) In a stage 16 UAS-kette; simGAL4
mutant ketteJ4–48 embryo, we observe a partial rescue of the
kette commissure phenotype (arrow). A space appears between
anterior and posterior commissure, and the two longitudinal
connectives are located in further distance from the midline.
The arrowhead indicates a bifurcating VUM axon. (G) Stage 13
wild-type embryo expressing elevated levels of kette in all mid-
line cells (UAS-kette/simGAL4). Defects in the projection pat-
tern of the VUM neurons can be observed (arrowheads, cf.
with A).
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all cases, the number of the midline neurons is normal in
mutant kette embryos, but their position is slightly al-
tered (Fig. 2C,D).

kette mutations lead to a variety of defects
during embryogenesis

Beside the fusion of commissures, we observed a pro-
nounced reduction of longitudinal connectives in strong
kette mutants (Fig. 1). Using an antibody directed against
the FASCICLIN II protein, we found that longitudinal
connectives do not properly form, and we observed axons
occasionally crossing the midline (Fig. 3A,D). Defects
can already be detected during early stages of axonal out-
growth (data not shown). No gross alterations in the
number as well as fate of cortical neurons were detected
using different antibodies (anti-EVE, anti-ELAV, and
anti-EAGLE). The longitudinal glial cells that normally
are found on the entire longitudinal connective are pre-
sent in their normal number but are displaced and con-
centrated at the commissures (Fig. 3B,E).

Additional kette phenotypes were observed in the em-
bryonic PNS. We found a slight reduction in the number
of all sensory neurons as well as changes in their cellular
morphology (Fig. 3C,F). In accordance with the reduction
in cell number, the size of the segmental nerves was
reduced, the axonal projections toward the ventral nerve
cord, however, appeared normal.

A strong disorganization of motoaxons was found (data
not shown) that correlates with defects in the somatic
musculature. Using a MHC–lacZ reporter construct, a
regular pattern of 30 individual polyploid muscles per
abdominal hemisegment can be recognized in wild-type
embryos (Fig. 3G). In kette mutant embryos, a severe
reduction in the number of muscle fibers can be ob-
served. The remaining muscle cells appear much smaller
as in wild type (Fig. 3H). In addition, kette also affects
midgut formation (data not shown).

Molecular analysis of kette

Genomic kette sequences were cloned by inverse PCR
using the P-element insertion l(3)03335. Sequence analy-
sis showed that the transcription unit flanking the P-
element insertion site had been described before as the
Dhem-2 gene (Baumgartner et al. 1995). The P-element
insertion occurred at position 39 within the transcribed
region. Dhem2 encodes a putative transmembrane pro-
tein homologous to the vertebrate Hem-2/NAP1 protein
and a deduced Caenorhabditis elegans hem-2 protein
(see Fig. 4 for details) (Baumgartner et al. 1995). The kette
excision mutant ketteD14–2 removes the Dhem-2 gene.
To obtain further proof that kette encodes the DHEM-2
protein, we determined the Dhem-2 DNA sequence of
four kette alleles (Fig. 4). The strongest alleles, C3–20
and J4–48, both carry mutations that lead to a truncation
of the deduced KETTE protein, which correlates with the
amorphic character of these mutations. The hypomor-
phic kette mutation G1–37 carries a H → L change at a

conserved position. The weak J1–70 mutation carries a
relatively neutral V → A substitution at the end of the
third predicted transmembrane region. These data thus
show that kette encodes the DHEM-2 protein.

Expression of kette during embryogenesis

The P-element insertion l(3)03335 into the kette gene
shows restricted b-galactosidase (b-Gal) expression in

Figure 3. Phenotypic analysis of kette. Flat preparations of
stage 16 CNS (A,B,E,D) or PNS (C,F) stained for the presence of
different neural markers; (A,D) mAb 1D4, (B,E) mAb BP102 and
anti-REPO antibodies, (C,F) mAb 22C10. (G,H) Whole mount
embryos carrying a MHC–lacZ reporter, stained for b-Gal ex-
pression to label all somatic muscle cells. (A) In wild-type em-
bryos, the FASCICLIN II protein is expressed in discrete fasci-
cles. (D) In kette embryos, individual fascicles cannot be recog-
nized. Often breaks are observed in the connectives. (B) Lateral
glial cells are labeled in blue. They are found in a regular pattern
in wild-type embryos. (E) In mutant kette embryos, lateral glial
cells appear in their normal number. However, they do not mi-
grate along the connectives and are found above the commis-
sures. (C) A wild-type embryo stained for the presence of the
22C10 antigen, which labels the sensory neurons as well as
their axonal projections. Sensory neurons are found in four dis-
crete clusters, the dorsal cluster (d), the lateral cluster (l), the
ventro-lateral (v8), and the ventral cluster (v). (F) In homozygous
kette mutant embryos, reductions in the number of sensory
neurons are found in all clusters. Axonal projections into the
CNS appear unaffected. (G) In wild-type embryos, a regular pat-
tern of 30 somatic muscle fibers is seen. (H) kette mutant em-
bryos show reduced numbers of muscle fibers. In addition, the
remaining muscle fibers appear smaller than in wild-type em-
bryos.
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the VUM midline neurons at stage 12 (Fig. 5A). The mid-
line expression persists until stage 14 (Fig. 5B), and thus
is present throughout the growth period of the VUM
axons, which is in agreement with the predicted func-
tion of kette in the midline neurons (Hummel et al.
1999b).

In contrast to the restricted b-Gal expression pattern
of the kette enhancer trap, the endogenous kette gene
shows a much broader expression pattern. As deter-
mined by use of a digoxygenin-labeled kette cDNA, high
levels of kette RNA are provided maternally (data not
shown). Ubiquitous kette RNA distribution is found un-
til stage 13, when kette expression becomes restricted to
the CNS (Fig. 5C–F). Expression of kette in distinct
groups of midline cells, which, on the basis of their po-
sition, appear to correspond to the midline neurons, can
be detected from stage 13 onward (Fig. 5D). The discrep-
ancy of the RNA distribution and the specific b-Gal ex-
pression pattern might indicate a complex regulation of
the kette gene.

kette functions in midline neurons

To further analyze the requirement of kette in commis-
sure formation, we used the GAL4 system to express
kette in midline cells. The above-described results indi-
cated that kette is required in the midline neurons. In
agreement with this notion, we failed to obtain pheno-
typic rescue of the kette-fused commissure phenotype
following expression of kette in the midline glial cells
using the slit–GAL4 driver line (Scholz et al. 1997; data
not shown). However, when we expressed kette in all
midline cells using the single minded–GAL4 driver line
(Scholz et al. 1997), we obtained a partial phenotypic
rescue of the ketteJ4–048 phenotype (Fig. 2E,F). Following
CNS midline expression of kette, commissures were
separated and the connectives were found at a further
distance from the midline (Fig. 2F, arrow). In particular,
the VUM neurons show a normal projection pattern (Fig.
2F, arrowhead). We never obtained a complete rescue of
the kette mutant CNS phenotype. The remaining axonal
defects could either originate from the function of kette
in lateral neurons or could be due to an inappropriate
expression of kette in the midline cells. The importance
of the exact expression level is also supported by the
observation that expression of high levels of kette in all
CNS midline cells in a wild-type background resulted in
an abnormal axonal projection phenotype of the VUM
neurons, similar to the mutant kette phenotype (Fig.
2B,G). In older embryos, the appearance of the overall
axon pattern resembles a phenotype of hypomorphic
kette or amorphic dock mutations (data not shown).

kette genetically interacts with dock

The vertebrate homolog of KETTE has been shown to
interact with the first SH3 domain of the NCK adapter
protein (Kitamura et al. 1996). The Drosophila homolog
of NCK is encoded by dreadlocks (Garrity et al. 1996).
dock was identified in a screen for mutations affecting
axonal pathfinding and targeting of the adult photorecep-
tor neurons (Garrity et al. 1996). In wild-type third instar
larvae, the different photoreceptor cells stop their axonal
growth in two distinct layers of the optic lobe, the
lamina and the medulla (Fig. 6A). In contrast, dock mu-

Figure 4. The kette locus. The extent of the kette gene is
shown, transcription is from left to right, the exon-intron struc-
ture, the P-element l(3)03335 integration site, and the extend of
the deletion D14–2 are indicated. The deduced KETTE protein
and the location of the kette mutations are shown. Shaded
boxes indicate deduced transmembrane domains (Baumgartner
et al. 1995). The deduced KETTE protein (1126 aa), the human
HEM-2 protein (1134 amino acids, accession no. 3043698), and
a deduced C. elegans HEM-2 protein (1141 amino acids, acces-
sion no. 3875597) show ∼60% identity throughout the entire
ORF. Amino acid changes in different kette alleles are C3-20
(W → stop) change at position 256; G1-37 (H → L) change at
position 334; J4-48 (W → stop) change at position 490; J1-70
(V → A) change at position 927. All mutations affect conserved
amino acids.

Figure 5. Expression of kette during embryogenesis. (A,B) The
P-element insertion into the kette gene carries a lacZ gene and
was used to monitor kette transcription with anti-b-Gal anti-
bodies. First b-Gal expression is detected in the midline neurons
of stage 11 embryos and persists until stage 14. (C–F) Show
whole mount in situ hybridizations of kette cDNA in wild-type
embryos. (C–E) kette mRNA is broadly expressed until stage 14.
(D) From stage 13 onward, kette expression can be seen in some
CNS midline cells (arrow). (F) Lateral view of a stage 16 embryo.
kette expression becomes confined to the CNS.
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tant photoreceptor cells fail to establish this specific tar-
geting, leading to a disruption of the lamina neuropile
organization (Fig. 6B). In ∼70% of the third instar larvae
homozygous for the hypomorphic ketteD2–6 allele
(n = 25), we found a weak disorganization of the lamina
plexus and an abnormal bundling of R-cell axons in the
medulla (Fig. 6C). The remaining larvae showed a stron-
ger disorganization of the R-cell axons (20%) or were
indistinguishable from wild type (10%). Further reduc-
tion of the kette gene function results in an enhance-
ment of this axonal phenotype in 50% of the analyzed
transheterozygous mutant kette larva (n = 30; Fig. 6D). If
we remove one copy of dock in the background of a hy-
pomorphic kette mutation, we observed a considerable
enhancement of the larval projection phenotype in 60%
of the individuals (n = 25; Fig. 6E). In addition, we ob-
served a significant enhancement of the homozygous
dock phenotype when removing one copy of kette in a
dock mutant background (n = 18; Fig. 6F).

Similar to the findings of Desai et al. (1999), we ob-
served a reduction in the size of the longitudinal connec-
tives in the embryonic CNS (Fig. 6G). This phenotype
resembles a hypomorphic kette connective phenotype.
In mutant dockP2 embryos, commissure separation is
also affected, comparable with the hypomorphic pheno-
type seen in ketteJ1–70 embryos (Fig. 1). In correlation
with the commissural phenotype, the VUM axons do not
project properly in mutant dock embryos (Fig. 6H, ar-
rows).

In summary, these data show that both kette and dock
mutants genetically interact and share a number of phe-

notypic traits. This suggests that these genes might be
acting in the same genetic pathway during axonal path-
finding.

The role of small GTPases in the CNS midline

The RHO family of small GTPases has been described
previously to constitute important regulatory factors
also interacting with NCK (Hall 1998). To analyze the
functional interaction of KETTE with members of the
RHO family, we expressed activated as well as domi-
nant-negative versions of DCDC42 and DRAC1 (kindly
provided by L. Luo, Stanford University, CA) in the mid-
line cells of wild-type and kette mutant embryos. Ex-
pression of both of these mutant proteins in all midline
cells using the simGAL4 driver line results in similar
axonal defects (Fig. 6I). The projection of the VUM neu-
rons resembled the phenotype observed in kette mutant
embryos. In addition, the cell bodies of the VUM neu-
rons appeared sometimes displaced (not shown). In stage
16 embryos, the segmental commissures appear fused,
which again indicates the importance of the midline
neurons for the migration of the midline glia (Fig. 6K).
We observed only a weak commissural disorganization
when we expressed the different DCDC42 or DRAC1
proteins in the midline glial cells only (data not shown).
In all experiments, the expression of DRAC1 appears to
have more pronounced effects on the axonal morphol-
ogy.

To further test the interaction of kette and RAC1, we
expressed activated DRAC1 in all midline cells of mu-

Figure 6. kette genetically interacts with dock
and Drac1. (A) In wild-type larvae, the 22C10
antigen labels the photoreceptor axons as they
grow from the eye disc (ed) through the optic
stalk (os) into the brain. Here they terminate in
the lamina or the medulla. (B) In homozygous
mutant dockP2 larvae and (C) in homozygous
ketteD2–6 larvae, the growth of retinula axons
into the brain is disrupted. (D) Following further
reduction of kette function in ketteD2–6/
ketteC3–20 larvae, this axonal phenotype be-
comes more pronounced. Following removal of
one copy of dock in a homozygous ketteD2–6 lar-
vae (E) or one copy of kette in homozygous mu-
tant dockP2 larvae (F), we observed a much more
severe axonal projection phenotype. (G–L) Fron-
tal views of dissected embryonic CNS prepara-
tions. Anterior is up. (G) We used mAb BP102 to
visualize the overall CNS axon pattern in mu-
tant dock embryos. The zygotic dock phenotype
is characterized by a reduction in the longitudi-
nal connectives (arrow) and a slight fusion of the
segmental commissures. (H) To determine the
morphology of the VUM neurons, we used the
mAb 22C10.As in mutant kette embryos, variable projection defects of the VUM axons were found in mutant dock embryos (arrows).
(I) Stage 14 embryo of the genotype UAS–Drac1V12; simGAL4 expressing activated DRAC1 in all midline cells. Frequent defects in
the projection pattern of the VUM neurons are observed (arrowheads). (K) In stage 16 embryos, a fused commissure phenotype can be
seen (arrows). (L) Expression of Drac1 in all CNS midline cells of mutant kette embryos partially rescued the mutant CNS phenotype.
The longitudinal connectives (lc) appeared further apart and the commissures appear separated. In addition, we often observed VUM
axons projecting normally at the midline (arrow).
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tant ketteJ4–48 embryos. The commissures appeared
separated, indicating that the midline glial cells were
able to migrate between anterior and posterior commis-
sures. Concomitantly, the connectives are further dis-
tant from the midline (Fig. 6L, arrow), indicating that
expression of activated Drac1 can partially rescue the
kette phenotype.

kette affects the organization of the cytoskeleton

Among others, the NCK adapter protein transduces sig-
nals via CDC42 and RAC1 to the ACTIN cytoskeleton.
To analyze the ACTIN cytoskeleton of mutant kette em-
bryos, we used a GFP–moesin transgene (Edwards et al.
1997). This protein binds to the F-actin fibers and thus
allows us to determine their subcellular distribution us-
ing confocal microscopy. In wild-type embryos, F actin is
found in axonal processes that are arranged in the typical
ladder-like pattern (Fig. 7A). Prominent expression is
also detected in the epidermis and the somatic muscu-
lature (Fig. 7A, arrow). In similar focal planes, kette em-
bryos appear very different. Within the CNS, the typical
fused commissure phenotype of mutant kette embryos is
evident (Fig. 7B). We observed frequent intense granular
staining in the CNS and in the lateral body wall (Fig. 7B,
arrowheads). Furthermore, the regular appearance of the
cytoskeleton is disrupted in both mesoderm and ecto-
derm (Fig. 7B, arrow). In a tangential section of the dorsal
epidermis, individual cells can be seen in wild-type em-
bryos. Some cells form hairs, characterized by thin F-

actin bundles (Fig. 7C). In mutant ketteC3–20 embryos,
pronounced F-actin bundles were found, which often
have a wavy appearance (Fig. 7D, arrow). In addition, the
cortical actin cytoskeleton appears to stain weaker com-
pared with wild-type embryos.

Discussion

Here we presented a detailed analysis of the kette gene.
Mutations in kette affect the organization of the cyto-
skeleton. kette is expressed in neurons and is needed for
correct axonal pathfinding. The KETTE protein seems to
interact with the SH2–SH3 adapter DOCK and at least
part of the kette function might be mediated via small
GTPases such as DRAC1.

kette affects the actin cytoskeleton

First evidence that kette causes axonal defects by affect-
ing the organization of the cytoskeleton stem from de-
tailed phenotypic analyzes. Beside its function in axonal
pathfinding, we observed defects in the morphology of
trichomes and bristles in flies homozygous for the weak
hypomorphic ketteD2–6 allele. Around 10% of the
bristles appear wavy or do bend sharply and wing tri-
chomes are enlarged and sometimes split (data not
shown). These phenotypes resemble those observed for
mutations affecting the organization of the F-actin
bundles or following expression of mutated DCDC42 or
DRAC1 (Verheyen and Cooley 1994; Eaton et al. 1995,
1996). Similarly, elevated levels of GTPase function in
the developing eye cause late developmental defects as
observed in hypomorphic kette mutations (Hariharan et
al. 1995; Sawamoto et al. 1999; data not shown). cdc42
mutations have been isolated (Fehon et al. 1997), but,
presumably due to maternal contribution, loss of cdc42
function does not lead to an embryonic CNS phenotype
(data not shown). Both CDC42 and RAC1 are important
regulators of the actin cytoskeleton (Hall 1998). The
transduction of extracellular signaling to small GTPases
is believed to involve NCK-type adapter proteins. Here
we showed that several phenotypic traits of kette are
shared by mutations in the Drosophila gene dock, which
encodes a NCK homolog. Furthermore, dock and kette
genetically interact. The genetic data in combination
with the kette loss-of-function and kette overexpression
phenotypes lead us to propose a model on the Dhem2/
NAP1 function in cytoskeleton organization as dis-
cussed below.

Does KETTE act as a membrane bound receptor?

The DHEM-2 protein is predicted to be an integral trans-
membrane protein with six transmembrane domains
(Baumgartner et al. 1995). The amorphic mutations
ketteJ4–48 and ketteC3–20 delete the carboxy-terminal half
of the protein. Thus, an important function must reside
in this part. In the CNS, the membrane protein KETTE
could be participating directly in the neuron-glial inter-

Figure 7. kette affects the cytoskeleton. GFP–MOESIN was
used to monitor the organization of the F-actin bundles. (A–D)
Confocal images obtained from whole mount stage 16 embryos,
anterior is to the left. (A) Distinct F-actin expression can be
detected in the CNS axons, the ectoderm and the somatic mus-
culature (arrow). (B) In mutant kette embryos, the CNS axon
tracts are disorganized as seen in Fig. 1. The organization of
F-actin fibers in the lateral body wall is abnormal. No clear
concentration of staining can be found at the apical surface of
the embryo. In addition, a granular appearance of F-actin stain-
ing can be observed in the nervous system as well as in the
lateral body wall (arrowheads). (C) Tangential view of the dorsal
epidermis. F-actin bundles line up the cell boundaries. Some
cells project fine hairs (arrowhead). (D) Similar view of a kette
mutant embryo. The cell borders are not staining as clear as in
wild type. In addition, long hair-like structures are visible that
are not found in the wild type (arrow).
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action at the midline, where it could act as a signal to
direct glial migration. Alternatively, KETTE could serve
as a receptor of possibly glial-derived signals during
VUM growth cone guidance. The experimental data sug-
gest that KETTE transduces information to the neuronal
cytoskeleton, which is in agreement with a receptor
function.

Binding on a hypothesized ligand would lead to a con-
centration of KETTE at the interaction zone, where it
could initiate further signaling to induce cytoskeletal re-
organization. Interestingly, the loss-of-function pheno-
type of kette resembles the gain-of-function phenotype,
which could indicate that the correct amount of KETTE
is important.

KETTE could be a more general factor that helps to
recruit NCK-like adapter proteins to the membrane,
where it interacts with different receptor tyrosine ki-
nases via its SH2 domain (McCarty 1998). In this sce-
nario, the specific interaction between the midline glia
and the midline neurons would be detected by a still-
unknown receptor also interacting with the NCK
adapter homolog. The FGF receptor is capable to signal
via NCK (Ryan and Gillespie 1994; Rockow et al. 1996;
Gupta and Mayer 1998). In Drosophila, the FGF receptor
homolog BREATHLESS is expressed in neuronal midline
cells and mutations in this gene result in a mild migra-
tion defect of the midline glial cells (Klämbt et al. 1992).
Whether this phenotype—which is reminiscent of hypo-
morphic kette or amorphic dock mutations—results
from an interference with NCK/DOCK signaling re-
mains to be shown.

Does KETTE signal via a NCK adapter protein?

The vertebrate KETTE homolog is HEM-2/NAP1 with
86% amino acid identity over the entire ORF, indicating
that presumed protein–protein interactions are also con-
served. To date, no hem-2 mutation has been described
in vertebrates. The first SH3 domain of NCK was used to
isolate NCK-associated proteins (NAP) and led to the
identification of HEM-2/NAP1. Binding of HEM-2/
NAP1 to NCK appears to be mediated by a 140-kD pro-
tein (Kitamura et al. 1996). Interestingly, in a screen for
proteins interacting with activated RAC1, a complex
consisting of HEM-2/NAP1 and a 140-kD protein was
isolated (Kitamura et al. 1997). Thus, the 140-kD protein
might be a novel adapter linking HEM-2/NAP1 signaling
along two routes to the small GTPases. It will be of in-
terest to identify Drosophila genes interacting with
kette. One such candidate was found in a recent screen
for modifiers of the phenotype of hypomorphic kette mu-
tations (T. Hummel, unpubl.).

The Drosophila NCK homolog is encoded by dock
(Garrity et al. 1996). dock function appears highly spe-
cialized for growth-cone guidance as no mutant pheno-
types have been reported in the mesoderm or the ecto-
derm (Garrity et al. 1996; Desai et al. 1999). Because
kette shows more pleiotropic defects, other adapter pro-
teins may interact with the KETTE protein.

Neurite extension and remodeling of the cytoskeleton

During axonal pathfinding, coordinated cytoskeletal re-
modeling occurs at the tip of the extending neurites,
the growth cone (Gordon-Weeks 1993; Bentley and
O’Connor 1994). The Rho family of GTPases mediates
the regulation of the reorganization of the actin cytoskel-
eton induced by extracellular signals: CDC42, RAC1,
and RHOA (Nobes and Hall 1995; Hall 1998). In fibro-
blast cells, the different GTPases induce different cellu-
lar responses (Ridley and Hall 1992; Ridley et al. 1992;
Nobes and Hall 1995). Similarly, different functions
appear to be associated with the different Drosophila
GTPases. RHO as well as CDC42 function is needed for
cell shape changes during gastrulation, dorsal closure,
bristle, and hair formation (Eaton et al. 1995, 1996; Hari-
haran et al. 1995; Murphy and Montell 1996; Barrett et
al. 1997; Strutt et al. 1997). Bristle and hair formation are
similarly affected by kette.

Expression of activated DRAC1 in the CNS midline
cells can rescue the kette mutant phenotype. Perturba-
tions of DRAC1 activity blocks axonal growth (Luo et al.
1994; Kaufmann et al. 1998) and cell migrations during
fly development (Harden et al. 1995; Murphy and Mon-
tell 1996). Following expression of mutant DRAC1 pro-
teins, abnormal actin condensation occurs (Luo et al.
1994). Similarly, actin organization appears affected in
mutant kette embryos. We are currently analyzing
whether kette and Drac1 are acting in parallel or in a
common pathway.

Conclusions

The data presented in this work suggest that KETTE pro-
vides a novel mechanism linking extracellular signals to
the neuronal cytoskeleton. Central relay proteins are
SH2–SH3 adapter proteins, which control the organiza-
tion of the actin cytoskeleton via a number of down-
stream proteins. Biochemical data suggest that addi-
tional proteins (p140 kD) may bypass the function of
SH2–SH3 adapter proteins (Kitamura et al. 1996, 1997),
but a detailed analysis awaits its isolation. The KETTE
protein might interact with extracellular signals, which,
in the CNS, might possibly be presented by glial cells. To
gain further insights in the neuron-glial interaction at
the midline, future work will be directed toward the
identification of these components.

Materials and methods

Genetics

In a large-scale EMS mutagenesis, we identified the following
kette alleles C3–20; G1–37; J4–48; P168; J1–70 (Hummel et al.
1999a). All mutations were induced on a st, e background. To
monitor the midline glial cells, we used the P[white, lacZ] en-
hancer trap insertion AA142 (Klämbt et al. 1991) in the C3–20
and P168 mutant background. Transposase-induced excision
mutagenesis of kette03335 was performed as described (Klämbt
et al. 1992). Flies homozygous for the excision allele ketteD2–6

eclosed at reduced rates, whereas ketteC3–20/ketteD2–6 animals
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almost never eclosed. This indicates that the allele ketteD2–6

reduces kette function only moderately. Double mutant analy-
ses and rescue experiments were performed using blue balancers
(Hummel et al. 1999a).

DNA work

DNA sequences flanking the P-element insertion were cloned
by inverse PCR. Details are available on request. Sequencing
was performed using a ABI310 sequencer according to the
manufacturer’s instructions. Genomic as well as cDNA clones
were kindly provided by S. Baumgartner. During the sequenc-
ing, we noted several differences to the published sequences (see
accession no. X80028). An intron reported by Baumgartner et al.
(1995) was not detected.

Misexpression studies

To determine the gain-of-function phenotype of kette, we used
the GAL4 system (Brand and Perrimon 1993). A kette full-
length cDNA clone was inserted into the pUAST vector and
used for germ-line transformation. Eighteen independent trans-
genes with different expressivity of the mini white gene were
established.

Histology

Immunohistochemistry and whole mount in situ hybridiza-
tions were done as described (Tautz and Pfeifle 1989; Hummel
et al. 1997). Confocal microscopy was performed according to
Edwards et al. (1997).
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missure formation in the embryonic CNS of Drosophila: I
Identification of the required gene functions. Dev. Biol.
208: 381–398.

kette controls axonal pathfinding

GENES & DEVELOPMENT 871



———. 1999b. Commissure formation in the embryonic CNS of
Drosophila: II Function of the different midline cells. Devel-
opment 126: 771–779.

Hummel, T., K. Schimmelpfeng, and C. Klämbt. 1997. Fast and
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1994. The Ets transcription factors encoded by the Dro-
sophila gene pointed direct glial cell differentiation in the
embryonic CNS. Cell 78: 149–160.
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of midline glia development in the embryonic Drosophila
CNS. Mech. Dev. 64: 137–151.

Seeger, M., G. Tear, D. Ferres-Marco, and C.S. Goodman. 1993.
Mutations affecting growth cone guidance in Drosophila:
Genes necessary for guidance toward or away from the mid-
line. Neuron 10: 409–426.

Sells, M.A., U.G. Knaus, S. Bagrodia, D.M. Ambrose, G.M. Bo-
koch, and J. Chernoff. 1997. Human p21 activated kinase
(Pak1) regulates actin organization in mammalian cells.
Curr. Biol. 7: 202–210.

Stein, E., U. Huynh-Do, A.A. Lane, D.P. Cerretti, and T.O.
Daniel. 1998. Nck recruitment to Eph receptor, EphB1/ELK,
couples ligand activation to c Jun kinase. J. Biol. Chem.
273: 1303–1308.
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