
The Drosophila tumor suppressor gene 
warts encodes a homolog o-f human 
myotonic dystrophy kinase and is required 
for the control of cell shape 
and proliferation 

Robin W. Justice, ~ '30 lav  Zilian,  2'3 Daniel  F. Woods, ~ Markus  Noll,  e and Peter J. Bryant  1 

t Developmental Biology Center, University of California, Irvine, Irvine, California 92717 USA~ 2Institute for Molecular 
Biology II, University of Ztirich, CH-8057 Ziirich, Switzerland 

Homozygous loss of the warts (wts) gene of Drosophila, caused by mitotic recombination in somatic cells, 
leads to the formation of cell clones that are fragmented, rounded, and greatly overgrown compared with 
normal controls. Therefore, the gene is required for the control of the amount and direction of cell 
proliferation as well as for normal morphogenesis. The absence of wts function also results in apical 
hypertrophy of imaginal disc epithelial cells. Secretion of cuticle over and between the domed apical surfaces 
of these cells leads to a honeycomb-like structure and gives the superficial wart-like phenotype of mitotic 
clones on the adult. One wts allele allows survival of homozygotes to the late larval stage, and these larvae 
show extensive imaginal disc overgrowth. Because of the excess growth and abnormalities of differentiation 
that follow homozygous loss, we consider wts to be a tumor suppressor gene. The wts gene is defined by the 
breakpoints of overlapping deficiencies in the right telomeric region of chromosome 3, region 100A, and by 
lethal P-element insertions and excisions. It encodes a protein kinase that is most similar to human myotonic 
dystrophy kinase, the Neurospora cot-1 protein kinase, two cell-cycle regulated kinases of yeast, and several 
putative kinases from plants. These proteins define a new subfamily of protein kinases that are closely related 
to but distinct from the cyclic AMP-dependent kinases. Although myotonic dystrophy is defined by a 
neuromuscular disorder, it is sometimes associated with multiple pilomatrixomas, which are otherwise rare 
epithelial tumors, and with other tumors including neurofibromas and parathyroid adenomas. Our results 
raise the possibility that homozygous loss of the myotonic dystrophy kinase may contribute to the 

development of these tumors. 
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The origin and progression of human tumors involves a 
series of genetic changes including the activation of on- 
cogenes and the loss or inactivation of tumor suppressor 
genes (Schmandt and Mills 19931. The importance of tu- 
mor suppressor genes is now well recognized with the 
molecular identification of many of them and the dem- 
onstration of normal allele loss in many types of tumors 
(Knudson 1993). The products of tumor suppressor genes 
include cell adhesion proteins, signal transduction mol- 
ecules, transcription factors, and molecules involved in 
the control of the cell cycle and of apoptotic cell death 
(Knudson 1993). 

3This work resulted from an equal contribution by these authors. 

The use of animal model systems with easily manip- 
ulable genetics provides an approach to the rapid identi- 
fication and characterization of tumor suppressor genes. 
Mutagenesis screens and the identification of spontane- 
ously occurring mutations in Drosophila have already 
led to the identification and genetic mapping of >50 
genes in which mutations give an overgrowth pheno- 
type, and therefore, that are considered tumor suppressor 
genes (Watson et al. 1994}. Eight of these function in the 
embryo, 12 in the developing brain, 19 in the developing 
imaginal discs, 25 in the developing hematopoietic sys- 
tem, and 10 in the adult gonads. Some of these genes 
function in more than one of these locations. 

Of the 22 Drosophila tumor suppressor genes that 
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have been cloned and characterized at the molecular 

level, 4 function in imaginal discs. These four show clear 

homology to human genes, none of which had been rec- 
ognized previously as a tumor suppressor gene. Thus, the 

fat gene encodes an enormous cadherin-like transmem- 
brane molecule that is probably involved in cell adhesion 
(Mahoney et al. 1991). The discs-large (dlg) gene encodes 

a protein containing an SH3 domain and a region with 

guanylate kinase homology that is associated with sep- 
tate junctions (Woods and Bryant 1991); it shows homol- 

ogy to mammalian proteins in tight junctions, synaptic 
junctions, and the erythrocyte membrane cytoskeleton 

(Bryant and Woods 1992; Woods and Bryant 1993). The 

protein product of lethal(2}giant larvae (lgl) is found 

either in the cytoplasm or in association with cell mem- 

branes at sites of cell-cell contact (Strand et al. 1994), 

and has a closely related mammalian homolog that is 
regulated by Hox-C8 but is otherwise of unknown func- 

tion (Tomotsune et al. 1993). expanded (exp) shows ho- 
mology to the mammalian NF2 tumor suppressor gene 

(Boedigheimer et al. 1993), which encodes a member of 
the protein 4.1 family of membrane-cytoskeletal linker 

proteins. The fact that these four genes all encode mem- 
brane-associated proteins supports the idea, derived 

mainly from regeneration experiments (Bryant 1987), 
that cell proliferation is controlled by contact-dependent 

interactions between cells and their neighbors in these 

growing epithelial tissues. 
The effects of homozygous loss of tumor suppressor 

genes can be assessed easily in Drosophila by inducing 
mitotic recombination in a developing fly that is hetero- 
zygous for a deficiency or mutant  allele of the gene. Mi- 

totic recombination can be induced at random chromo- 
some sites by irradiation (Becket 1974), or at specific 
sites by using a yeast recombination system that has 

been introduced into Drosophila by genetic transforma- 

tion (Golic and Lindquist 1989). In the case of fat 
(Mahoney et al. 1991), loss of both wild-type alleles in 

mitotic clones leads to clone overgrowth and the produc- 

tion of differentiated outgrowths on the adult. Simulta- 
neous loss of the lethal(2)giant discs (lgd) gene (Bryant 

and Schubiger 1971} causes a dramatic increase in the 
size of these growths, although lgd itself does not cause 
clone overgrowth (M. Buratovich and P. Bryant, unpubl.). 

Loss of both normal alleles of the ddg gene produces ab- 
normally differentiated outgrowths on the adult (Woods 

and Bryant 1991). Mitotic recombination clones can also 
be used to search for new tumor suppressor genes, as the 

overgrowth of the clone can be detected readily, at least 
in the cases where adult differentiation is not blocked 
completely. 

Here, we describe a new tumor suppressor gene, warts 
(wts}, identified by its clone phenotype in Drosophila. 
Loss of the wts gene not only results in overproliferation 
but also in apical hypertrophy of epithelial cells, leading 

to abnormal deposition of extracellular matrix (cuticle) 
during adult development. Thus, the wts gene function 
is important in controlling cell growth and shape as well 
as proliferation. The wts gene shows highly significant 

homology to a gene in Neurospora that is required for the 

control of cell shape and to the human gene in which 

mutations cause myotonic dystrophy. 

R e s u l t s  

Phenotype of wts deficiencies in mitotic recombination 

clones 

The presence of the wts gene was inferred initially from 

the observation that mitotic recombination clones ho- 

mozygous for the deficiency Df(3R)A177der20 produce 
spectacular outgrowths from the body surface (Fig. 1). 

These clones were generated in flies that carry a domi- 
nant bristle-shape mutation, Kinked s {Kis; Gausz et al. 

1994), on the nondeficiency chromosome. All bristles 

outside of the Df(bR)A177der20 clone are short and bent 
because of KF, whereas those inside the clone (and lack- 
ing the arts gene as well as the Ki s mutation) are normal 

(Fig. 1). The area of the arts clone corresponds to the 
overgrown area of the adult epithelium, which also has 
an unusually rough and/or honeycomb-like appearance. 

The loss of arts gene function, therefore, leads to the 
cell-autonomous formation of epithelial tumors in the 

adult integumentary structures derived from imaginal 

discs. 
The wts clones are larger than control clones produced 

in the same fly. With irradiation (1000 rads) at 3 days 

after egg laying, Df(bR)A177der20 clones on the adult 

wing are almost twice as large in area (mean area, 
5 .7-0.4x 10 a Ixm2; n = 154) as multiple wing hair (mwh) 
control clones (mean area, 3.6+-0.4x 103 ixm2; n = 67}, in- 
dicating that the constituent cells undergo more divi- 

sions than normal. The Df(bR)A177der20 clones are also 
more than twice as frequent as control clones in the 

same experiment 17.6 wts clones/wing vs. 3.3 mwh con- 
trol clones/wing; n = 20}. The high frequency of the de- 
ficiency clones as well as the presence of clusters of mu- 

tant patches on individual wings and legs (Fig. 1} indi- 

cates that single clones split into separate pieces during 

their growth. If this is true, then the effect of the defi- 

ciency on growth within clones is about double what is 

indicated by simply comparing average clone sizes. 
The Df(bR)A177der20 clones have smooth edges and 

are round or elliptical in shape on legs and especially 
wings, whereas control clones marked with mwh are ir- 
regular and elongated on these appendages (Fig. 2). The 

rounded shape of wts clones suggests that the divisions 

of cells lacking wts gene function are not oriented pref- 
erentially as they appear to be in wild-type imaginal 

discs (Bryant and Schneiderman 1969; Bryant 1970; Gar- 
cia-Bellido and Merriam 1971), or that there is a defect in 

cell adhesion that leads to abnormal cell arrangements. 

Effects of wts deficiencies and mutations on cell shape 

The texture of the cuticle in wts clones is very unusual 

in that cell outlines are clearly visible, producing a rough 
and/or honeycomb-like appearance, whereas cell bound- 

aries are not visible in surrounding wild-type tissue (see 
Fig. 1 }. Electron micrographs of sections through normal 
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Figure 1. The wts phenotype seen in mi- 
totic recombination clones homozygous 
for the Df(3R)AI77der20 deficiency, in- 
duced by gamma irradiation (1000 rads). 
Clones are marked by homozygous reces- 
sive Ki +, which produces normal (long, 
straight) bristles in a background of Ki s 

heterozygous cells that produce short, 
curved bristles (Gausz et al. 1994). (a) Mul- 
tiple clones on a wing, larva irradiated at 
72 hr. (b)Three patches of mutant tissue 
larrows) on a single leg, probably repre- 
senting a single, split clone; larva irradi- 
ated at 48 hr. (c) A patch of mutant tissue 
forming a bulge on the tarsus; larva irradi- 
ated at 48 hr. (d) A clone on the surface of 
the leg, showing unusual rounded shape 
and polygonal cell outlines in the clone; 
larva irradiated at 84 hr. 

in tegument  show no discontinuity of the cuticle at cell 

boundaries (Fig. 3a), but  wi thin  wts clones the cell 

boundaries are often marked by deep intrusions of cuti- 

cle (Fig. 3b). However, these intrusions do not separate 

cell membrane  regions that are normal ly  in contact; ad- 

herens junctions, normal ly  found at the apical end of the 

lateral cell membrane  (Poodry and Schneiderman 1970), 

are present at the bases of the cuticular intrusions, and 

septate junctions are present basal to the adherens junc- 

tions, as in normal cells (Fig. 3c). The presence of intact 

apical junctions indicates that the cellular defect in wts 

clones is not apical cell separation followed by cuticle 

deposition between the separated cells; rather, the apical 

ends of the cells are domed instead of flat as in normal  

epithelium. Deposition of cuticle over the domed apical 

surface produces the altered cuticular morphology. 

Imaginal disc overgrowth in the wts v2 m u t a n t  

One of the P-element insertions in the wts gene, wts p2, 

allows survival of homozygotes to the pharate adult 

Figure 2. Shape and size of homozygous wts clones. Larvae 
simultaneously heterozygous for the mutation multiple wing 
hairs (mwh) and for the deficiency Df(3R)A177der20 were irra- 
diated at 72 hr after egg laying. The outlines of mitotic recom- 
bination clones on the wing were traced with a camera lucida 
and measured with a compensating polar planimeter. (a) Con- 
trol clones marked with mwh; mean area 3.6+0.4x 10 "3 ~m2; 
n=67. (b) wts clones; mean area 5.7+-0.4x 103 ~m2; n= 154. 
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Figure 3. Ultrastructure of wts clones. (a) Electron micrograph 
of a section of an adult leg showing the smooth cuticle charac- 
teristic of the normal integument (c) overlying two epidermal 
cells. {b) Electron micrograph from the same section of the adult 
leg shown in a, in the region of a Df(3R)A177der20 clone. Cu- 
ticular intrusions (c) appear to invade between adjacent epider- 
mal cells, but the presence of adherens junctions and septate 
junctions basal to the intrusions indicates that the cuticular 
intrusions are separating hypertrophied apical regions of the 
epithelial cells. (c) Higher magnification of the apical-lateral 
region of two cells within the Df(3R)A177der20 clone showing 
the intact septate (s) and adherens (a) junctions. 

stage, and third-instar larvae of this genotype show re- 

markable hyperplasia of all of the imaginal discs, with- 
out noticeable effects on other tissues (Fig. 4). wts p2 ho- 

mozygous imaginal discs (Fig. 5) show apical hypertro- 

phy similar to that seen in w t s -  mitotic recombination 

clones in adult tissue. Therefore, the defect leading to 

altered cuticle morphology is in the control of cell shape 

rather than in cuticle formation per se. 

Deficiency mapping of wts 

The position of the wts gene is defined genetically by 

overlapping deficiencies on chromosome arm 3R (Fig. 

6). The wts phenotype is produced after irradiation of 

larvae carrying the deficiencies Df(3R)A177der20, 
Df(3R)A177der25, Df(3R)A177der26, Df(3R)A177.X1, 
or Df(3R)P75A.A1. The phenotype is also produced by 

irradiating larvae heterozygous for Df(3R)A177der21 
but only when such larvae also carry the duplica- 

tion Dp(3;Y)All3 (Fig. 6). This result suggests that 

Df(3R)A177der21 deletes all or part of the wts gene, 

and that it also removes a more distal gene required for 

cell viability that is provided by the duplication 

Dp(3;Y)A113. The Df(3R)A177der20 deficiency removes 

at least one additional gene, identified by the lethal P-el- 

ement insertion P622, proximal to wts, whereas this is 

not the case for Df(3R)A177der21. Therefore, among 

these deficiencies Df(3R)A177der21 provides the closest 

breakpoint proximal to wts. 

The translocation T(Y;3)A 113, consisting of Dp(3; Y)- 
Al l3  and Df(3R)All3, is viable over Df(3R)A177tier20, 
demonstrating that both wts and tailless Itll} are present 

on the translocation and are not disrupted or inactivated 

by it. Dp(3;Y)All3 rescues tlla/Df(3R)A177der20 but 

does not rescue the wts phenotype produced by homozy- 

gous Df(3R)A177der20 in clones, indicating that its 

breakpoint is between wts and tll. In agreement with 

this conclusion, homozygous Df(3R)All3 fails to pro- 

duce mitotic wts clones when combined with the telo- 

meric duplication Dp(3;1)ISOP (Strecker et al. 1988) to 

cover the distal cell lethality, and Df(3R)A113 uncovers 

tll (Strecker et al. 1988). 

The deficiency tll ~ (Fig. 6) fails to produce the wts phe- 

notype in mitotic recombination clones, which is con- 

sistent with both of its breakpoints being distal to the 

wts gene. Df(3R)P75A.A1 does produce the wts pheno- 

type, and it complements both Df(3R)All3 and tll e. 
Thus, the distal breakpoint of Df(3R)P75A.A1 could be 

either within or distal to the wts gene. 

P-element mutations 

To identify the wts transcription unit unambiguously by 

specific mutations, we carried out a P-element mutagen- 

esis screen. The first screen was designed to detect all 

P-element insertions in the region of interest by the use 

of DNA probes and hence was independent of whether 

the insertions induced a phenotype. After extensive 

screening, one insertion, P509-19, was isolated that 

maps to the interval between the breakpoints of the de- 

ficiencies Df(3R)A113 and Df(3R)A177tier21. This inser- 

tion does not produce a wts phenotype in mitotic recom- 

bination clones, and homozygous P509-19 flies are fully 

viable with no apparent phenotype. Therefore, P509-19 
was used in a second screen for wts mutants  by the in- 

duction of local hops or imprecise excisions. By this 

strategy, 45 mutants that generate a wts phenotype were 

obtained of which 32, designated wtsPl-wts P32, retain 

some white + activity of the P element, whereas 13, des- 

ignated wts~-wts E~3, have lost white + activity and are 

probably imprecise P-element excisions. All 45 lines are 

homozygous lethal and fail to complement either 
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Figure 4. Imaginal disc overgrowth in larvae homozygous for wts P2. (a) Full-grown normal wing imaginal disc at 5 days after egg 
laying (AEL). (b) wts P2 homozygote at 5 days AEL. (c) wts p2 homozygote at 6 days AEL. (d) wts p2 homozygote at 8 days AEL. (e) 
Histological section of a disc comparable to the one in d, showing single-layered epithelial structure. 

Df(3R)A177der20 or Df13R)P75A.A1, and all of the al- 

leles that have been tested fail to complement one an- 
other. All alleles except wts P2 produce embryonic or 

early larval lethality in homozygotes, suggesting that the 

wts gene also functions in embryogenesis. 

in mitotic recombination clones, we conclude that zfh-1 
is not the wts gene. 

The transcription unit immediately distal to zfh-1 is a 

more likely candidate for the wts gene. Therefore, sev- 

Isolation and identification of the wts gene 

The wts gene was isolated by a chromosomal walk ex- 

tending in the proximal direction from a clone, S 1.1, that 

mapped to 100B1,2 (Fig. 7). The proximal breakpoints of 

the deficiencies that delimit the region including the wts 

gene were mapped by in situ hybridization to polytene 

chromosomes and by whole-genome Southern analysis. 

In agreement with the complementation analysis (see 

Fig. 6), the region between the proximal breakpoints of 

Df(3R)A177.X1 and Df(3R)All3, which is expected to 
harbor the entire wts gene, also contains the proximal 

breakpoint of Df(3R)A177der21 at about its midpoint, 

thus identifying a -25-kb  region that includes at least 

part of the wts gene (Fig. 7). Neither breakpoint of 

Df(3R)P75A.A1 is present between the Df(3R)A177.X1 
and Df(3R)A 113 breakpoints. 

Reverse Northern analysis (data not shown) detected 

several transcribed genomic fragments in the relevant 
region of the chromosome walk. The most proximal of 

these corresponds to a gene encoding a protein with nine 

zinc fingers and a homeo domain, zfh-1, that had been 

shown previously to be included in the region immedi- 

ately proximal to the Df(3R)A177der21 breakpoint (For- 

tini et al. 1991). This gene is distinct from wts based on 

analysis of the P-element insertion P865, a lethal inser- 
tion received from the Drosophila genome project. P865 
is located only 52 bp upstream of the 5' end of the long- 

est zfh-1 cDNA (Fig. 7} isolated previously (Fortini et al. 
1991) and hence, is expected to owe its lethality to the 

inactivation of zfh-1. As this insertion complements 
Df(3R)A177der21 and fails to display the wts phenotype 

Figure 5. Ultrastructure of the apical region of epithelial cells 
in normal (a) and wts p2 (b) imaginal wing discs. The apical mi- 
crovillar surface (m) above the adherens junctions (a) is domed 
because of apical hypertrophy of the mutant cells, but relatively 
flat in normal cells. 
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Figure 6. Cytogenetic map of the 100A-100B chromosome re- 
gion. Deficiencies and duplication: P75A.A1, ~-ray-induced de- 

ficiency isolated in the FLP-FRT mitotic recombination screen; 
A177der- and A177.XI, deficiencies derived by ~/-ray-induced 
loss of the P-element insertion P[1ArB]AI77; deficiency and 

duplication All3, reciprocal halves of the translocation 
T(Y;3)All3 (Lindsley et al. 1972); tll e, tailless e deficiency 

(Strecker et al. 1988). Arrows indicate that the duplication or 
deficiency extends beyond 100K Cytology of the deficiencies 
was determined by examination of polytene chromosome 
squashes of deficiency over Ore-R chromosomes, except defi- 
ciency and duplication All3, which is from Strecker et al. 
(1988). Uncertainty of breakpoints is indicated by hatched 
boxes. Genes: P622, a P-element insertion causing recessive le- 
thality (Berg and Spradling 1991); wts, the warts gene (P1-P32, 
presumed P-element insertion alleles of wts; El-E13, presumed 

P-element excision alleles of wts); tll, the tailless gene (Strecker 
et al. 1988); EGX4, EGXS, and EGX13, lethals from J. Lengyel 
and J. Merriam (pers. comm.); dco, lethal(3)discs overgrown 
(Jursnich et al. 1990). All possible combinations of the various 
alleles and deficiencies shown were crossed to produce the 
complementation map. Arrows indicate that the deficiency 
may extend beyond the tested complementation groups. 
The warts phenotype is produced in mitotic recombination 
clones homozygous for Df(3R)P75A.A1, Df(3R)A177der20, 
Df(3R)A177der25, Df(3R)A177der26, Df(3R)A177der21 in com- 
bination with Dp(3;Y)All3, and by Df(3R)A177.X1. 

gene is transcribed in the opposite direction to zfh-1, 

includes two large and five small introns, and extends 
over 17 kb of genomic DNA. It spans most of the region 

between the breakpoints of Df(3R)A177der21 and 

D f ( 3 R ) A l l 3  (Fig. 7). Because of the formal possibility 
that the wts gene could lie within one of the two large 

introns in the 17-kb transcription unit defined by the 
cDNAs (Fig. 7), it was crucial to identify the wts gene by 

more direct methods. 
The wts transcription unit was identified unambigu- 

ously by analysis of P-element insertions that give the 

wts phenotype in mitotic recombination clones. The 

flanking DNA sequences of several P-element insertions 
were determined and searched for overlaps with the 5.3 
kb of combined cDNA sequences. This approach showed 
one P element, w t s  P14, t o  be located in the untranslated 

trailer region, 120 bp upstream of the poly(A) addition 

site, and another, wts P2, to be inserted 31 bp upstream of 
the longest cDNA (Figs. 7 and 8). The orientation of both 

P elements is opposite to that of the original P509-19 

insertion. To extend the cDNA sequences maximally 
and determine whether the wts p2 insertion affects this 

transcript directly, a 5' RACE (rapid amplification of 

cDNA ends) experiment (Frohman 1990) was carried out 
with poly(A) + RNA from both third-instar larvae and 

embryos. Sequencing the 5' ends of the RACE products 
showed that the transcriptional start site is the same at 
both developmental stages and that wts P2 is located 38 

bp within the 5' exon (Fig. 8). Whole-genome Southern 

analysis and sequencing of the DNA flanking the P ele- 
ments obtained by plasmid rescue revealed that both 
mutant  chromosomes, wts P2 and wts  PI4, harbor a second 

P element in the 17-kb transcription unit. Two P ele- 
ments on a given mutant  chromosome might be the re- 

sult of a local hop of the original P element from one 
chromatid onto its sister chromatid. The second P-ele- 
ment insertion on the wts P2 chromosome is identical 

with the original P509-19 insertion, which fails to pro- 
duce a wts phenotype. Therefore, the insertion into the 

first exon is responsible for the wts p2 phenotype and 
clearly identifies the 17-kb transcription unit as the wts 
gene. The second P-element insertion in the wts  PI4 mu- 

tant is 73 bp upstream from, and has the same orienta- 
tion as, the original P509-19 insertion. This insertion 

might also contribute to the wts  p14 phenotype. 
Most of the remaining w t s P l - w t s  p32 mutations are de- 

letions of DNA flanking the P509-19 insertion, usually 
in the proximal direction, without loss of distal P-ele- 
ment sequences. Several mutants, ~TtsP3 t vgvtsP23 t lAYts P25, 

and probably wts  p4 and wts P28, correspond to perfect in- 

versions of the original P509-19 insertion, indicating 
that the effect of the P-element insertion on expression 

of the wts gene depends critically on its orientation at 

this site. 

eral cDNAs corresponding to this transcript were iso- 

lated from embryonic and imaginal disc libraries. North- 

ern analysis showed the transcript identified by these 
cDNAs to be - 6  kb long and expressed throughout em- 
bryonic, larval, and pupal stages (data not shown). The 

The wts gene encodes a ser ine / threonine  protein 

k inase  

The entire wts cDNA sequence, from its 5' end defined 
by the RACE products to its 3' end at the poly(A) addi- 
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Figure 7. Cloning and identification of the wts 

gene. (Top)Several  deficiencies, P-element inser- 

tions, and a duplication are indicated with re- 
spect to a genomic EcoRI map (scale in kbp; pos- 

itive direction oriented toward the telomere; bro- 

ken lines indicate EcoRI sites of neighboring 
fragments whose order has not been determined), 

derived from a chromosomal walk between 

100A1,2 and 100B1,2 (BL14.14 to SI.1 are inserts 

isolated from a KrS~l /CyO library in EMBL4). 

Shaded boxes delimit the regions that include 
the deficiency breakpoints. The proximal break- 

points of the three deficiencies shown at the 

top have not been determined but are located 

proximal (to the left) of the region covered by 
the arrows, whereas the distal breakpoint of 

Df(3R)A177der20  is located about 10 kb distal to 
the distal end of the walk shown. The positions 

of all P-element insertions have been mapped by 

DNA sequencing. Below the chromosomal walk, 

the extent and direction of transcription of zfh-1 

(Fortini et al. 1991), wts, and tll (Pignoni et al. 
1990) are indicated by arrows. The arts gene ex- 

tends between the distal boundary of 100A1,2 
and the proximal end of 100A5,6. (Bottom) A re- 
striction map of the enlarged region including 

the entire wts gene, its intron/exon structure 

with the open reading frame (in black), and the 
location of the wts P2 and wts m4 insertions are 

shown. (B) BamHI;  (R) EcoRI; (S) SalI; (X)XhoI. 
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tion site, is shown in Figure 8. It consists of 1136 nucle- 
otides of untranslated leader sequence, an open reading 
frame encoding a protein of 1099 amino acids, and an 

untranslated trailer sequence of 927 nucleotides. Com- 
parison of the cDNA with the corresponding genomic 
sequence reveals two large introns of -5 .5  kb each, 
which interrupt the cDNA in its 5' portion, and five 
small introns between 61 and 69 bp in length, all located 

in the carboxy-terminal coding region (Figs. 7 and 8). The 

open reading frame begins in the second exon (Fig. 8), and 
the homozygous viable P-element insertion P509-19 is 
located in the middle of the first intron (Fig. 7). 

Conceptual translation of the open reading frame (Fig. 
8) predicts a protein of 121 kD. BLAST searches of the 
GenBank data base [Pearson and Lipman 1990) indicated 

a high level of similarity in the carboxy-terminal region 
to the catalytic domains of several serine/threonine pro- 
tein kinases (see Discussion). The sequence also includes 

an 87-nucleotide imperfect opa trinucleotide repeat 
(Wharton et al. 1985) encoding a glutamine-rich string. 

The amino-terminal region, outside the region of kinase 
homology, is rich in proline (12.7%) and serine (10.9%) 
but shows no significant sequence matches to current 

entries in GenBank. 

Discussion 

Loss or inactivation of both copies of the wts gene, en- 
coding a putative serine/threonine protein kinase, leads 
to loss of control over the amount and direction of cell 
proliferation in developing imaginal discs, and also has 
dramatic effects on cell shape, leading to abnormal de- 
position of adult cuticle between epithelial cells. Be- 

cause of its role in the control of cell proliferation and 

differentiation, we consider wts to be a tumor suppressor 

gene. 

Figure 8. cDNA and protein sequence of the wts gene. The nucleotide and putative amino acid sequences derived from cDNA, 5' 

RACE, and genomic DNA sequences are shown. The protein kinase catalytic domain is shown by double underlining and the opa 

repeat by single underlining. The locations of the P-element insertions, wts e2 and wts  Pza, are indicated after nucleotides 38 and 5240, 

respectively. The positions of the two large introns (5.5 and 5.6 kb) and of the five small introns (69, 63, 65, 61, and 62 bp) are marked 
by a vertical line below V, those of the 5' ends of the cDNA clones cBL9.1.3-3, cBL9.1.3-1, cBL9.1.3-2, cBL9.1.3-4, 4g, cBL9.1.3-5, and 
3a (ordered according to decreasing cDNA length) by vertical arrows. All cDNAs extend to the poly(A) addition site shown, with the 
exception of 3a, which extends -400 bp beyond it, and of cBL9.1.3-3, which ends after position 2102. The transcriptional start site is 
characterized by a 12-bp repeated sequence that includes an 8-bp palindrome (broken underline}. Four polymorphisms attributable to 
the presence or absence of a few repeated base pairs (dotted underline) were found in the leader and trailer sequences of several genomic 

DNAs and cDNAs. The nucleotides and amino acids are numbered in the left and right margin, respectively. 
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wtsP2 

1 GTcTATCGA~ATcGGTCTA~cGATATGTG~cATATc~CACGAcGGc~GcAAcAAAA~cAcGAATT~TTTTAcTAAATTTAAGCCAAAcGCGcATcGGAAATGccTGAAAATGcGA 
12o ~)~?~.~d~AAii~1?&~.~iGcGAAc~cGAG~GAA~cAAG~GAAAA~AcGTcGGcAAA~A~cAGcGAA~G~cG~cAAAAGGc~~~~ 
24o ATAAG~c:GTG~GTGGGAAAc~c&AAAAGGcGAGAAcAAA~AGG~GAAAAGcGAGGAAATTG~G~AAAA~AAAAc~GAA~AAG;~44~TccAAGTTGGc~GccATcGATT 
360 CGT•T•TAGGAT•AATTAAGATT•••AGTGGT•GA•AAT•GG•T•AAAT•AAATTAAAATCAACTAATATT•T••TATT•A•ATATTCAAAT••AATTCATT•ATC•CCTG•GA•TTTTA 

480 TTCGGATCTGCCAACTATTTTTGAATTTGAATTGTGTGTCTGCGGCTGGCGCAGAATCTCTGATAAAGCAGAGGAATAAAATCGGAAGAAcAACAAATACAA&TACAAATGAAATGCGGG 

600 GAGCAGTATTTACATGC•AAATGAATGCTGGATAGGCGAAAGGGGGGGGGTTTCTCTTATAATGCAAATGTGAATGTGAATGCGAATGCGAATG•GAGTGGAAGAATT•CCGGCGCGAGT 
. . . .  

720 GATAAATAATCCGAC•A•AAA•AAAG•A•AAGC•TACA•C•CGAGAAA•AG•AGTGCAAA•A•AATTATCTTTATTGAGAGCAACAATAT•AA•ATCGAGATAATAAA••AT•CTAAAAC 

840 CCGCGC•TTAGTT•GTTTTAGT•TCG•CACGGATATAGATATTCAAAGG•AAAAAGGTGGTGTCGGCATCGCCAGACAAACAAGTAAAGCATCTATTTCATACAAAA•AA••AATTAAAT 

960 AATAATAAAAATAATAATAATCGTAGA•A•••AGAGCCAAAT•AAATTC••••C•G••GAT•TGC•CCA•TGTGTGT••GTGTGTGT•TGTGT••T•TG•TGTG•TGTGC•A•T•TTAGT 

M H P A G E K R G G R P N D K Y T A E A L  21 
1080 GTGCGGAG•ATTTCTGTGATATGAGTGCTAAATGCCACAGGGCGAAGCAGCAGCATCATGCATC•AG•GGGCGAAAAAAGGGGCGGTCGCCCCAATGATAAATACACGGCGGAAGCCCTC 

E S I K Q D L T R F E V Q N N H R N N Q ~ Y T P L R Y T A T N G R N D A L T P D  61 
1200 GAGAGcATCAAGCAGGACcTAAcCCGATTTGAAGTACAAAATAACCATAGGAATAATCAGAATTACACACCTcTGAGATACAcGGCGAcCAACGGACGCAACGATGCACTTAcTCcTGAC 

Y H H A K Q P M E P P P S A S P A P D V V I P P P P A I V G Q P G A G S I S V S 101 
1320 TATCACCAcGCCAAGCAGccGATGGAGCCGcCACCCTccGcCTCTccTGCTCcGGACGTGGTcATACcGCCGCCGCCcGCcATTGTAGGTcAGcCCGGAGCCGGCTCCATATCCGTATcc 

G V G V G V V G V A N G R V P K M M T A L M P N K L I R K P S I E R D T A S S H  141 
1440 GGTGTGGGCGTTGGAGTGGTGGGTGTGGCGAAcGGACGTGTGCcAAAGATGATGACGGCCCTAATGCcAAAcAAACTGATCcGGAAGCCGAGCATcGAACGGGAcAcGGcGAGCAGTCAc 

Y L R C S P A L D S G A G S S R S D S P H S H H T H Q P S S R T V G N P G G N G 181 
1560 TAccTGCGcTGcAGTCcGGCTCTGGAcTCcGGAGcCGGTAGCTcccGATcGGACAGCCCcCATTCGCACCACACCCACcAGCCGAGCTcGAGGACGGTGGGTAATCCAGGTGGAAATGGT 

G F S P S P S G F S E V A P P A P P P R N P T A S S A A T P P P P V P P T S Q A  221 
1680 GGATTTTCTCCGT•GCcAAGCGGTTTCAGTGAGGTGGCTCCA••GGCGCCGCCGCCACGcAATC•CACCGCCTCCAGCGCGG•CACGCCCCCACCGCCAGTGcCGCCCACCAGCCAGGCG 

Y V K ~ R R S P A L N N R P P A I A P P T Q R G N S P V I T Q N G L K N P Q Q Q L  261 
1800 TA•GTGAAGCGGCGATcA•CGGC•CTGAAcAACCGC•CGccGGCGATAG•GCcACCCACTCAGCGAGGCAACTCACcTGTAATAACCCAAAACGGGcTGAAGAAC•CGCAGCAGCAGTTG 

T Q Q L K S L N L Y P G G G S G A V V E P P P P Y L I Q G G A G G A A P P P P P  301 
1920 ACGCAGCAGCTGAAGTc••TGAA•CTATACCCAGGCGGAGGCAGTGGAGcAGTGGTGGAGcCAC•GC•GCCCTACcTAATTCAAGGCGGAGcCGGAGGAGCAGCACCGCCGCCGCCACCA 

P S Y T A S M Q S R Q S P T Q S Q Q S D Y R K S P S S G I Y S A T S A G S P S P  341 
2040 •••AGTTACACGGcCTCcATGCAGTCGCGGcAGTCGCCCACACAATCCCAACAATCGGACTAcAGGAAAT•CCCGAGCAGTGGGATATA•TCGGCcAcCTCGGCGGGCTCG•cGAGcCCC 

I T V S L P P A P L A K P Q P R V Y Q A R S Q Q P I I M Q S V K S T Q V Q K P V  381 
2160 ATAACTGTGTcCCTGCcGCCGGCGCCGCTGGCGAAGCCACAACCACGAGTCTACcAGGC•AGGAGTcAG•AGCCGATCATCATGCAGAGTGTGAAGAGCACGcAGGTCCAAAAG••CGTG 

L Q T A V A P Q S P S S A S A S N S P V H V L A A P P S Y P Q K S A A V V Q Q Q  421 
2280 CTGcAAA•AGCAGTGGcGCCCCAATCGCcATCGAGTGCCTCGGCCAGCAATTCACCAGTCCACGTGCTGGCCGCTCCACCCTCTTACCCTCAGAAGTcCGCGGCAGTGGTGCAGCAGCAG 

Q Q A A A A A H Q Q Q H Q H Q Q S K P A T P T T P P L V G L N S K P N C L E P P  461 
2400 CAACAGGcAGcAGCGGCGGCC•ACCAGCAG•AGcATCAGCAcCAGCAAT•cAAACCAGCAACGcCAACCACACCGCCcTTGGTGGGTCTGAACAGCAAGCCCAATTGCcTGGAGCCACCG 

S Y A K S M Q A K A A T V V Q Q Q Q Q Q Q Q Q Q Q V Q Q Q Q V Q Q Q Q Q Q Q Q Q  501 
2520 Tc•TATG•CAAGAGCATGCAGGCCAAGGCGGcCACGGTGGTACAGCAGCAGCAAcAGCAGCAGCAACAAcAGCAGGTCcAGCAGcAG•AGGTGCAACAGCAGCAGCAA•AGCAGCAACAG 

Q L Q A L R V L Q A Q A Q R E R D Q R E R E R D Q Q K L A N G N P G R Q M L P P  541 
2640 CAACTGCAGGCCTTGAGGGTGCTCCAGGCACAGGCTCAGAGGGAGcGGGATCAACGGGAGCGGGAACGGGATCAGCAGAAGCTGGCCAA•GGAAATCCTGGcCGGCAGATGCTT•CGC•G 

P P Y Q S N N N N N S E I K P P S C N N N N I Q I S N S N L A T T P P I P P A K  581 
2760 ccGCCCTATCAGAGCAACAACAACAACAACAGcGAGATCAAACCGC•GAGCTGCAACAACAACAAcATACAGATAAG•AACAGcAACCTGGcGACGACAcCAcCCATTCcG•CTGC•AAA 

Y N N N S S N T G A N S S G G S N G S T G T T A S S S T S C K K I K H A S P I P  621 
2880 TAcAATAACAACTcCTCCAA•ACGGGCGCGAATAGCTCGGGCGG•AG•AACGGATcCACCGGCACCACCGCCTccTCGTCGACCAGCTG•AAGAAGATCAAGCAcGCCTCGC•CATC•CG 

E R K K I S K E K E E E R K E F R I R Q Y S P Q A F K F F M E Q H I E N V I K S  661 
3000 GAG•GcAAGAAGATCTcCAAGGAGAAGGAGGAGGAGCGCAAGGAGTTcCGCATCAGG•AGTACTCGCCG•AAGcCTTCAAGTTcTTcATGGAGcAGcACATAGAGAACGTGATcAAGT•G 

Y R Q R T Y R K N Q L E K E M H K V G L P D Q T Q I E M R K M L N Q K E S N Y I  701 
3120 TATcGcCAGCGCACGTAT•GCAAGAATCAGCTGGAGAAGGAGATGCAcAAAGTGGGACTG•CCGAT•AGACCCAAATCGAGATGAGGAAAATGCTGAAC•AAAAGGAGAGcAAcTACATT 

R L K R A K M D K S M F V K L K P I G V G A F G E V T L V S K I D T S N H L Y A  741 
3240 CGATTGAAGCGCG••AAGATGGA•AAGAGCATGTTCGT•AAACTGAAGCccATTGGAGTGGGTGCATTTGGCGAGGTAA•GCTGGTGAGCAAAATCGATACCT•GAACCATTTGTATGcG 

M K T L R K A D V L K R N Q V A H V K A E R D I L A E A D N N W V V K L Y Y S F 781 
3360 ATGAAAACcCTGcGGAAAGcGGACGTTCTcAAGCGGAATCAGGTGGCACACGTGAAGGCCGAGAGGGATATCCTCGCGGAAGCCGAcAATAACTGGGTGGTGAAGTTGTACTAcAGcTTC 

Q D K D N L Y F V M D Y I P GT G D L M S L L I K L G I F E E E L A R F Y I A E V 821 
3480 c AGGAcAAGGATAATCTGTACTTTGTGATGGACTACATACCAGGTGGTGATCTGATGTCGCTGCTCATCAAACTGGGCATTTTCGAGGAGGAACTGGCCAGATTCTACATCGcCGAGGTc 

T C A V D S V H K M G F I H R T D I K P D N I L I D R D G H I K L T D F G L C T G 861 
3600 AccTGcGCCGTGGACAGcGTTcACAAAATGGGCTTCATTcAcAGAGACATCAAGcCTGAcAACATACTCATCGATAGGGACGGAcAcATAAAGCTCACCGACTTTGGCCTTTGCACGGGA 

F R W T H N S K Y Y Q E N GT N H S R Q D S M E P W E E Y S E N G P K P T V L E R T 901 
3720 TTCCGATGGACGCACAACTCGAAGTACTACCAGGAGAACGGCAATcACTcGcGCCAGGACTCGATGGAGCcCTGGGAGGAATACTCcGAGAACGGAcCcAAGCCCAcCGTGCTGGAGAGG 

R R M R D H Q R V L A H S L V G T P N Y I A P E V L E R S G Y T Q L C D Y W S V 941 
3840 CGACGGATGCGCGATCACCAAAGAGTCCTGGCccACTCGCTGGTGGGCACCccGAACTACATAGcTccCGAGGTGCTGGAGAGGAGTGGGTACACGCAGcTGTGcGACTACTGGAGCGTG 

G V I L Y E M L V G Q P P F L A N S P L E T Q Q K '~ I N W E K T L H I P P Q A E 981 
3960 GGCGTcATCCTTTACGAGATGcTGGTGGGTcAGCcGCCCTTTCTGGCCAAcAGT•CGCTGGAAAcGCAACAAAAGGTCATcAACTGGGAGAAAACGCTGcATATTCcGCCGCAGGcCGAG 

L S R E A T D L I R R L C A S A D K R L G K S V D E V K S H D F F K G I D F A D 1021 
4080 TTATCCcGCGAGGCTACGGA•TTGATAAGGAGGcTcTGTGcGTcGGcTGAcAAGcGGcTGGGCAAGAGCGTGGACGAGGTcAAGAGCcACGACTTcTTCAAGGGcATCGAcTTTGcGGAc 

M R K Q K A P Y I P E I K H P T D T S N F D P V D P E K L R S N D S T M S S G D 1 0 6 1  
4200 ATGcGGAAGCAGAAAGcGcCCTACATACcGGAAATcAAGCACCcAAcGGACACATCcAACTTTGATcCCGTGGATCCGGAGAAGcTGCGCTcGAATGACTCcACCATGAGCAGcGGcGAT 

D V D Q N D R T F H G F F E F T F R R F F D D K Q P P D M T D D Q A P V Y V e n d  1099 
4320 GATGTCGAcCAGAATGAcCGCACTTTcCACGGCTTTTTcGAATTTAcCTTC•GTCGcTTCTT•GAcGACAAGCAGCCGCCGGATATGAcGGACGATCAGGcGccGGTTTACGTCTGAAAT 

4440 GGATGCTCTcCATGTGcCCAACAcCAACACCCcGcccccGAATcATTGTTAGTCAAATAGTcAcAAAAAGGGGATAGAAAcCATTGAGTGGGcTTGcATTGTAAAGGAAGcGTGGCTATA 

4560 GAATGAAAcTATcTATATAcATTATATAAATTATAGGAGAcAGTAGAGGCGGGAGCTACGTATATACATACAAATAATATACATATATTTGATATATATATATATATATATGcCGTAGGG 

4680 CATGAACTGAATAAATATAAAACGGAGCCGAGTAGAGATGAAACGAGAGGAGcGAGTCAGGACCTTCGACCTTTAACTGAACATAGTATATCCTTGTGCACTAcTACTCTAcAACAAATA 

4800 TATATTTTTAAATTGTTAGAATTcAAAAGGGACCAACTGGAAATcGAACcTTTCTGGTGCTCAAAGcAAAGcAAAGcAAAGCAAAACAAAAcGCCTTAAAcTAAAcGAGAcGCGAATTTA 

4920 cCcAAcCACTTCACTcCTCTcCTTT•TCcACCTccGATcGGTGGcCGGATTcGAACTCAGCAGGcTGGTTGCATcCGGccATccCATTGAcTTcTcATTCAGAATTGAGATTGCGAGGTG 

5040 TGCGATGGAGAAcGAACGGAGACcAAAAGTcGcACGGCAGcGATATAAGcGGGTcTTATAAGcCTAATCTAAATCTAAAcTGGGAGAAcAGGAcCTATGTATGTGTTATTAGTGTCCTGc 
wIsPI4 

5160 TATccAATTcGTCTATCACTGCTcTTCATCTGTGTAcCccC~TcCcC~ACCACCcCTCcECATccAAAAGAACAAAETTA~GAcGTAGCCTATGTGAAAAGETAGCAATGTTAGACCAACT 
5280 TGTTGAATGCCAAATGAAATTGTTTAGC•C•G•GAGGAAAA•GCGGAGGAAATT•AACA•TTATTCTCTGATAGCAACCGG(A) n 

Figure 8. (See facing page for legend.) 
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A data base search with the conceptual translation of 

the wts gene sequence revealed a region very similar to 

the catalytic domains of several protein kinases (Fig. 9). 

These include the human myotonic dystrophy protein 

kinase (DM kinase; Mahadevan et al. 1993) and the 

Cot-1 protein kinase from N. crassa (Yarden et al. 1992). 

The amino acid sequence of the Wts protein kinase cat- 

alytic domain (using the boundaries used by Hanks et al. 

1988) is 45.7% and 49.7% identical to the DM and Cot-1 

kinase sequences, respectively. Wts also shows sequence 

similarity to some closely related predicted protein ki- 

nases from the plants M e s e m b r y a n t h y m u m  crystalli- 

h u m  (Fig. 9), Spinacia olaraca (B. Baur, K. Winter, K. 

Fischer, and K. Dietz, unpubl., GenBank accession nos. 

Z30329, Z30330), and Nicotiana tabacum (Y. Huang, J. 

Wan, K. Ko, and D.T. Dennis, unpubl., GenBank acces- 

sion no. X71057) and slightly less similarity to DBF20 

(Fig. 9) (Toyn et al. 1991) and DBF2 (Johnston et al. 1990) 

cell cycle-regulated protein kinases of Saccharomyces 

cerevisiae. An  expressed sequence tag from Caenorhab- 

ditis elegans predicts a partial protein with similarity to 

these protein kinases (Waterston et al. 1992). The next 

most closely related proteins are the cAMP-dependent 

protein kinases, represented in Figure 9 by the example 

that shows closest similarity (37.7% identity) to Wts, the 

C-a subunit of bovine cAMP-dependent protein kinase 

(Wiemann et al. 1992). 

In general, kinases display alternating regions of high 

and low sequence conservation through the catalytic do- 

main (Hanks et al. 1988). Eleven subdomains of high 

conservation have been described for the kinase catalytic 

domain (Hanks et al. 1988), and all of these are present in 

Figure 9. Sequence comparison of Wts 
and homologous proteins. The predicted 
amino acid sequences of Wts, human DM 
kinase (DM; Mahadevan et al. 1993J, Cot-1 
from N. crassa (Yarden et al. 1992), serine/ 
threonine protein kinase from M. crystalli- 

num (M.c.; B. Baur, K. Winter, K. Fischer, 
and K. Dietz, unpubl.), yeast DBF20 (Toyn 
et al. 1991}, and the C-a subunit of bovine 
cAMP-dependent protein kinase {PICA; 
Wiemann et al. 1992) were compared using 
the MACAW 2.0 program (Schuler et al. 
1991}. (a) The position of the putative cat- 
alytic domain {Hanks et al. 1988) is shown 
in black, and the percent amino acid iden- 
tity with this region of the predicted Wts 
protein is shown in white. The regions out- 
side the putative catalytic domain are 
crosshatched. The putative kinase domains 
of DM and PKA are shorter than those of 
the other proteins mainly because they 
lack the long insert between subdomains 
VII and VIII. {b) Multiple sequence align- 
ment of the catalytic domains and the im- 
mediate flanking sequences {darkness of 
shading indicates significance of the 
match, and lowercase letters indicate no 
match with the other sequences). The 11 
conserved subdomains {Hanks et al. 1988} 
are designated by Roman numerals. Resi- 
dues that are almost invariant among pro- 
tein kinases {Hanks et al. 19881 are indi- 
cated by asterisks {*), and those where res- 
idues of similar structure are found in 
almost all protein kinases are indicated by 
dots below the alignment {O). Residues 
that characterize the Wts subfamily and 
distinguish it from its closest relatives, the 
cyclic nucleotide-dependent protein kinase 
subfamily (Hanks et al. 1988) represented 
here by PKA, are indicated by an arrow 
{solid, invariant; open, almost invariantl 
above the alignment. 
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Wts and its closest homologs (Fig. 9). Furthermore, all of 

the amino acids that are perfectly conserved in func- 
tional serine/threonine kinases are present in the pro- 

teins of this subfamily (Fig. 9). These residues are in- 

volved in ATP binding, proton transfer, Mg a+ binding, 
and substrate specificity. The nucleotide-binding con- 

sensus sequence Gly-X-Gly-X-X-Gly/Ser is present in 

subdomain I of Wts and the other related kinases (Fig. 9). 
The serine/threonine kinase-specific consensus se- 
quences (Hanks et al. 1988) are well conserved in subdo- 

mains VI and VIII. 
The predicted Wts protein and its close relatives form 

a new subfamily of kinases that are more closely related 
to each other in sequence than they are to other protein 

kinases. The 15 residues that distinguish them from 
their closest relatives, the cyclic nucleotide-dependent 

kinases, are indicated in Figure 9. The human DM kinase 

(Dunne et al. 1994) and the yeast DBF2/DBF20 kinases 

(Toyn and Johnston 1994) have been shown directly to 
have serine/threonine protein kinase activity, but their 

cyclic nucleotide dependence has not been reported. The 
similarities among the Wts-related kinases and the high 
degree of conservation of features critical to kinase func- 

tion imply that these proteins may act in common path- 
ways in vertebrates, invertebrates, and plants. 

The similarity between the Wts and Cot-1 proteins is 
intriguing because the Neurospora and Drosophila mu- 

tations both cause local cellular hypertrophy, indicating 
that their normal functions are required to maintain cell 

shape. The cot-1 mutant  phenotype is characterized by 

local swellings of the hyphae that later grow into mul- 

tiple ectopic hyphal branches (Yarden et al. 1992) while 
the wts phenotype is characterized by apical hypertrophy 
of imaginal disc cells. In Drosophila, where the affected 
cell population is growing by proliferation, the gene 

product is also required for control of the amount of cell 

proliferation and the direction of clone growth, which is 

presumably a reflection of oriented cell divisions in the 
growing imaginal disc. It is conceivable that the latter 
effects are indirect results of the effect on cell shape, 
which might interfere with the signaling events that 

control cell proliferation. Alternatively, Wts may be in- 

volved directly in a signal transduction mechanism that 

controls both cell shape and cell proliferation. In either 
case, identification of the substrates of this protein will 
provide a new way of investigating the control of cell 
shape and proliferation. Recent work (Salvatori et al. 

1994) indicates that the DM kinase is a peripheral mem- 
brane protein, suggesting that its substrates may include 
membrane or membrane-cytoskeletal proteins. 

The most interesting homology of Wts is with its hu- 
man homolog DM kinase. Amplification of trinucleotide 

repeats in the 3' trailer region of the DM kinase gene is 

responsible for myotonic dystrophy, the most common 

form of adult-onset muscular dystrophy in humans 
(Brook et al. 1992; Fu et al. 1993; Mahadevan et al. 1993). 

The severity is correlated with the degree of amplifica- 
tion of the trinucleotide repeats (Tsilfidis et al. 1992), 
which typically increase in number in successive gener- 
ations (Mahadevan et al. 1992; Redman et al. 1993) and 

cause loss of DM kinase mRNA (Carango et al. 1993). 
Although the open reading frame of the wts gene in- 

cludes an opa trinucleotide repeat (Wharton et al. 1985) 

encoding a stretch rich in glutamine, there is no evi- 

dence that these domains undergo amplification or are 

responsible for mutant  phenotypes of the genes in which 

they are found. 
The muscular dystrophy phenotype appears unrelated 

to the abnormalities we have described in mutant  Droso- 

phila. However, myotonic dystrophy is a dominant dis- 

order seen in heterozygotes, whereas the Drosophila mu- 
tations are recessive and produce either the clonal tumor 
phenotype or the disc overgrowth phenotype only when 

both normal copies of the gene are lost. The phenotype 
caused by homozygous loss of function of DM kinase has 

not been reported, but an intriguing connection is sug- 

gested by the many reports of epithelial and other tu- 

mors in myotonic dystrophy patients. At least 18 myo- 
tonic dystrophy patients have been described with pilo- 

matrixomas, tumors arising from hair follicle cells 
(Cantwell and Reed 1965; Kopeloff et al. 1992). Multiple 
pilomatrixomas, very rare in the general population, 

have been described in dystrophic individuals and in 

their otherwise asymptomatic relatives (Harper 1971; 
Chiaramonti and Gilgor 1978; Street and Rogers 1991; 
Kopeloff et al. 1992). Myotonic dystrophy patients have 

also been described with neuroendocrine tumors of neu- 
ral crest origin (Reimund et al. 1992) including neurofi- 

bromatosis (Kissel and Amould 1954; Ichikawa et al. 

1981; Rosenberg et al. 1988), multiple endocrine ade- 

nomatosis type 2A (Rosenberg et al. 1988), parathyroid 

adenomas (Harada et al. 1987), and multiple carcinoid 
tumors of the small bowel (Reimund et al. 1992). Our 
results raise the possibility that somatic loss of heterozy- 

gosity of the DM kinase gene might contribute to the 
development of these tumors. Moreover, because of the 

high conservation of gene networks during evolution 
(Noll 1993), a study of the genes that interact with wts 

might shed light on the molecular mechanisms leading 

to myotonic dystrophy. 

Mater ia l s  and m e t h o d s  

General procedures 

Standard procedures such as the isolation of genomic DNA, the 
construction and screening of genomic libraries, chromosomal 
walking, whole-genome Southern analysis, in situ hybridiza- 
tion to salivary gland chromosomes, isolation, and Northern 
analysis of poly(A) + RNA, and reverse Northern analysis were 
carried out essentially as described (Frei et al. 1985i Kilchherr et 
al. 1986). The DNA sequences flanking P-element insertions 
were recovered by plasmid rescue (Pirrotta 1986). 

Generation of deficiencies 

Most of the chromosome deficiencies defining the wts 
gene (Df(3R)A177der20, Df(3R)A177der21, Df(3R)A177der25, 
Df(3R)A177der26, and Df(3R)A177.X1; see Figs. 6 and 7) were 
recovered as yray-induced losses of the ry + P-element inser- 
tion, P[IArB]A177, kindly provided by Hugo Bellen (Baylor Col- 
lege of Medicine, Houston, TX). Homozygous P[1ArB]A177 flies 
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were irradiated with 4000 fads of gamma rays, and ry- F 1 prog- 

eny were selected. After establishing a balanced stock, each 

P[1ArB]A177-derived chromosome was tested for effects on mi- 

totic clone growth by inducing mitotic recombination in het- 

erozygous larvae at a series of stages. Each of these deficiency 

chromosomes was also tested for complementation with other 

mutations, deficiencies and duplications in the 100A-100B in- 

terval (Fig. 6). In some cases, deficiencies were tested for their 

effects on mitotic clone growth in the presence of the duplica- 

tion Dp(3; Y)A113. We also recovered an informative deficiency 

using a direct screening procedure to identify mutations of tu- 

mor-suppressor genes based on their phenotype in mitotic re- 

combination clones in the F~ generation. This procedure takes 

advantage of transgenic flies in which a yeast site-specific FLP 

recombinase gene has been placed under the control of a Droso- 

phila heat shock promoter and integrated into the Drosophila 

genome (Golic and Lindquist 1989). FLP recombinase target se- 

quences (FRTs), also derived from yeast and required in ho- 

mozygous form as targets for the FLP recombinase, have been 

integrated into several proximal sites on Drosophila chromo- 

somes (Golic and Lindquist 1989). Heat shock of flies carrying 

the FLP recombinase construct and homozygous for an FRT 

target site leads to mitotic recombination clone frequencies of 

well over one per fly (Golic 1991). Males homozygous for an 

FRT on the proximal part of chromosome arm 3R were muta- 

genized with 4000 rads of ,/rays and crossed to females carrying 

the same FRT insert on 3R, as well as the FLP recombinase gene 

on the X chromosome. The resulting larvae were heat-shocked 

for 1 hr at 37~ at 3.5 days (third larval instar) to induce mitotic 

recombination in the developing imaginal discs. Adult progeny 

were selected that had any outgrowths, and these were tested by 

crossing to Df(3R)A177der20, a deficiency known to include the 

wts gene. Those chromosomes that failed to complement 

Df(3R)A177der20 were then retested for the wts phenotype in -f 

radiation-induced mitotic clones and in FLP-FRT recombina- 

tion clones. From this screen we obtained the deficiency 

Df(3R)P75A.A1. 

P-element mutagenesis 

In a large-scale phenotype-independent screen for P-element in- 

sertions (N. Walter, M. Jenni, A. Fritz, O. Zilian, M. Noll, and 

E. Hafen, unpubl.) into the cloned chromosomal region delim- 

ited by the proximal breakpoints of Df(3R)A177.X1 and 

Df(3R)All3, a single P-element insertion, P509-19, was ob- 

tained (Fig. 7), which was homozygous viable and without ap- 
parent phenotype. This element, a P-lacW (Bier et al. 1989), was 

remobilized in a subsequent screen for insertions in the wts 

gene by taking advantage of the fact that P elements preferen- 

tially insert into nearby sites ("local hops"; Tower et al. 1993; 

Zhang and Spradling 1993). This was achieved by crossing 
w 11 ~8;P509_19/P509-19 flies to w flies carrying the stable geno- 

mic transposase source A2-3, located at 99B on the balancer 

chromosome TMS (Robertson et al. 1988). The w; P509-19/ 

TMS, Sb a2-3 female offspring were mated with w males, and 

their larval progeny were irradiated at 3--4 days after egg laying 

with 1000 rads of 7 rays to induce mitotic recombina- 

tion of the potentially wts-  third chromosomes. The resulting 

adults were then examined for the presence of epithelial tumors 

similar to those produced by the wts deficiencies. The fre- 

quency of tumorous flies among flies of the appropriate geno- 

type was 0.72% (n-20,000). Then we tested the third chromo- 

somes from these tumorous flies for complementation with 

Df(3R)A177der20 or Df(3R)P75A.A1 and recovered the mutant 
third chromosomes in balanced stocks. All of the tested chro- 

mosomes fail to complement either Df(3R)A177der20 or 

Df(3R)P75A.A1 (Fig. 6) and all of them show the warts pheno- 

type in mitotic recombination clones; therefore, we designate 

them wts-.  Thirty two of these wts- chromosomes (designated 

wtsm-wts p32) show retention of some white + activity of the P 

element, producing variegated eyes or eye colors ranging from 

yellow to red. These could represent insertions of the P element 

into the wts gene, presumably at different sites in view of the 

differences in white + expression. Alternatively, they could rep- 

resent mobilization to other sites on the third chromosome ac- 

companied by imprecise excision of P509-19. Thirteen wts-  

chromosomes (designated wtsEl-wts E13) have lost white + activ- 

ity and are presumed to represent imprecise excisions of the P 

element or insertions associated with complete inactivation of 

white + in the eye. 

Isolation of cDNA clones and RACE 

Preparation of eDNA libraries from poly(A) + RNA from adult 

Oregon-R females (Watson et al. 1992), from 4- to 8-hr-old em- 

bryos (Schneitz et al. 1993), and from imaginal discs was as 

described, and isolation of eDNA clones 3a (from adult females), 

4g (from imaginal discs), and cBL9.1.3-1, cBL9.1.3-2, cBL9.1.3-3, 

cBL9.1.3-4, cBLg. 1.3-5 (from embryos) was carried out according 

to standard procedures. To clone a eDNA that includes the tran- 

scriptional start site of the wts mRNA, the 5' RACE technique 

was applied to poly(A) + RNA from 8- to 12-hr-old embryos or 

from late third instar larvae, using the 5' Amplifinder RACE kit 

and following the instructions of Clontech. 

DNA sequencing 

DNA sequencing by the dideoxynucleotide method was carried 

out by PCR sequencing (Life Technologies) using both external 

(T7 and T3) and internal primers, synthesized by Operon Tech- 

nologies, or with a DNA sequencer model 373A using dye ter- 

minators (Applied Biosystems Inc.). 
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