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ABSTRACT
During their differentiation epidermal cells of Drosophila form a rich variety of polarized structures.

These include the epidermal hairs that decorate much of the adult cuticular surface, the shafts of the
bristle sense organs, the lateral extensions of the arista, and the larval denticles. These cuticular structures
are produced by cytoskeletal-mediated outgrowths of epidermal cells. Mutations in the tricornered gene
result in the splitting or branching of all of these structures. Thus, tricornered function appears to be
important for maintaining the integrity of the outgrowths. tricornered mutations however do not have major
effects on the growth or shape of these cellular extensions. Inhibiting actin polymerization in differentiating
cells by cytochalasin D or latrunculin A treatment also induces the splitting of hairs and bristles, suggesting
that the actin cytoskeleton might be a target of tricornered. However, the drugs also result in short, fat,
and occasionally malformed hairs and bristles. The data suggest that the function of the actin cytoskeleton
is important for maintaining the integrity of cellular extensions as well as their growth and shape. Thus,
if tricornered causes the splitting of cellular extensions by interacting with the actin cytoskeleton it likely does
so in a subtle way. Consistent with this possibility we found that a weak tricornered mutant is hypersensitive to
cytochalasin D. We have cloned the tricornered gene and found that it encodes the Drosophila NDR kinase.
This is a conserved ser/thr protein kinase found in Caenorhabditis elegans and humans that is related to a
number of kinases that have been found to be important in controlling cell structure and proliferation.

EPITHELIAL cells typically contain distinct apical microtubule cytoskeleton by drugs such as vinblastine
(VB) leads to prehair initiation no longer being re-and basal/lateral membrane domains that differ

both biochemically and structurally. A common struc- stricted to the vicinity of the distal vertex (Turner and
Adler 1998). This leads to many cells forming moretural feature of epithelial cells is the presence of micro-
than one prehair. Multiple independent wing hairs arevilli or other cellular projections on their apical surface
also caused by mutations in downstream components(Eaton 1997). In some cell types, such as those in the
of the frizzled-based tissue polarity pathway such as in-vertebrate intestine, there are large numbers of apical
turned (in; Wong and Adler 1993). In addition to inhib-projections. In others the number is small and tightly
iting prehair elongation the inhibition of actin polymer-regulated. The epidermal cells of the Drosophila pupal
ization by cytochalasin D (CD) treatment results in splitwing are good examples of cells that form a single pro-
or branched hairs (Turner and Adler 1998). This phe-jection from their apical surface (Wong and Adler
notype is also seen in wing cells mutant for crinkled (ck;1993). This pupal “prehair” develops into the adult
Turner and Adler 1998), which encodes a nonmusclecuticular hair. In wild-type cells the prehair is assem-
myosin (Ashburner et al. 1999; D. Kiehart, personalbled at the distalmost vertex of the cell and extends
communication), and when a dominant-negative Dcdc42away from the cell. This leads to the distally pointing
protein is expressed in the wing (Eaton et al. 1996).adult hair.
This small G protein has been found to regulate theThe prehair contains both actin filaments and micro-
actin cytoskeleton and the formation of filopodia intubules (Eaton et al. 1996; Turner and Adler 1998).
many cell types (Nobes and Hall 1995; Tapon andThe pharmacological antagonism of either of these cy-
Hall 1997; Castellano et al. 1999). When a CD-treatedtoskeletons leads, depending on dose, to slowed or
or ck cell forms a single unbranched hair it is still shorterblocked prehair growth (Turner and Adler 1998). In
and fatter than normal (Turner and Adler 1998). Thisaddition to this shared response there are also differ-
stunting seems likely to be a consequence of the disrup-ences in the ways that pupal wing cells respond to actin-
tion of actin cytoskeleton function.and microtubule-specific drugs. The disruption of the

A third distinct type of multiple hair cell phenotype
is seen in cells that are mutant for the tricornered (trc)
gene. A mutation in this gene was originally recovered
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has been used as a gratuitous cuticular marker in a trc homozygous larvae; thus trc is essential for the normal
morphogenesis of denticles. The terminal segment ofnumber of genetic mosaic studies (Gubb and Garcia-

Bellido 1982; Vinson and Adler 1987). In this article the antenna is called the arista. It contains a central
core and a series of lateral side branches. These lateralwe describe a set of related phenotypes of trc, which

affect cellular extensions of epidermal cells. Cells mu- branches are formed from outgrowths of individual cen-
tral-core epidermal cells (B. He and P. N. Adler, unpub-tant for trc have a dramatic multiple-hair-cell phenotype

forming on average almost six hairs per cell. The multi- lished results) and are similar in many ways to epidermal
hairs. In trc mutants the laterals are frequently split. Thus,ple hairs produced by trc mutant cells are tightly clus-

tered and in some cases they are branched distally. Our trc mutations affect the morphology of at least four dif-
ferent types of cellular extensions in analogous ways.observations on both pupal wing cells and adult wings

suggest that they are produced by the splitting of a The ability of drugs that inhibit actin polymerization
to partially phenocopy the branched hairs and bristlessingle prehair. When a trc cell produces a single hair it

appears relatively normal in length and shape and in found in trc mutants suggested that trc might interact
with the actin cytoskeleton. Consistent with this possibil-this way differs from hairs produced by ck cells.

The cuticular hairs formed by epidermal cells are not ity we found that a weak trc mutant was hypersensitive to
CD. The differences between the trc-mutant- and drug-the only examples of cellular projections found in Dro-

sophila. The shaft of sensory bristles is another example induced phenotypes, however, suggested that trc was
simply not required for actin polymerization. Rather itof a polarized cell extension. The trichogen cell that

forms the shaft is polyploid and the bristle shaft is many seems more likely that trc interacts with the actin cy-
toskeleton in a subtle way.times larger than the epidermal hairs. The shaft con-

tains a small number (7–11 in the thoracic microchaete) We have used a P insertion allele as a tag for the
molecular cloning of trc. We found that this P elementof large bundles of actin filaments located at the cell

periphery and microtubules located centrally (Tilney is inserted into the first intron of the Drosophila NDR
(nuclear DBF2-related) kinase (Millward et al. 1995).et al. 1995). We found that disruption of actin polymer-

ization by CD or latrunculin A (LAT A) treatment led Further evidence that trc encodes the fly NDR protein
kinase was obtained by sequencing of trc point mutationsto branched, stunted, and deformed bristles. Thus, the

actin cytoskeleton appears to be important for the integ- and by transformation rescue with a cDNA clone and
the GAL4/UAS system (Brand and Perrimon 1993).rity, shaping, and growth of bristles. The importance of

the actin cytoskeleton for bristle elongation was re- Two of the trc point mutations were found in conserved
kinase domain amino acids, arguing that the kinaseported independently by Tilney et al. (2000a). Muta-

tions in a number of genes that encode actin-bundling activity is essential for trc function in morphogenesis.
In support of this we found an enhanced phenotypeproteins, such as singed (sn) (fascin; Cant et al. 1994),

produce bristles that are deformed but only rarely split. when we injected stauroporine, a wide-spectrum ser/
thr kinase inhibitor into pupae carrying a weak trc allele.Interestingly, in sn forked (f) double-mutant bristles the

large bundles of actin filaments are lost; however, such The NDR kinase family is a conserved ser/thr kinase
described in humans, worms, and flies (Millward etcells are still able to form bristles (Tilney et al. 1996).

These bristles are shorter than normal and have an abnor- al. 1995). However, until the identification of trc as the
Drosophila NDR kinase there was no evidence for amal, bent, and sometimes twisted shape. Branched bris-

tles, however, are infrequent in sn f double mutants. specific biological function for any family member. The
NDR family is related to a broader family of kinases thatThus, the large actin bundles are not absolutely re-

quired for either bristle growth or integrity, although includes the myotonic dystrophy kinase of humans, the
Rho-activated kinase ROCK (Leung et al. 1996), thethey appear to be important for the development of

proper shape and length. In our experiments we found Drosophila WARTS/LATS kinase (Justice et al. 1995;
Xu et al. 1995), the yeast KNQ1 kinase, the Schizosac-that trc mutations resulted in branched bristles, but had

only modest, if any, effects on length and shape. When charomyces ORB6 kinase (Verde et al. 1998), and the
Neurosopora COT1 kinase (Yarden et al. 1992). A com-we examined the actin cytoskeleton in developing trc

bristles we found that the large actin filament bundles mon feature of many of these kinases is a connection
to cell morphology or polarity.appeared normal and that splitting appeared to occur

between neighboring bundles.
Hairs and bristles are not the only types of elongated

MATERIALS AND METHODS
structures produced by Drosophila epidermal cells. The
larval cuticle is decorated with denticles that are pro- Fly culture and strains: Flies were grown on standard media.

Many mutant and Deficiency-containing stocks were obtainedduced by projections of larval epidermal cells. The ven-
from the stock center at Indiana University. This research wastral denticles are pigmented and very prominent in cuti-
greatly aided by the generous gift of trc mutations by Dr. James

cle preparations. These denticles are triangular in shape Kennison.
and are relatively shorter and wider than hairs or bris- Cytological procedures: The process of wing hair morpho-

genesis was studied by confocal microscopy and phalloidintles. We found frequent split denticles in the cuticle of
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staining as described previously (Turner and Adler 1998).
The morphogenesis of other body regions and cell types was
studied in a similar manner. In experiments where we exam-
ined trc 8/Df pupae and adults the animals were often raised
at 298 as the trc phenotype is stronger at this temperature.
Adobe Photoshop was used to compose bitmap figures and
Corel Draw was used to compose line drawings. Confocal im-
ages were obtained using a confocal microscope (Bio-Rad,
Hercules, CA) at the Keck Center for Biological Imaging at
the University of Virginia. Other images were obtained using
a Spot digital camera (National Diagnostics) on an Axioskop
microscope (Zeiss, Thornwood, NY). For measurements of
bristle elongation digital images of phalloidin-stained bristles
from carefully timed pupae were obtained with a Spot camera
(National Diagnostics) and the length measured using Adobe
Photoshop. Unfortunately, we were not able to accurately mea-
sure the rate of hair or bristle elongation in trc 8/Df pupae as
these pupae are quite sick and all aspects of development are
variably delayed.

Generation of genetic mosaics: Mosaic clones were gener-
ated either by gamma irradiation or by using the FLP/FRT
system (Xu et al. 1995).

Scoring of mutant wings: Wings were mounted in Euparal
(Asco Labs) and examined under bright-field microscopy us-
ing approaches described previously (Wong and Adler 1993).

Biochemical procedures: Western blot analysis of pupal
wings was done as described previously (Park et al. 1994).

Statistical analysis: The Sigma Stat program (Jandel) was
used for comparing different genotypes or treatments.

Inhibitor injections: Aged pupae were washed, dried, and
then attached to a microscope slide with double-stick tape.
The pupal case was opened up anteriorly and inhibitor solu-
tions were injected with a fine glass pipette. Pupae are inter-
nally under positive pressure and this often leads to material
leaking out and contributes to the varying response of pupae
to the inhibitors. To assess the volume injected we did control Figure 1.—The top shows a restriction map of the trc geno-
experiments where we injected radioactive buffer. We found mic gene, a cartoon showing the splicing pattern of the pri-
we injected on average 3.1 nl (SD 2.9). Despite variation in mary transcript, the location of the P insertion in trc7, and the
the amount injected we were able to see increasing responses location of the nearby Deaf-1 gene. The middle shows the two
to increasing inhibitor concentrations. In every experiment splice forms of the trc mRNA and the resulting four-amino-
control buffer injections were done. After buffer injection into acid difference. The bottom shows a Clustal-generated tree
Oregon-R we had 98.6% viability to adulthood with little or no showing the relative relationship among trc, the human and
morphological defects. Cytochalasin D, vinblastine, stauropor- C. elegans ndr genes, and a selected group of other kinases.
ine, and colchicine were obtained from Sigma (St. Louis). La-
trunculin A was obtained from Molecular Probes (Eugene, OR).

Cloning of trc : We used plasmid rescue of the trc7

allele to obtain a trc genomic clone. The sequencing of
RESULTS the rescued plasmid showed that it contained part of

the Drosophila NDR kinase gene. We found that thisGenetics of trc : The trc gene maps to 76C on the
DNA fragment was next to the deaf-1 gene (Li et al.polytene chromosomes and is uncovered by Df(3L)kto2
1999), and by sequencing both genomic (accession no.(abbreviated Df in this article). There exist six EMS-
AF247814) and cDNA clones [isolated by the BDGPinduced alleles, all of which are recessive lethal muta-
(clone LD15101, accession no. AF238490)] we foundtions that produce a strong, multiple-hair phenotype in

clones in adult wings. A P insertion allele (trc7) was that the putative trc gene contained four small introns.
The P element responsible for the trc P mutation wasfound (Deak et al. 1997) that mapped to this region and

failed to complement trc point mutations. This mutation inserted into the middle of the first intron (Figure 1).
To confirm that we had indeed identified the trc gene wereverted in the presence of P transposase, indicating

that the P insertion was the cause of the trc mutation sequenced genomic DNA from several trc point mutants
and identified mutations in five EMS-induced trc alleleson this chromosome. In addition to complete revertants

we also obtained a partial revertant that is viable over (Table 1). Three were missense mutations, one was a
nonsense mutation that would produce a truncated pro-a Deficiency for the region. This hypomorphic allele

(trc 8) has proven useful in phenotypic studies. A more tein, and the fifth was a splice junction mutation that
should prevent the normal processing of the trc mRNA.complete description of the properties of these alleles

will be presented elsewhere. The missense mutations argue strongly that the kinase
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TABLE 1

Molecular changes associated with trc mutations

Allele Molecular lesion Comment

trc 1 Arg395 → Pro This Arg is conserved in all NDR proteins
trc 2 Intron 1 splice donor site GT → AT Prevent synthesis of mature mRNA
trc 3 Not determined
trc 4 Gly236 → Glu Conserved Gly in kinase superfamily (DFG)
trc 5 Trp316 → TGA stop codon Truncated protein
trc 6 Gly100 → Glu Conserved Gly at ATP-binding site in kinase superfamily
trc 7 P insertion in first intron From Szeged collection (0669/17)
trc 8 Partial revertant of trc7 Alteration in P element (details not determined)

activity of trc is essential for the gene’s activity. The between kinase subdomains VII and VIII (and the
C- and N-terminal ends of these regions) has been foundconserved regions of kinase superfamily members are

typically broken up into 10 subdomains (Hanks and to play a major role in the recognition of peptide sub-
strates in other kinases and this region is also a siteHunter 1995). One missense mutation resulted in the

change of gly100 to glu. This gly is part of the very highly of an activating phosphorylation (Hanks and Hunter
1995; Newton 1997; Millward et al. 1999). Based onconserved ATP-binding site in kinase subdomain I. A

second resulted in the change of gly236 to glu. This gly the location of this four-amino-acid difference we sug-
gest that there may be functional differences betweenis part of the very highly conserved DFG triplet found

in kinase subdomain VII. These two sites are among the two forms of Trc.
P rescue with UAS trc : We subcloned the wild-typethe 12 sites generally recognized as being invariant (or

almost invariant) in the kinase superfamily (Hanks and trc-L cDNA into the pUAST vector and obtained germ-
line transformants. We found complete rescue of theHunter 1995). Thus, these sites are strongly implicated

as playing important roles in kinase function and it is wing hair phenotype and bristle phenotypes of a trc null
genotype when expression of the transgene was drivenvery likely that these trc mutations eliminate or substan-

tially reduce kinase activity. This argues that the kinase by an actin-GAL4 transgene (Brand and Perrimon
1993). The animals died as normal-looking pharateactivity is essential for the function of trc. The third

missense mutation resulted in the change of arg395 to adults. The lack of complete rescue to viability by the
trc-L cDNA might be due to subtle functional differencespro. This arg is not conserved in all kinases, but it is a

site that is conserved in all the NDR proteins. This site between the trc-S and trc-L mRNAs.
We examined the expression of the trc mRNA byis in kinase subdomain X.

A comparison of our cDNA sequence, our genomic Northern blots and found it to be expressed at a similar
level at all stages examined (Figure 2C). We also exam-sequence, and the published NDR sequence (Mill-

ward et al. 1995) revealed a couple of changes that we ined the expression of trc in the pupal wing and found
it to be expressed in all regions (Figure 2A). These data,suspected were due to either sequencing mistakes or

naturally occurring polymorphisms. One change that taken together with the phenotypic rescue by driving
expression with actin-GAL4, suggest that the develop-would result in a four-amino-acid difference did not

seem likely to have such an explanation. This change mental role of trc may not be dependent on changes in
transcription.was located at an intron/exon border and suggested

the possibility of the use of an alternative splice site. To The wing hair phenotype of trc : Somatic clones homo-
zygous for strong/null trc alleles produced an extremetest this we sequenced this region in four additional

cDNA clones (GH16329, GH24041, LD37189, and multihair phenotype (Figure 3). Individual cells pro-
duced as many as 16 hairs, but the number was quiteLP06419) and found examples of both splicing patterns

(Figure 1). We refer to the short form as trc-S (accession variable. This variability was seen when we scored cells
from 10 different trc7 clones in the wing. We foundno. AF239171) and the long form as trc-L (accession

no. AF238490). Three of the cDNA clones were the long clones where there were as few as 3.5 hairs per cell and
others where there were an average of .7 hairs per cell.form (LD15101, GH16329, and GH24041) and two were

the short form (LD37189 and LP06419). Due to the Much of the difference appeared to be related to trc
cells in more distal and peripheral regions of the wingsmall difference in size we have not determined the

relative abundance of the two forms. This four-amino- having a less severe phenotype than cells in other re-
gions. Some trc cells produced one relatively normal-acid difference is located provocatively in between sub-

domains VII and VIII, just five amino acids from the sized hair and several very small hairs, while others pro-
duced a number of short hairs. Some hairs appearedsequence identified as a nuclear localization sequence

in the human NDR (Millward et al. 1995). The region to be split along the shaft, but in the majority of cases
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Figure 3.—The wing phenotype of tricornered. (A) A bright-
field image of a wild-type adult wing and (B) the same region of

Figure 2.—(A) An in situ hybridization with a trc antisense a trc 8/trc1 wing. A weak multiple-hair-cell phenotype is obvious.
probe to a pupal wing 30 hr after white prepuae formation. (C) Part of the border between a trc7 somatic clone and neigh-
(B) A control from the same experiment where a trc sense boring wild-type cells. The clone border is marked in black.
probe was used on an equivalent pupal wing. (C) The results The mutant clone cells show a strong multiple-hair-cell pheno-
of probing a developmental Northern with a trc or rp49 probe type. The hairs formed by the clone cells lay at a larger angle
(loading control). Approximately 50 mg of total RNA was to the wing surface and appear almost like dots in the micro-
isolated from a variety of developmental stages, fractionated graph. This is common for cells in large trc clones. The arrow-
by gel electrophoresis, and blotted to Nytran. The blot was head points to a likely trc cell (based on its location and
probed with the insert of the trc cDNA LD1510, and then the orientation) that formed a single hair. (D) A high-magnifica-
same blot was reprobed with RP49 as a loading control. Lane tion image of a trc 8/trc1 wing. The arrow points to a hair that
1, 0- to 24-hr embryo RNA; lane 2, third instar larval RNA; is split distally. Note the apparent clustering of hairs. (E and
lane 3, 0- to 1-day pupal RNA; lane 4, 1- to 2-day pupal RNA; G) Confocal images of trc 8/Df pupal wings stained with rhoda-
lane 5, 2- to 3-day pupal RNA; lane 6, adult female RNA; lane mine phalloidin (Molecular Probes). Note the weaker pheno-
7, adult male RNA. type in the younger hairs (E vs. G). The arrow in G points to

a hair that is split distally. (F and H) Pupal wings, stained with
rhodamine phalloidin, which contain trc7 clones marked by
the loss of a transgene where the ubiquitin promoter is drivingthe multiple hairs extended to the cuticular surface
expression of the green fluorescent protein (GFP). The clone

formed by the apical surface of the pupal wing cells. border is outlined in white. The arrows in F and H point to
The hairs were routinely clustered close together. In split hairs. The arrowhead in F points to an unbranched nor-

mal-length hair produced by a trc cell. Note that there is nosome cases trc hairs were oriented almost orthogonally
difference in prehair length or shape between the clone andto the plane of the wing. In those cases they appeared
nonclone cells. Also note the relatively weak phenotype of theas dots in bright-field microscopy (Figure 3C). In large
prehairs in the clones (compare C and F or H as these clones

clones (.100 cells) we sometimes saw evidence that cell are of the same genotype). The Ubi-GFP transgene used in
shape was altered as hairs and hair clusters were less these experiments does not express at a high level and we do

not always see clear nuclear localization, but it is adequate toevenly distributed than in a wild-type wing. We also
identify the clone. In examining these panels remember thatoccasionally found that the wing was distorted in the
the prehair is formed at the distal end of a cell and extendsregion of the clone. Small clones (6–20 cells) in all over the neighboring distal cell.

regions of the wing showed a multihair phenotype, ar-
guing that trc must function in all wing cells. This was
consistent with our in situ hybridization results, which proximal regions of trc 8/Df wings produced multiple
showed the gene was expressed in all wing cells. hairs. In a region we have used in the past for quantifying

The hypomorphic trc 8/Df phenotype was a milder multiple-hair-cell phenotypes (Wong and Adler 1993)
version of the phenotype seen in clones with stronger we found an average of 2.3 hairs per cell. This is substan-

tially less than we saw in clones of the strong trc alleles.alleles. A majority of the cells in the more central and
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It is also less than we saw for multiple wing hair mutants
(3.7 hairs/cell; Wong and Adler 1993), but more than
we saw for in, fy, or frtz mutants (from 1.7 to 1.9 hairs
per cell; Wong and Adler 1993). At high magnification
we could see that the trc 8/Df wings had some hairs that
were split distally, but in most cells the multiple hairs
appeared to be separate but clumped closely together
(Figure 3D). It is possible that in addition to splitting,
some extra hairs might result from independent prehair
initiations. When a trc 8/Df cell formed a single hair it
appeared normal in shape and length. The wings of
trc 8/Df flies had a texture that was similar to that seen
in ck mutants and the mutant wings often showed a mild
curve upward.

We examined developing wing hairs in trc 8/Df pupal
wings and in trc 7 clones in pupal wings. Early in hair

Figure 4.—The bristle phenotype of tricornered. (A) A sec-morphogenesis in trc 8/Df pupal wings the multiple hair
tion of a wild-type abdomen. (B) An equivalent region of aphenotype appeared milder than in adult wings. As pre-
trc 8/Df abdomen. Note the abnormal polarity of the abdomi-hair extension proceeded the multihair phenotype be- nal bristles. An arrow points to a split bristle. (C–F) High-

came progressively stronger (Figure 3, E and G). In magnification images of mutant (trc 8/Df ) adult abdominal
confocal images some hairs were split along the ex- bristles. Note the range of mutant phenotypes. Arrows point

to the split(s). (G) A confocal image of a wild-type bristletending shaft while others appeared to be separate down
stained with rhodamine phalloidin. Note the prominent bun-into the cell. We suggest that in trc multiple hairs arise
dles of F-actin. (H) A split bristle from a trc 8/Df abdomen.by the splitting of individual hairs and that in at least Note how the split appears to occur between neighboring

some cases the splitting occurs distally and is propagated actin bundles.
back to the apical surface of the cell. We also found
that epidermal cells in other body regions of trc 8/Df
animals formed extra trichomes. When we examined the shaft. In general, when a bristle was split both

branches were thinner than the segment just proximalpupal wing clones homozygous for trc 7 we found that
only mutant cells (marked by the loss of green fluores- to the split. In addition, the thicker branch was routinely

longer than the thinner branch. In many cases one ofcent protein expression) showed a trc phenotype. The
mutant cells had on average a weaker phenotype than the shaft segments was quite thin and was easily detected

only in the compound microscope. We also examinedclones of the same genotype in adult wings (Figure 3,
compare C and F and H). A substantial number of trc trc 8/Df pupae and were able to detect split bristles using

either a fluorescent phalloidin to stain F-actin or theclone cells did not have a multiple-hair phenotype in
the pupal wing clones. This was surprising, as we have pan-neural 22C10 monoclonal antibody (Zipursky et

al. 1984). In some cases we saw continuous actin bundlesonly rarely seen hints of such trc cells in adult wings.
We suspect that this was due to the trc phenotype con- that extended from an unbranched region into branched

regions (Figure 4H). We saw no evidence for abnormali-tinuing to get stronger as differentiation proceeded. It
is important to note that when trc pupal wing cells had ties in the actin bundles per se or in the level of phalloidin

staining and most trc bristles were of normal shape,only a single hair it was the same length as the neigh-
boring wild-type hairs. This argued that trc mutations did suggesting that trc affects neither general actin polymer-

ization nor bundling. In addition to the split-bristle phe-not delay prehair initiation or slow prehair elongation.
Bristle phenotype: We have principally examined the notype the polarity pattern of posteriorly pointing

abdominal bristles was altered. Many bristles in suchbristle phenotype of trc in trc 8/Df flies (Figure 4). We
found bristles with obviously split shafts in all regions abdomens had abnormal polarity, frequently pointing

toward the dorsal midline. This suggested the possibilityof trc 8/Df adult flies, although they were more frequent
on the abdomen than in other body regions. There was that trc might regulate the orientation of mitotic spin-

dles as this has been linked to bristle polarity (Gho andsubstantial fly-to-fly variation in the phenotype. In some
flies 50% of the bristles in abdominal segment 3 or 4 Schweisguth 1998). The phenotype seen in clones

homozygous for strong trc alleles was similar to that seenwere split while in some siblings ,3% were split. Un-
branched bristles in trc mutants typically appeared nor- for the hypomorphic genotype.

Larval denticles: The denticles seen on first instar trcmal in shape (Figure 4). Most bristles showed a single
split, but the phenotype was variable and examples of larvae were typically normal in morphology; however,

second and third instar larvae showed denticle abnor-multiply split bristles were seen. The branches typically
diverged at various points along the bristle shaft, while malities with varying penetrance and expressivity. The

pattern of denticles was often abnormal with the fairlyinfrequently the split originated at the proximal end of
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Figure 5.—The denticle phenotype of tricornered. (A) A
light micrograph of part of the sixth abdominal segment from
a wild-type larva. Note the well-organized rows of denticles.
(B) An equivalent segment from a trc1/Df larva. (C–F) High- Figure 6.—The arista phenotype of tricornered. (A) A wild-
magnification images of denticles. C shows wild-type denticles type antenna, (B) a trc 8/trc1 antenna. (C and D) Blowups of
while D–F show denticles from trc1/Df larvae. Arrows point to part of A and B that give a clear view of the lateral extensions
the split denticles in the mutant. of the arista. The arrows point to split laterals in the mutant

arista.

precise rows of denticles being replaced by a more cha-
mutants; however, the drug treatments routinely causedotic arrangement (Figure 5). At the level of the individ-
bristles to be shorter and bent or twisted. The effectsual denticle the predominant abnormality was splitting.
of actin polymerization inhibitors on bristle morpho-More than 30% of the denticles in some denticle bands
genesis were quite similar to those obtained for hairshowed such a phenotype. We suspected we did not see
morphogenesis using the pupal wing in vitro culturea phenotype in first instar larvae due to maternal rescue.
system (Turner and Adler 1998).Consistent with maternally provided trc-RNA-rescuing

We used phalloidin staining to examine developingembryonic functions, we found extensive embryonic le-
bristles in pupae injected with CD several hours priorthality when we injected trc dsRNA into embryos, which
to bristle differentiation (Figure 7). We found manywas not seen with control double-stranded RNAs (Ken-
examples of abnormal bristles with multiple shafts. Innerdell and Carthew 1998).
many cases the branching was at the proximal end ofArista phenotype: The arista is the terminal segment
the shaft; indeed the shafts appeared independent. Typ-of the antenna, and in a wild-type fly it consists of a
ically, the longest shaft had relatively normal actin fila-number of lateral extensions extending from a central
ment bundles while the actin filament bundles appearedcore (Figure 6). In trc hypomorphic mutants that sur-
disorganized in the smaller shafts. The disorganizationvived until adulthood we routinely saw that one or more
consisted of bundles that were irregularly spaced, bun-of these lateral extensions was branched. These ap-
dles that did not appear to extend all the way to thepeared to be at least superficially similar to the branches
proximal end of the shaft, and bundles of varying thick-seen in hairs and bristles.
ness. In some cases it appeared that a smaller shaftThe actin cytoskeleton and bristle splitting: Previous
“budded” off of the longest shaft, but in contrast todata showing that the disruption of the actin cytoskele-
what we saw with trc this “budding” often did not resultton resulted in split and stunted hairs and bristles came
in a reduction in shaft diameter distal to the “bud.”from experiments where we treated pupal wings cul-
In the most severely affected bristles the overall actintured in vitro with CD (Turner and Adler 1998). This
staining level was reduced, which we suggest representssystem supported the extension of hairs and bristles,
a gross alteration in actin filaments due to the CD. Webut not the differentiation of the normal cuticle. Most
suggest that CD treatment produces multiple bristles inof the observations in those experiments were on hairs
part by causing the formation of ectopic actin filamentwith only limited examination of bristle morphogenesis.
bundles.To determine the extent of similarity between the trc-

On the basis of the differences between the mutantand inhibitor-induced bristle phenotypes we reexam-
and drug-induced phenotypes we concluded that trc didined the effects of inhibitors on bristle morphogenesis.
not cause split hairs or bristles by a general inhibitionTo do this we used a recently developed procedure
of actin polymerization. However, the induction of splitfor injecting material into pupae. We found that the
bristles after the injection of CD and LAT A did suggestinjection of either CD or LAT A, both of which inhibit
that trc might have a functional connection to the actinactin polymerization (Spector et al. 1999), resulted in
cytoskeleton. If this was the case we predicted that afrequent split bristles (Figure 7, Table 2). The strongest
weak trc mutant would be hypersensitive to low dosesresponse was when 1 mm LAT A was injected, which
of CD. We tested this hypothesis by injecting a low doseresulted in 61.8% of the postvertical bristles on the head

being split. A few of the abnormal bristles seen after (100 mm) of CD into trc 8 pupae. This dose of CD caused
only 11.9% of the postvertical bristles in Oregon-R toCD or LAT A injection resembled those seen in trc
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found a delay in bristle differentiation that was similar
to the delay we had seen earlier for wing hair differ-
entiation (Figure 8). We did not see a major reduction
in the rate of bristle elongation in this experiment,
which used a low dose of CD. Tilney and colleagues
recently found that CD and LAT A decreased the rate
of bristle elongation in cultured pupal thoraces (Tilney
et al. 2000a).

Bristle morphogenesis and other inhibitors: The in-
jection of the microtubule antagonist vinblastine re-
sulted in many dramatically stunted and bloated bristles,
bent and/or barbed bristles, as well as some split bristles
(Figure 7, Table 2). Similar results were obtained in less
extensive experiments where we injected colchicine into
pupae. The collection of abnormal bristles after VB
injection was very different from that seen in trc mutants,
thus we concluded that it was unlikely that trc produced a
bristle phenotype by a general inhibition of microtubule
function. The ability of VB injection to cause very shortFigure 7.—Inhibitor-induced bristle abnormalities. (A–C)

The range of abnormalities induced by CD or LAT A injection bristles suggested that the microtubule cytoskeleton is
into pupae. While occasional bristles are split and have a of major importance in bristle elongation. A likely expla-
normal shape (A) more frequently we see abnormal shapes nation for this is that the microtubule cytoskeleton isas well as splitting (B and C). (D and E) Examples of the

required for the transport of “cargo” to the growingabnormalities seen after injection of stauroporine. While some
bristle tip. We also examined the consequences of VBsplitting is seen the most notable effect is the abnormal shape

and length. (G–I) The range of phenotypes seen after injec- injection on the rate of bristle elongation (Figure 8).
tion of VB or colchicine. High doses routinely yield grossly The injection of VB resulted in both a delay in initiation
shortened and bloated bristles as the one in H. (J and K) and a reduced rate of elongation. Surprisingly, TilneyExamples of sn3 f 36a bristles from the abdomen and head,

and colleagues did not see any affect of microtubulerespectively. (F and L) Rhodamine-phalloidin-stained bristles
inhibitors on bristle elongation (Tilney et al. 2000a).from pupae that had been injected with 200 mm CD. (F) Two

bristle shafts emerge from the cell body. One appears relatively Their experiments differed from most of ours in that
normal. The other shows diffuse and disorganized actin fila- they applied the drug after the initiation of bristle elon-
ment bundles (arrowhead) and split ends (arrow). (L) The gation. However, we saw effects from VB and colchicinephalloidin staining is weak, presumably due to the effects of

in the limited experiments where we treated developingCD. The arrow points to a branch that appears to “bud” from
bristles after initiation in pupal wing cultures (Turnerthe main shaft without reducing the diameter of the main

shaft. and Adler 1998) or after injection of inhibitors into
pupae (data not shown). In our experiments the effects
on bristle morphology were less dramatic when the in-

be split, and after buffer injection into trc 8 pupae we jection was after initiation.
found 20% of the bristles were split. When we injected In a recent article on function of the actin cytoskele-
a low dose of CD into trc 8 pupae, we found 40.9% of ton in bristle development Tilney and colleagues re-
the bristles were split (Table 2). This was a significant ported that the general kinase inhibitor stauroporine
enhancement over either trc 8 with buffer injection caused the large bundles of actin filaments to be re-
(z-test, P 5 0.014) or Oregon-R injected with CD (z-test, leased from their close association with the plasma mem-
P 5 ,0.001). These results are consistent with trc muta- brane (Tilney et al. 2000b). The authors did not note
tions perturbing or interacting with the actin cytoskele- if this loss of actin organization affected the integrity
ton in some way. of bristles. To determine this we injected stauroporine

In the experiments where we examined the effects of into pupae. A variety of phenotypes were seen in the
CD on wing hair morphogenesis we observed that CD resulting bristles, presumably due to the broad activity
treatment resulted in a several-hour delay in the appear- of stauroporine resulting in the inhibition of several
ance of hairs as well as branching and slowed growth different kinases and pathways. The most common phe-
(Turner and Adler 1998). To see if CD produced notype was shorter and fatter bristles. This phenotype
similar effects on developing bristles we measured the resembled that found after vinblastine injection al-
length of postvertical bristles at various times after the though it was less severe. Perhaps this effect was due to
injection of a low dose of CD. In this experiment, as an effect on the microtubule cytoskeleton and not to
in others, we injected the drug at z28 hr after white alterations in the arrangement of actin bundles. We also
prepupae formation, which was a couple of hours prior found a substantial number of bristles with “barbed”

ends that resemble those sometimes seen in f and/orto the beginning of overt bristle differentiation. We



1825tricornered Encodes the Drosophila NDR Kinase

TABLE 2

Bristle phenotypes induced by drug injections

Fraction Fraction of
Fraction of with other injected pupae

split gross that showed a
Inhibitor No. of bristles abnormalities phenotype on

Genotype (and dose) bristles scored (%) (%) the head (%)

oreR Buffer 60 0.0 0.0 0.0
oreR CD (100 mm) 42 11.9 14.3 38.1
oreR CD (200 mm) 16 18.8 25.0 57.1
oreR CD (250 mm) 38 23.7 31.6 63.2
oreR LAT A (500 mm) 30 13.3 16.7 46.7
oreR LAT A (1000 mm) 34 61.8 70.6 76.5
oreR Stauroporine (250 mm) 42 0.0 2.4 9.5
oreR Stauroporine (400 mm) 35 8.6 16.7 38.9
oreR VB (500 mm) 26 7.7 34.6 53.8
oreR VB (1000 mm) 28 10.7 57.1 78.6
trc8 Buffer 60 20.0 33.3 63.3
trc8 CD (100 mm) 32 46.9 50.0 75.0
trc8 CD (200 mm) 24 50.0 54.2 83.3
trc8 Stauroporine (250 mm) 40 35.0 37.5 65.0
trc8 Stauroporine (400 mm) 38 54.5 58.7 85.0
sn3f 36a Buffer 22 4.5 NRb 27.3a

sn3f 36a CD (100 mm) 22 27.3 NR 63.6a

a Refers to the fraction of injected pupae that showed a split bristle phenotype anywhere on head.
b Not relevant.

sn bristles. This could be due to the loss of bundle doses routinely completely blocked bristle elongation.
We suggest that this enhanced sensitivity is due to partialorganization reported by Tilney et al. (2000b). At a low

frequency we saw split bristles that were reminiscent of redundancy between the actin and microtubule cyto-
skeletons for the transport of cargo to the tip of thetrc bristles. To see if this could be due to stauroporine

inhibiting the activity of Trc in vivo we asked if trc8 pupae growing bristle. The actin-based system is presumably
impaired in sn f double mutants, hence the dramaticwere more sensitive to low doses of stauroporine than

wild-type pupae. We found this was the case as the injec- consequences from disrupting microtubules.
trc does not alter the expression of actin or tubulin:tion of 400 mm stauroporine significantly increased the

frequency of split bristles in trc 8/trc 8 flies (Table 2) com- Actin and tubulin are major cytoskeletal elements in
growing hairs and bristles and as noted above the antag-pared to trc 8/trc 8 injected with buffer (z-test, P 5

,0.001) or Oregon-R injected with stauroporine (z-test, onism of either of these cellular systems can result in
split bristles. To test if trc could be producing a splitP , 0.001). This is consistent with the kinase activity of

Trc being functionally important for bristle morphogen- hair and bristle phenotype by altering the expression
or balance between these two cytoskeletal elements weesis.

The elegant studies of Tilney et al. (1995, 1998) have carried out Western blot analysis of actin and tubulin
in wild-type and mutant trc pupal wings. No differencesshown that in sn f double mutants the large bundles of

actin filaments are lost, although a few actin filaments were seen, hence it is unlikely that trc mutations affect
the expression or stability of actin or tubulin (data notare still found juxtaposed to the plasma membrane. In

such double mutants the bristles are shorter than nor- shown).
mal and have an abnormal morphology (Figure 7). In
our experiments only 2% of the postvertical bristles

DISCUSSION
in sn3 f 36a flies were split, suggesting that the striking
arrangement of large bundles of actin filaments is not NDR kinase family: The NDR kinases are members

of the AGC kinase group (they are closest to the AGC-essential for bristle integrity. The injection of CD into
sn3 f 36a pupae was still able to induce bristle splitting VII subfamily; Hanks and Hunter 1995). Among the

well-studied members of the AGC group are the cyclic-(Table 2), thus the large bundles of actin filaments
are also not required for bristle splitting. We also did AMP-dependent protein kinase (PKA) subfamily and

the Ca21-dependent protein kinase C (PKC) subfamily.experiments where we injected VB into sn3 f 36a pupae.
We found that bristle elongation in sn3 f 36a was much The NDR kinase was originally identified in the Caeno-

rhabditis elegans genome by sequence analysis and flymore sensitive to VB than in wild-type pupae. Even low
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of polarized growth and delayed entry into mitosis
(Verde et al. 1998). Mutations in cot1 of Neurosopora
result in branched hyphae (Yarden et al. 1992) and
mutations in warts/lats from flies results in tumors and
altered cell morphology (Justice et al. 1995; Xu et al.
1995). Given the common links to cellular morphology
it seems reasonable to suggest that these kinases might
have similar targets (e.g., actin cytoskeleton). Hence, it
is somewhat surprising that some of these proteins are
nuclear [NDR (Millward et al. 1995), DBF2 (Komar-
nitsky et al. 1998)] and others cytoplasmic [ORB6
(Verde et al. 1998), ROCK (Leung et al. 1996)]. Perhaps
this group of kinases has both nuclear and cytoplasmic
functions and depending on context they are found
primarily in one of these two cellular compartments. AFigure 8.—Bristle length is plotted as a function of time.
sequence in the human NDR was identified by Mill-Inhibitor (or buffer) was injected into pupae at 28 hr awp
ward et al. (1995) that acts as a nuclear localization(after white prepupae) and at various times pupae were sacri-

ficed, fixed, stained, and examined by fluorescence micros- signal and this sequence is conserved in the fly and worm
copy. Bristle lengths were measured and the data were assem- NDRs. Interestingly this sequence is also conserved in
bled using Excel. Points for buffer-injected pupae are circles, Orb6, which was found to be cytoplasmic (Verde et al.points for pupae injected with 100 mm CD are squares, and

1998). We have confirmed that the Trc is primarilypoints for injected pupae injected with 200 mm VB are trian-
nuclear in cultured mammalian cells, although the situa-gles. For some time points the error bars were smaller than

the symbol and they are not visible. tion appears more complicated in the fly (W. Geng
and P. N. Adler, unpublished results). This raises the
possibility that Trc functions in cellular morphogenesis

and human genes were then cloned on the basis of by regulating the expression of target genes that encode
homology to the worm gene (Millward et al. 1995). cytoskeleton-interacting proteins and not via the direct
Further progress in genome project sequencing has re- modification of the cytoskeleton.
sulted in the identification of a second human NDR How does trc affect the integrity of cellular exten-
family member. These proteins are quite similar and sions? Mutations in trc result in the splitting of epi-
likely to be orthologs. The 463-amino-acid Trc-L protein dermal hairs, the shafts of sensory bristles, larval denti-
is 68% identical and 81% similar to the human NDR cles, and the lateral branches of the arista. Mutations
protein over a 444-amino-acid stretch. The Trc-L pro- in trc do not however cause dramatic effects on hair or
tein is almost as closely related to the C. elgans NDR. bristle shape or length. Nor do we see evidence for trc
Blast E values of e2150 or less are obtained in comparisons delaying prehair initiation or slowing prehair elonga-
of the individual NDR kinases. Blast searches with Trc tion. Based on the similar phenotypes it seems likely
find the next most related group of proteins are fungal that the Trc protein has a similar target(s) in all of these
proteins such as the ORB6 protein of Schizosacchro- cell types. In comparing the trc-induced phenotypes to
myces (E values of ze2119; Verde et al. 1998) and a the effects of various inhibitors the actin cytoskeleton
number of plant kinases identified in sequencing pro- was identified as a candidate target as we found that
jects. The Trc-L and Orb6 proteins are 49% identical the inhibition of actin polymerization with CD or LAT
and 66% similar over 451 amino acids. Somewhat A resulted in frequent split hairs, bristles, and arista
more distant members of this kinase subfamily are the lateral branches (Turner and Adler 1998; B. He and
COT-1 protein of Neurosopora (Yarden et al. 1992) P. N. Adler, unpublished results). However, the CD-
and the Drosophila WARTS/LATS protein (Justice et and LAT A-induced phenotypes differed substantially
al. 1995; Xu et al. 1995). More distantly related, but still from those found in trc mutants in that the drug treat-
closer to Trc than most kinases are proteins such as the ments had major effects on the shape and length of
mammalian myotonic dystrophy kinase (Brook et al. hairs and bristles. Because of this we suggest that trc
1992; Fu et al. 1993), the Genghis Khan kinase of flies mutations do not inhibit actin polymerization. Consis-
(Luo et al. 1997), the ROCK (Rho-activated kinase of tent with this, trc mutant hairs, bristles, and arista laterals
mammals; Leung et al. 1996), and the DBF2 protein of routinely stained strongly for F-actin. We also found that
yeast (Komarnitsky et al. 1998) [note that DBF2 was trc prehairs in clones developed and grew at the same
described previously as being in AGC-VII (Hanks and rate as their wild-type neighbors. The data also argue
Hunter 1995)]. Mutations in the genes that encode that trc is not needed for the bundling of actin filaments
many of these kinases result in phenotypes that cause in developing bristles as these looked normal in trc 8/
alterations in cell morphology or polarity. For example Df pupae.

The split hairs and bristles that are found in trc mu-mutations in orb6 of Schizosacchromyces pombe cause a loss
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tants appear normal except where they are split. In cally strengthen cellular extensions in some way to in-
this way the trc phenotype differs profoundly from the sure their integrity, e.g., by increasing the degree of
phenotypes found in cells mutant for genes such as f, cross-linking of the membrane cytoskeleton.
sn, or ck, which encode proteins that are functional This work was supported by a grant from the National Institutes of
components of the actin cytoskeleton (Bryan et al. 1993; Health (GM53498).
Cant et al. 1994; Petersen et al. 1994; Tilney et al.
1995; Ashburner et al. 1999; D. Kiehart, personal com-
munication). In these cases the mutant phenotype is
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