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Drosophila tumor suppressor PTEN
controls cell size and number
by antagonizing the Chico/PI3-kinase

signaling pathway
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The human tumor suppressor gene PTEN encodes a putative cytoskeleton-associated molecule with both
protein phosphatase and phosphatidylinositol 3,4,5-trisphosphate (PIP3) 3-phosphatase activities. In cell
culture, the lipid phosphatase activity of this protein is involved in regulating cell proliferation and survival,
but the mechanism by which PTEN inhibits tumorigenesis in vivo is not fully established. Here we show that
the highly evolutionarily conserved Drosophila PTEN homolog, DPTEN, suppresses hyperplastic growth in
flies by reducing cell size and number. We demonstrate that DPTEN modulates tissue mass by acting
antagonistically to the Drosophila Class I phosphatidylinositol 3-kinase, Dp110, and its upstream activator
Chico, an insulin receptor substrate homolog. Surprisingly, although DPTEN does not generally affect cell fate
determination, it does appear to regulate the subcellular organization of the actin cytoskeleton in multiple cell
types. From these data, we propose that DPTEN has a complex role in regulating tissue and body size. It acts
in opposition to Dp110 to control cell number and growth, while coordinately influencing events at the cell

periphery via its effects on the actin cytoskeleton.
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The human tumor suppressor gene PTEN (phosphatase
and tensin homolog on chromosome 10; Li et al. 1997a),
which is also known as MMACI (Steck et al. 1997) or
TEP1 (Li and Sun 1997), has been implicated in a diverse
range of tumors (for review, see Myers and Tonks 1997;
Smith and Ashworth 1998). In fact, it is the most com-
monly mutated gene in some forms of malignancy, such
as glioma (Wang et al. 1997). PTEN is also linked to two
dominantly inherited disorders—Cowden Disease and
Bannayan-Zonana Syndrome (CD and BZS, respectively;
Marsh et al. 1998), which lead to multiple defects, in-
cluding excessive developmental growth of specific
structures such as digits, the formation of many benign
outgrowths known as hamartomas, and an increased oc-
currence of cancer.

The PTEN protein contains a protein phosphatase do-
main with similarity to dual specificity phosphatases (Li
et al. 1997a; Li and Sun 1997; Steck et al. 1997). This is
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embedded within a domain with homology to an actin-
binding motif in the focal adhesion-associated protein
tensin. Immunohistochemical evidence has suggested
that like tensin, PTEN is associated with the cytoskele-
ton (Li and Sun 1997).

In vitro, PTEN can dephosphorylate acidic polypeptide
substrates (Myers et al. 1997), a key component of focal
adhesions called focal adhesion kinase (FAK; Tamura et
al. 1998) and the SH2-phosphotyrosine adaptor protein
She (Gu et al. 1999). It has recently been shown, how-
ever, that PTEN also has phosphoinositide 3-phospha-
tase activity (Maehama and Dixon 1998; Myers et al.
1998), which catalyzes the interconversion of two key
lipid messengers in the cell, phosphatidylinositol 3,4,5-
trisphosphate (PIP3) and phosphatidylinositol 4,5-bis-
phosphate (PIP2; Leevers et al. 1999). A missense muta-
tion in PTEN, G129E, which has been linked to tumori-
genesis, appears to disrupt only the lipid phosphatase
activity of this molecule (Furnari et al. 1998; Myers et al.
1998), suggesting that this activity has an important role
in growth control.

Several groups have generated PTEN knockout mice

3244 GENES & DEVELOPMENT 13:3244-3258 © 1999 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/99 $5.00; www.genesdev.org


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on May 5, 2024 - Published by Cold Spring Harbor Laboratory Press

and shown that they die during embryogenesis (Di
Cristofano et al. 1998; Stambolic et al. 1998; Suzuki
et al. 1998). The precise developmental defects in these
embryos have not been characterized, but tissue growth
appears to be affected (Stambolic et al. 1998). Studies
in cell culture have indicated that PTEN can control
cell number by regulating both cell proliferation and
survival. In fibroblasts cultured from PTEN mutant
mice, protein kinase B (PKB or Akt), a downstream
effector of PIP3, is hyperactivated and promotes cell
survival (Stambolic et al. 1998). This indicates that
PTEN'’s lipid phosphatase activity has an important
role in regulating cell number. Furthermore, overexpres-
sion of wild-type and mutant PTEN proteins in glioma
cells has demonstrated that the lipid phosphatase ac-
tivity of this molecule can produce a serum-sensi-
tive cell cycle arrest in G, phase, thereby suppressing
cell proliferation (Furnari et al. 1998). Other experi-
ments in cell culture, however, have implicated the
protein phosphatase activity of PTEN in some of its bio-
logical functions. In particular, overexpression of wild-
type PTEN and mutant PTEN lacking lipid phosphatase
activity can reduce levels of FAK phosphorylation and
the formation of focal adhesions, thereby inhibiting cell
migration and invasiveness (Tamura et al. 1998). There-
fore, the antitumorigenic effects of PTEN in vivo may
involve both its lipid and protein phosphatase activities,
but the relative contributions of each activity remain
unclear.

Homologs of PTEN have been identified in both yeast
(Li et al. 1997b) and the nematode Caenorhabditis el-
egans (Ogg and Ruvkun 1998). In nematodes, genetic
studies have demonstrated that the daf-18 gene encodes
a PTEN homolog that regulates metabolism and devel-
opmental timing via its lipid phosphatase activity. daf-
18, however, does not appear to affect tissue growth sig-
nificantly, limiting the usefulness of nematodes as a
model system to study the antitumorigenic functions of
PTEN in vivo.

Here we describe the cloning and genetic characteriza-
tion of a highly evolutionarily conserved Drosophila ho-
molog of PTEN, DPTEN. We show that DPTEN not only
controls cell number in flies, but also affects the size of
cells and appears to have a general role in regulating the
subcellular organization of the actin cytoskeleton. Al-
though the mechanism by which DPTEN modulates the
cytoskeleton remains unclear, the effects on cell size and
number are antagonized by the Drosophila class I PI3—
kinase homolog Dp110 (Leevers et al. 1996), the enzyme
that converts PIP2 into PIP3, suggesting that the lipid
phosphatase activity of DPTEN is involved in growth
control. Loss of DPTEN function completely suppresses
the severe reduction in tissue growth caused by muta-
tions in chico, which encodes a component of the insulin
receptor complex that activates Dpl10 and regulates
body size (B6hni et al. 1999). Our results indicate that
the effects on growth in DPTEN mutant tissue are coor-
dinated with changes in the actin cytoskeleton, which
may be important in controlling the spreading of hyper-
plastic mutant cells.

Growth control by Drosophila PTEN

Results
Identification of Drosophila PTEN

We have analyzed two Drosophila genes previously,
Dror, encoding a neural-specific receptor tyrosine kinase
(Wilson et al. 1993), and basket, encoding the homolog of
c-Jun amino-terminal kinase (Sluss et al. 1996; Riesgo-
Escovar et al. 1996), which map adjacent to each other at
31B/C on the second chromosome (Fig. 1A). Several de-
ficiency chromosomes were characterized that uncover
one or both of these genes and also affect the adjacent
gene chico, which codes for a homolog of mammalian
insulin receptor substrates, IRS1-4 (Bohni et al. 1999).
One of these deficiencies, Df(2L)170B, was of particular
interest because it deletes sequences proximal to Dror
and produced an overgrowth phenotype in homozygous
clones. This effect was not observed with deficiencies
[Df(2L)41C and Df(2L)147F] that only delete Dror,
DJNK, and chico (Fig. 1A). Clones generated with these
smaller deficiencies contain reduced numbers of small
cells attributable to the loss of chico function (Béhni et
al. 1999; data not shown). During a chemical mutagen-
esis screen using the Df(2L)170B chromosome, we iden-
tified a new lethal complementation group that maps
proximal to Dror and affects tissue growth. Sequence
analysis of genomic and cDNA clones revealed a novel
gene at this locus encoding the Drosophila PTEN homo-
log, DPTEN (Figs. 1B,2).

The DPTEN transcription unit is just over 4 kb in
length, contains 11 introns and produces a transcript of
(2.2 kb, which encodes a conceptual protein of 509
amino acids. Upstream of the putative translation start
site, there is at least one stop codon in every reading
frame. Sequence analysis of multiple cDNAs and com-
parison with the DPTEN genomic sequence revealed two
notable features (Fig. 1B). First, some cDNAs contain a
9-bp deletion at genomic position 3001 that removes
three amino acids from the encoded protein; a cDNA
with this deletion (clone 5C) has rescue activity (see be-
low), and the deletion has also been identified in geno-
mic DNA from at least one Drosophila strain (data not
shown), indicating it is a polymorphism. Second, there
are two alternatively spliced DPTEN mRNAs, producing
proteins differing by a few amino acids at their carboxyl
termini (see Fig. 1B). We have used a putative full-length
cDNA, which includes exon 11 sequences and therefore
encodes the shorter form of DPTEN, for subsequent res-
cue experiments.

The predicted DPTEN protein was aligned and com-
pared with other known PTEN homologs. The amino-
terminal half of the DPTEN protein has been particu-
larly highly conserved over evolution, sharing [65%
identity with human PTEN in this region (Fig. 2; Li et al.
1997a; Steck et al. 1997) and (40% and 30% identity,
respectively, with the more divergent Caenorhabditis el-
egans (Ogg and Ruvkun 1998) and yeast (Li et al. 1997b)
PTEN homologs. Like its counterparts in other organ-
isms, DPTEN contains a putative protein phosphatase
motif within a larger region related to an actin binding
domain in the cytoskeletal protein tensin. A number of
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TTACGAGTAT ACTAGCAGAG ACAGGCTTAC ACAGATCCAC TTCCTTTCAC GGGGAACCGA TCGATTACAG CTGCGCTCTG CACATCTGTT TAGAATTTAA 3600
TGTACATAGY tgagtgagtyg ggagcccatg cctgcggotc gaatggtcaa ctaaccggea atccttaatc agtatccgca tcgattttca tcacacatce 3700
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gactagctat ttcactgttg ctgttgaaaa ctaaatatcc tgaagcagaa tgtgtctbtt gtgtgtttca tcatcatcaa aagtcttctg cttttaatte 3900
attcatgcta ttttgatttt tatcgtattce tcgttgagtt ttagttaata aattcattaa gcttgtttga aaaaaaaaat cgaaaataar aaagaatatt 4000
tttotttatt tccagGPGAA TCAACATACC TGTAATCAAT GOTTATTACG GACTTATAAT TCTTGGTGAT TTAGCAAAGT AATTAAAATT GCTAAGTAAT 4100

E T Y M 513
TGGCTAATCT ATTCGAATTT GTAAATATAC TGTATGATAT TTATTTAAGT AGTTTTAACA ATTATTTTAA ATAAACTCAT GTACATTTTG TATTGTAGAT 4200
TTCattcgaa ctttgggttt ttgtctaaag taagggggga gaaataattg acgtttagaa aaaaatactt aaatttatag ttttgatctc gaaactagtt 4300
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amino acids shared by all members of the PTEN family
are not present in other protein phosphatases or tensin
family members (Fig. 2). These residues may have an
important role in the specific functions of PTEN, such as
its phosphoinositide 3-phosphatase activity. Sequence
comparison of the carboxy-terminal half of DPTEN with
human PTEN also highlights a number of conserved re-
gions (Fig. 2), which may be involved in the regulation of
this molecule. Drosophila should therefore provide a
powerful in vivo model to study PTEN function, particu-
larly because nearly all the residues that are known to be
affected by missense mutations in cancer or PTEN-
linked dominant genetic disorders in humans (Maehama
and Dixon 1999) are conserved in the DPTEN protein
(Fig. 2).

To confirm that the DPTEN gene is allelic to the novel
complementation group we had identified, constructs
containing a genomic copy of DPTEN (Fig. 1A) and a
DPTEN cDNA under the control of the hsp70 promoter
were introduced into flies and tested for rescue activity.
Flies transheterozygous for Df(2L)170B and any of three
different alleles in the complementation group die as late
embryos or early first-instar larvae. This lethality was
rescued by both the genomic construct and by the non-
induced expression of the hs—DPTEN cDNA construct
at 25°C, thereby demonstrating that the mutations are
DPTEN alleles.

DPTEN regulates cell number and size and affects
assembly of specific cytoskeleton-dependent structures

Because animals transheterozygous for strong DPTEN al-
leles die with no obvious phenotypes, we investigated
the functions of this gene further by generating homo-
zygous mutant clones in heterozygous animals using the
FLP/FRT system (Xu and Rubin 1993). We found that
two DPTEN alleles, DPTEN? and DPTEN®, produced
growth phenotypes slightly more severe than those gen-

Growth control by Drosophila PTEN

erated by Df(2L)170B, the chromosomal deficiency de-
leting DPTEN, Dror, DJNK, and chico (Fig. 1A). DPTEN?
and DPTEN® also behaved similarly to the deficiency in
combination with a weak, nonlethal DPTEN mutation
(D. Goberdhan and C. Wilson, unpubl.), suggesting that
they are strong or null DPTEN alleles.

The adult compound eye in Drosophila is composed of
(700 regularly arranged unit eyes or ommatidia, each
containing the same complement of photoreceptors and
accessory cells. Mutant clones can be generated in the
eye and other tissues by somatic recombination of ho-
mologous chromosomes in heterozygous animals. If only
the nonmutant chromosome and not the mutant chro-
mosome is marked with a copy of the white (w*) gene,
mutant clones can be distinguished by the absence of
pigment. The wild-type twin spot resulting from a re-
combination event with these chromosomes contains
increased levels of pigment relative to the remainder of
the eye, as the cells in this region carry two copies of the
w" gene. Ommatidia within clones homozygous for
DPTEN', DPTEN?®, or Df(2L)170B were enlarged and
bulged from the surface of the eye (for examples, see Figs.
3, A,B,D, and 4, A-C). Ommatidial facets were occasion-
ally fused, and there were frequently clusters of morpho-
logically abnormal interommatidial bristles or clustered
sockets in mutant regions, particularly (but not exclu-
sively) in the dorsal half of the eye (Fig. 3D-F). To assess
the effect of loss of DPTEN function on the regulation
of cell number, we compared the numbers of ommatidia
in multiple mutant clones and their wild-type twin
spots. Mutant clones typically contained at least twice
as many ommatidia as neighboring twin spots [the ratio
of ommatidia in mutant versus wild-type tissue was
2.72 +0.95 (n = 58); e.g., see Fig. 3A], suggesting that mu-
tant cells overproliferate, a result supported by analysis
of clones at larval stages (see below; e.g., Fig. 7C, below).
The largest DPTEN clones included more than half of
the adult eye and formed a hyperplastic tumor-like over-
growth (Fig. 3C). This hyperplastic phenotype, however,

Figure 1. Molecular characterization of DPTEN. (A) Chromosomal location of DPTEN. The DPTEN gene resides at 31B/C on the

second chromosome in a locus including the genes Dror (Wilson et al. 1993), bsk/DJNK (Riesgo-Escovar 1996; Sluss et al. 1996), and
chico (Bohni et al. 1999). For our analysis, we employed three deficiencies generated by imprecise excision of a P element that disrupts
chico [fs(2)4%; see Sluss et al. 1996; Bohni et al. 1999]. Df(2L)41C deletes the 5’ half of the Dror gene; embryos homozygous for this
deficiency fail to express Dror transcripts (data not shown), indicating that it is null for Dror. EMS-induced mutations in DPTEN map
proximal to Dror, as they fail to complement the largest deficiency, Df(2L)170B, but complement Df(2L)41C and Df(2L)147F. Figure
also shows the extent of a genomic rescue construct, vivl, used in this study. Restriction enzyme sites: BamHI (B); EcoRI (E); HindIII
(H); Sall (S); Xbal (X). (B) Sequence of the DPTEN genomic locus. Comparison of multiple DPTEN cDNA clones indicates that the
DPTEN gene encodes a transcript of at least 2.2 kb (uppercase nucleotides), containing an ORF of 509 amino acids (in bold below the
nucleotide sequence; stop codons are represented by asterisks). The first nucleotide of the longest available cDNA is designated
nucleotide one. The transcription unit is interrupted by 11 introns (lowercase nucleotides), all including the consensus sequences for
5’ donor and 3’ acceptor splice junctions (Mount 1982). Two methionine residues are found within the first eight residues of the ORF.
The amino-terminal methionine, which is preceded by stop codons (underscored) in all three reading frames, is likely to be the
translation initiator, because it matches the translation start consensus ([C/AJAA[C/A]ATG; Cavener 1987), except that an additional
T has been inserted directly 5’ of the ATG, a feature also found in the eyeless gene (Quiring et al. 1994). The consensus polyadenylation
signal site (position 4168; underscored) is located [BO bases upstream of the polyA tail (which in different cDNAs is located either at
position 4197 or 4203; additional bases in extended transcript are in italics). Some cDNA and genomic sequences have a polymorphic
deletion; they lack nine nucleotides from positions 3001 to 3009 (bold). All other polymorphisms do not affect the encoded DPTEN
protein; they are also shown in bold (see also Materials and Methods). One ¢cDNA (clone 6C) is derived from an alternatively spliced
mRNA (dotted line in Fig. 1A; creating a splice fusion between nucleotides 3124 and 4016) that lacks exon 11 sequences (nucleotides
3397-3609) and therefore encodes a protein containing an additional 5 amino acids (italicized) at its carboxyl terminus.
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YyTEP1 262 .IB agx AT LR PSSLITS IVT’LE'EIQH DDRNALLTRKVVYS

DPTEN 243

hPTEN 239

DAF18 1309

yTEP1 321

DPTEN 289 RN..........cooouunen.... ishE. . . ..

hPTEN 281 pGPME s . LCBOERDBICERIERABN. . . . .

DAF18 360 CDGGLNGG TQP GRKUEMRRN

YTEPL 380 IIKEEERP RL REE LErGELS|

DPTEN 317 [EsEHEIRSOnEES EAENFSNDVQAE
hPTEN 330 |$8 _ SNPEAS STSVTP
DAF18 418 PPGLEJNE IEB0ANE TNY ;1 RYTISKILEBRHEK

DPTEN 375 KKVLT gﬁ SQOTIETLERKDIVTKIQYETSTNERNT S THCEREC PNSKTLLPSLN
hPTEN 389 NEPFDEDOHTS IV *

DAF18 478 SGKSGRHRGVGGPFEIPYKAEEEVLTFPVYEMBRAL KGO NNEMELEVVLRCVDTRDSK
DPTEN 435 DS KRIEHT TRETDLKWONSEVE I TSDTRS INENKNINYNEY ITCKESSPK
DAF18 538 MMEgSEEFGNL LOATOMYPKWFPEPCAFGSKGAEMHYP YSSDGKY

DPTEN 495 FNC DG 1 R

DAF18 598 NGAEEN E%FEHRNIAVLNRYCRYFYKQRSTSRSRYPRKFRYCPLIKKHFYIPA— --
Figure 2. The PTEN protein family. The predicted DPTEN protein was compared with human PTEN (hPTEN; Steck et al. 1997; Li
etal. 1997a), C. elegans PTEN (DAF-18; the carboxy-terminal portion of this 965-amino-acid protein is omitted; Ogg and Ruvkun 1998)
and the yeast PTEN homolog TEP1 (yTEP1 or YNL128W; Li et al. 1997b). Identical amino acids are shaded in black and conservative
changes in gray. The extent of the tensin domain is demarcated by arrows. Three regions within this domain that are required for
phosphatase activity are underscored, including the highly conserved phosphatase signature motif (bold underline; Myers et al. 1997).
The positions of missense mutations identified in cancer or in dominant genetic disorders are marked by asterisks (Maechama and
Dixon 1999). All but one of the affected residues are identical in DPTEN. Crosses above the sequence highlight PTEN-specific amino
acids that are not found in other known members of either the phosphatase or tensin families.
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Figure 3. DPTEN regulates adult eye development. Light mi-
crograph (A) and scanning electron micrographs (B-F) of eye
clones homozygous for DPTEN! (A,C-F) and Df(2L)170B (B).
When compared with heterozygous tissue (white arrows in
A-D), mutant regions (black arrows; in A, the mutant region is
the nonpigmented region that does not express the w* gene)
contain enlarged ommatidial facets and aberrant clusters of up
to four interommatidial bristles (seen at higher magnification in
E). There are also more ommatidia in mutant clones than in
adjacent wild-type twin spots (darker pigmented regions that
express two copies of the w* gene; marked with black arrow-
heads in A). Bristles are nonuniform in thickness, morphology,
and length (D-F; shorter in E, several times longer in F). The
arrangement of actin bundles within these bristles is abnormal
(F). The genotypes of flies were y, w, hsFLP1; DPTEN?, P[ry*;
hs-neo; FRT[40A/P[ry*; w*|30C, P[ry*; hs—neo; FRT]40A (A,C-
F) and y, w, hsFLP1; Df(2L)170B, P[ry*; hs—neo; FRT]40A/P[ry*;
w*]30C, P[ry*; hs-neo; FRT]40A (B).

is mild compared with the effects of several other tumor
suppressor mutations in Drosophila (Gateff and Mechler
1989; Xu et al. 1995).

Sections demonstrated that the number and identi-
ties of ommatidial cells were not obviously altered in
DPTEN mutant clones, indicating that this gene does
not have a major role in specifying cell fate in the eye.
Analysis of nonpigmented mutant clones, however, re-
vealed that the cell bodies of all mutant photoreceptors,
but not their wild-type/heterozygous neighbors were
greatly enlarged (Fig. 4A,C). By using a w*-marked mu-
tant chromosome to visualize the pigment cell layer in
clones, it was possible to show that the volume of this
layer was also increased (Fig. 4B). These cellular growth
defects account for the increased size of mutant omma-
tidia. Furthermore, in mutant photoreceptors, the light-
sensing rhabdomeres were elliptical and not circular in
cross-section (Fig. 4A-D). This phenotype is observed in
several mutants that are believed to affect assembly of
the actin cytoskeleton (Fischer-Vize and Mosley 1994;
Treisman et al. 1997; Thomas et al. 1998). Analysis of
ommatidia containing both wild-type and mutant pho-
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Figure 4. DPTEN controls cell size and architecture. (A-C)
Cross sections through eyes containing clonal tissue homozy-
gous for a w DPTEN’ chromosome (A,C) and a w* DPTEN®
chromosome (B). In A and C, w mutant photoreceptors can be
distinguished from their phenotypically wild-type pigmented
neighbors (cf. Fig. 3A). In contrast, w* mutant pigment cells in
B carry two copies of the the w* gene and are therefore more
pigmented than their phenotypically wild-type neighbors. In A
and B, mutant (black arrow) and normal heterozygous (white
arrow) tissues are indicated. Although the polarity of mutant
ommatidia is largely unaffected, w photoreceptor cell bodies (4;
only low levels of pigment are seen in the heterozygous tissue in
this sample) and w* pigment cells (B) lacking DPTEN are in-
creased in size. Also note the elliptical structure of mutant
rhabdomeres. Rhabdomeres from mutant and phenotypically
wild-type photoreceptors are marked with black and white ar-
rowheads respectively in C. Multiple ommatidia of mixed ge-
notype in C reveal that the effects on size and rhabdomere mor-
phology are cell-autonomous; the inset shows a single omma-
tidium (black arrow) in which the two mutant photoreceptors
present are marked (black arrowheads) together with two phe-
notypically wild-type photoreceptors (white arrowheads). (D,E)
Wings containing clonal tissue homozygous for Df(2L)170B (D;
note that this fly also carried the DJNK genomic rescue con-
struct pWZ; Riesgo-Escovar et al. 1996) and for DPTEN? (E).
Clones were marked with the forked mutation (unshaded re-
gions). Mutant cells are enlarged, and frequently cross-veins fail
to extend from wild-type tissue (white arrowheads) into the
mutant region (black arrowheads), although occasionally addi-
tional cross-veins are observed (data not shown). A minority of
mutant cells contains duplicated wing hairs (black arrows). The
genotypes of the flies were y, w, hsFLP1; DPTEN?, P[ry*; hs—
neo; FRTJ40A /P[ry*; w*]30C, P[ry*; hs-neo; FRT]40A (A,C), y,
w, hsFLP1; P[ry*; w*]30C, DPTEN®, P[ry*; hs-neo; FRTJ40A/
Plry*; hs-neo; FRTJ40A (B), y, w, hsFLP1, f3%%; Df(2L)170B,
P[ry*; hs-neo; FRT]40A/P [f*]30B, P[ry*; hs-neo; FRTJ40A;
pWZ/+ (D) and y, w, hsFLP1, f*°¢, DPTEN!, P[ry*; hs-neo;
FRT]40A/P[f*]30B, P[ry*; hs—neo; FRT]40A (E).
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toreceptors revealed that both the cell size and rhabdo-
meric phenotypes were cell-autonomous (Fig. 4C, inset).

Cells in the wing, each of which normally possesses a
single wing hair, were also significantly enlarged in mu-
tant DPTEN clones (Fig. 4E, F). Wing hairs were occasion-
ally duplicated, a defect observed under conditions
where the cytoskeleton of wing epithelial cells is dis-
rupted (Eaton et al. 1996). In addition, crossvein forma-
tion in the wing, a process involving specialized contacts
between wing epithelial cells and the extracellular ma-
trix (ECM; Fristrom et al. 1993), was abnormal in mutant
regions. In [70% of cases, anterior cross-veins were ab-
sent or partially absent in mutant clones, whereas the
posterior cross-vein was affected in [(B5% of cases (Fig.
4D,E). Occasionally, extra wing vein material was ob-
served (data not shown). Longitudinal veins were af-
fected only very rarely.

DPTEN and Dp110 act antagonistically in regulating
cell size and proliferation

In mammals it has been proposed that PTEN regulates
cell growth via its PIP3 3-phosphatase activity (Furnari
et al. 1998; Maehama and Dixon 1998; Myers et al. 1998;
Stambolic et al. 1998). DPTEN may also regulate growth
similarly, as recombinant DPTEN protein derived from
the cDNA used in this study behaves like its mamma-
lian counterpart, exhibiting both IP4- and PIP3 3-phos-
phatase activity (I. Pass, G. McConnachie, and C.P.
Downes, pers. comm.).

Our analysis of mutant DPTEN clones in the eye and
wing indicated that DPTEN not only regulates cell num-
ber, but also cell size, and this leads to hyperplastic
growth in mutant tissue. Interestingly, both overexpres-
sion of a dominant negative form of Dpl110/PI3-kinase
(Leevers et al. 1996) and mutations either in the Dro-
sophila insulin receptor (Chen et al. 1996) or in chico/

IRS1-4 (Bohni et al. 1999) reduce cell size as well as pro-
liferation. Furthermore, overexpression of wild-type and
activated forms of Dp110 produces similar size and pro-
liferation defects to those seen in DPTEN mutant cells
(Leevers et al. 1996). These observations are consistent
with a model, in which growth is regulated in Dro-
sophila by specific phosphoinositides, whose levels are
controlled by the balance of DPTEN and Dpl110 activi-
ties. To test this idea, we investigated whether growth
could be affected by increasing DPTEN expression and
whether DPTEN mutations interacted genetically with
components of the insulin receptor/Dpll0 signaling
pathway.

A wild-type DPTEN cDNA was overexpressed in a spe-
cific region of the wing using the GAL4-UAS system
(Brand and Perrimon 1993). Initially we used flies carry-
ing a dpp-GAL4 construct (Staehling-Hampton and
Hoffmann 1994), which drives gene expression in cells
that will normally populate the region between the third
and fourth longitudinal wing veins (LIII and LIV). Over-
expression of DPTEN reduced the size of this region by
nearly 25% compared with wild type (Fig. 5C). This was
not a consequence of a general reduction in wing size in
overexpressing flies, as an adjacent area of the wing be-
tween LIV and LV was essentially unaffected. The effect
on wing area was similar to that produced by overexpres-
sion of Dp110”?°#4 a dominant-negative, kinase-dead
version of Dp110 (Fig. 5B; Leevers et al. 1996). The re-
duction was caused by both a decrease in cell size and
cell number and was opposite to the effect of overex-
pressing an activated, membrane-associated form of
Dpl10, Dpl10-CAAX, in the same region (Table 1;
Leevers et al. 1996).

To test whether DPTEN’s growth regulatory functions
are primarily mediated by its effects on the insulin re-
ceptor-Dp110 signaling pathway and not by an indepen-
dent signaling cascade, we searched for genetic effects of

Figure 5. DPTEN acts antagonistically to the PI3-kinase
Dpl10 in the wing. (A-C) Wings from flies carrying the
dpp—GAL4 driver alone (A), or expressing either a kinase-
dead, dominant-negative form of Dp110, Dp110P*>%* (B,
Leevers et al. 1996), or wild-type DPTEN (C) under the
control of dpp-GAL4 (Staehling-Hampton and Hoffmann
1994), which expresses GAL4 between wing veins LIII
and LIV (arrowheads; wing veins LI to LV are marked in
A). The area between these wing veins (called area 1) is
reduced by [25% in both B and C (see Table 1). (D-F)
Wings from flies carrying the MS1096 driver alone (D) or
expressing Dp110”%°*4 under the control of the MS1096
driver (E,F), which expresses GAL4 in the wing, particu-
larly on the dorsal surface (Leevers et al. 1996; Capdevila
and Guerrero 1994), thereby reducing wing area in E by
>30%. In F, the fly is also heterozygous for DPTEN?, par-
tially suppressing this phenotype. The wing area in-
creases by >8% compared with E, a 25% suppression of
the reduced wing phenotype (see Materials and Methods).
The genotypes of flies were w; Sp/+; P[w*; dpp-GAL4]/+

(A), w; P[w*; UAS-Dp110P°>%4]/P[w*; dpp—GALA4] (B), w; P[w*; UAS-DPTEN (FF20.2)]/Sp; P[w*; dpp-GAL4]/+ (C), w, P[w*; MS1096—-
GAL4]/w (D), w, P[w"; MS1096-GAL4]/w; P[w*; UAS-Dp110°°%*4]/+ (E), and w, P[w"; MS1096-GAL4]/w; DPTEN"/+; P[w"; UAS-

Dp110P?544]/+ (F).
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Table 1. Overexpression of DPTEN reduces cell size and number in the adult wing
1 2 3 4 5 6 7 8 9

Percent

difference
in area Cell density No. of  Cell area
Areal Area II Area I/ ratio vs. of area I cellsin  inareal

Genotype? No. (10° um2® (10° pm?)°  area II control® (1072 cells/um?2)  area I* (nm?2)®
UAS Dp110 CAAX/Sp; TM6/

+ (control) 4 2.62+0.06 2.80+0.07 0.94+0.01 0«1 55+02 1440+ 20 1816
UAS Dp110P?5*4 /dpp-GAL4 4 198+0.07 3.00+0.06 0.67+002 -26x2 6.5+0.2 1290 +30 154 =5
UAS DPTEN (FF20.2)/Sp;

dpp-GAL4[+ 6 215+0.09 293+0.10 0.72+0.02 -23+2 6.0+0.1 1340+ 10 166 +3
UAS DPTEN (FF20.6)/Sp;

dpp-GAL4[+ 6 2.23+008 3.03+0.07 0.74+£0.02 -21=x2 6.0+0.1 1280+50 167 +3
UAS WT Dp110/Sp; dpp-GAL4/+ 5 2.88+0.05 3.07+0.04 0.94=0.01 0=1 54+0.1 1510 50 185=+4
UAS Dp110 CAAX/Sp;

dpp-GAL4/+ 4 342+0.08 299+0.10 1.14+0.02 +21=x2 5.1+0.2 1740 £30 197 +6

2Second chromosomes carrying UAS transgenes were transheterozygous with a chromosome carrying Sternopleural (Sp), which does
not affect wing size significantly.

Pdpp-GAL4 primarily drives UAS-transgene expression in area I (the distal wing sector bounded by LIII, LIV, the wing margins, and
the anterior cross-vein).

“In area II (the distal wing sector bordered by LIV, LV, the wing margins, and the posterior cross-vein), which lies in the posterior wing

compartment, there is no dpp—-GAL4-driven UAS-transgene expression.

dArea I was compared to area II to control for variation in animal and wing size in different UAS-transgene lines and flies.
°Generated by comparing the value in column 5 with the control value in column 5.

Determined by counting number of wing hairs (each representing a single cell) in a defined rectangular area of 19,500 um? adjacent
to the intersection between the posterior cross-vein and LIV, and with the long edge of the rectangle parallel to LIII.

8Generated by multiplying the values in column 7 by those in column 3.

hReciprocal of column 7.

Data for two independent UAS-DPTEN insertions (FF20.2 and FF20.6) are presented.

DPTEN alleles on mutant phenotypes associated with
chico and Dp110. Because the IRS1-4 homolog Chico is
believed to transmit only part of the growth-promoting
signal from the Drosophila insulin receptor (Bohni et al.
1999), it is expected that Dpll0 activity and conse-
quently PIP3 production should be reduced, but not
eliminated in chico mutants. If DPTEN acts down-
stream of Chico to antagonize Dp110 by converting most
newly synthesized PIP3 into PIP2, loss of DPTEN should
produce excess levels of PIP3, even in a chico mutant.
In eye clones homozygous for specific chico alleles or
for the deficiencies, Df(2L)147F and Df(2L)41C, that
eliminate chico, bsk, and in the latter case Dror activi-
ties (Fig. 1A), cells were reduced significantly in size and
number relative to the twin spot (Bohni et al. 1999; data
not shown). In fact, most twin spots generated by recom-
bination are not associated with a visible mutant clone
(see Bohni et al. 1999 for discussion). In contrast, as de-
scribed above, cells homozygous for Df(2L)170B, a defi-
ciency that is null for chico, DJNK, Dror, and DPTEN
function were nearly as enlarged as cells mutant for spe-
cific DPTEN alleles (Figs. 3B and 4E). The external over-
growth phenotype observed in these clones (e.g., see Fig.
3B) was not seen in flies also carrying the DPTEN geno-
mic construct, vivl (Fig. 1A), demonstrating that loss of
DPTEN function has an essential part in generating this
phenotype. Multiple lines of evidence show that the two
other genes deleted in this deficiency, DJNK and Dror, do
not have a significant role in suppressing the chico phe-

notype. First, as discussed above, removal of both these
genes in Df(2L)41C clones within the eye did not affect
the chico phenotype; the clones were small and fre-
quently not visible externally. Furthermore, DJ/NK has
no reported role in cell growth control and Dror is a
neural-specific gene (Wilson et al. 1993), that would not
be anticipated to have a general effect on growth in struc-
tures like the wing. Finally, neither a DJNK genomic
construct (i.e., see Fig. 4D) nor a Dror genomic construct
(data not shown) had any effect on the external growth
defects produced by the Df(2L)170B deficiency. These
results demonstrate that DPTEN is epistatic to chico,
strongly supporting a role for DPTEN in modulating the
Chico-dependent growth promoting signal.

If DPTEN acts in opposition to Dpll0 to control
growth, coexpressing DPTEN with Dp110 should sup-
press the growth-promoting effects of the latter mol-
ecule. When the wild-type Dp110 gene was expressed
throughout the posterior compartment of the wing using
an engrailed (en)-GAL4 driver (a gift from A. Brand,
Wellcome/CRC Institute, Cambridge, UK), almost all
animals died as larvae or pupae, and those animals that
survived had distorted and crumpled wings. The poste-
rior compartment in these wings was greatly enlarged
relative to the anterior compartment (Fig. 6B). Overex-
pression of DPTEN using the same driver also decreased
viability, but in the 20% of flies that eclosed from pupae,
the posterior compartment was significantly reduced in
size (Fig. 6C). Flies overexpressing both genes had a
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much higher viability than those expressing either gene
alone (>95% of pupae eclosed). Furthermore, the poste-
rior compartment of the wing was nearly as reduced in
area as in animals overexpressing only DPTEN (Fig. 6D;
Materials and Methods), showing that DPTEN com-
pletely suppresses the growth-promoting effects of
Dp110 in this system.

Finally, we also observed that DPTEN mutations
dominantly modify Dpl10-induced phenotypes in sev-
eral different allelic combinations. For example, overex-
pression of a kinase-dead form of Dp110 under the con-
trol of the wing-specific GAL4 driver MS1096 leads to a
30% reduction in wing area (Leevers et al. 1996). This
was partially suppressed in flies heterozygous for
DPTEN? or Df(2L)170B (Fig. 5D-F).

Taken together, these data demonstrate that DPTEN
controls growth in vivo by antagonizing Chico/Dpl110
signaling, and are consistent with a model in which
DPTEN primarily acts by dephosphorylating the growth
regulator PIP3. We conclude that the ratio of DPTEN and
PI3-kinase activities during development is a key regu-
latory determinant of growth in flies. Our results provide
important in vivo support for the hypothesis that a
change in this ratio in PTEN-linked cancers and domi-
nant genetic disorders underlies the growth defects in
these diseases.

DPTEN affects the organization of the actin
cytoskeleton in differentiating adult cells

The bristle, hair, and rhabdomere phenotypes observed
in DPTEN mutant tissue have not been reported in flies
defective in insulin or Dp110 signaling, indicating that
unlike the DPTEN-linked growth defects, these effects
are probably not caused simply by an increase in PIP3
levels. We analyzed DPTEN mutant clones in the larval
imaginal disks to determine whether there was an un-
derlying defect in microfilament organization during dif-
ferentiation that might explain these phenotypes.

3252 GENES & DEVELOPMENT

Figure 6. DPTEN completely suppresses the growth-
promoting activity of overexpressed Dp110 in the
wing. Wings from flies carrying the en-GAL4 driver
alone (A), or overexpressing Dp110 (B), DPTEN (C), or
both Dp110 and DPTEN (D) under en-GAL4/UAS
control in the posterior compartment of the wing.
The compartment boundary lies just anterior to LIV;
the posterior compartment therefore includes wing
veins LIV and LV (labeled in A and marked with ar-
rowheads in the other panels). Although the wing pro-
duced by overexpression of Dpl110 is crumpled and
distorted, note that its posterior compartment is en-
larged compared with the anterior compartment, a
phenotype most clearly seen in the region between
LIV and LV. In contrast, this area is reduced in flies
overexpressing DPTEN and overexpressing the com-
bination of DPTEN and Dpl10. The genotypes of
flies were w; P[w*; en-GAL4]/+ (A), w; P[w*; UAS-
Dp110]/P[w"; en-GAL4] (B), w; P[w"; UAS-DPTEN]/
P[w*; en-GAL4] (C), and w; P[w*; UAS-Dp110], P[w*;
UAS-DPTEN]/P[w*; en-GAL4] (D).

Consistent with the adult eye phenotype, DPTEN mu-
tant ommatidial preclusters in the eye imaginal disk
were more widely spaced (Fig. 7), and specific staining of
photoreceptors indicated that these cells were enlarged
in mutant clones (data not shown). Phalloidin staining
demonstrated that there were defects in the actin cyto-
skeletal network in mutant tissue (Fig. 7B,D). In par-
ticular, analysis of mutant photoreceptors revealed dis-
organization in the most basal part of the apical cyto-
skeleton, the scaffold on which apical photoreceptor
projections are normally assembled in the disk. An al-
tered distribution of neighboring actin microfilaments
was also observed (Fig. 7B,D). Because rhabdomere as-
sembly in photoreceptors requires the apical cytoskele-
ton (Wolff and Ready 1993), this defect may account for
the rhabdomeric phenotype seen in adult DPTEN mu-
tant ommatidia. Analysis of the wing imaginal disk also
showed disturbed cytoskeletal organization in mutant
tissue (data not shown). Therefore, although DPTEN mu-
tant cells can still assemble actin microfilaments, the
subcellular regulation of this process appears to be ab-
normal, potentially accounting for the structural defects
in adult bristles, rhabdomeres, and wing hairs.

Discussion

The human tumor suppressor gene PTEN has been im-
plicated in a wide range of cancers (Myers and Tonks
1997; Smith and Ashworth 1998), but the precise mecha-
nisms by which it inhibits tumorigenic growth and its
developmental roles in vivo are not established. Here we
describe the cloning and genetic characterization of the
Drosophila PTEN homolog, DPTEN, and demonstrate
that although this gene has remarkably little influence
on cell-type specification, it has a central role in tissue
growth, reducing both cell size and number. Genetic ex-
periments indicate that DPTEN's effects on growth are
primarily mediated by its antagonistic effect on Chico/
Dp110 signaling. We provide evidence that DPTEN also
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Figure 7. DPTEN affects subcellular localization of the actin
cytoskeleton in the developing eye. Panels show confocal mi-
crographs of third-instar larval eye imaginal disks containing
DPTEN? clones. Anterior is left in all panels. The mutant area
is marked by the absence of lacZ (A,B) or GFP (C,D) expression
(lacZ- and GFP-positive tissue is shown in red), whereas actin
elements are visualized by the actin binding molecule phalloi-
din (coupled to FITC in A and B and to thodamine in C and D;
green in all panels). The overlay is shown on the left side. White
arrows in (A-C) point to the mutant area, which does not stain
red. (A) Eye disk with mutant clone containing both uncommit-
ted cells, found anterior to (left half of panel) and within the
morphogenetic furrow (black arrowhead), and posterior cells
within developing ommatidial preclusters. Actin elements
within developing ommatidial clusters are shown in more detail
in B. Both A and B show stacked confocal sections, which scan
a depth of [b pm in the apical half of the photoreceptor. Mutant
cells have an altered distribution of actin microfilaments com-
pared with their phenotypically wild-type neighbors, i.e., in the
developing ommatidial clusters shown in B, there is a more
intricate network of microfilaments in mutant cells. C and D
show low and high magnification views, respectively, of a large
DPTEN clone. Note in C, the reduced number of cells in the
wild-type twin spot (bright red cells marked with white arrow-
head) and the boxed area enlarged in D. D shows the altered
organization of the apical cytoskeleton and neighboring micro-
filaments compared with wild-type tissue (apical projections
marked with white arrows). In some instances, wild-type and
mutant photoreceptors within the same cluster (marked with
white arrowheads) appear to display normal and mutant pheno-
types, respectively.

regulates the actin cytoskeletal network via a currently
undefined mechanism and suggest that this permits
changes in cell size to be coordinated with cytoskeletal

Growth control by Drosophila PTEN

modifications at the cell surface that may affect proper-
ties such as cell spreading.

DPTEN is a highly evolutionarily conserved lipid
and protein phosphatase

The predicted DPTEN protein shares considerable ho-
mology with its human counterpart. The similarity ex-
tends beyond the highly conserved amino-terminal ten-
sin and phosphatase domains into the carboxy-terminal
half of the molecule (Fig. 2), which is more divergent in
the yeast and C. elegans PTEN homologs. This carboxy-
terminal region currently has no defined function, but it
is affected by a number of missense mutations that are
linked to cancer and dominant genetic disease in hu-
mans (for review, see Machama and Dixon 1999). Clearly
the region could have a regulatory role or localize the
PTEN molecule to the appropriate cellular compart-
ment. In this context, however, it is important to note
that the carboxyl terminus of human PTEN, which
shares similarity to known binding sites for PDZ do-
mains (Teng et al. 1997), is not conserved in DPTEN.

DPTEN regulates cell size and number
in development

We identified several noncomplementing mutations that
by deficiency mapping are located within or close to the
DPTEN gene. Two of these mutations, which we have
used in this study, behave similarly to a deficiency for
DPTEN and are therefore likely to be strong alleles. In
combination with a DPTEN deficiency, these mutations
cause lethality during late embryonic and early first-in-
star larval development. This lethality is rescued by a
single copy of the DPTEN genomic locus and by low-
level expression of a heat shock-DPTEN c¢cDNA con-
struct at noninducing temperatures, demonstrating that
the complementation group is allelic to DPTEN.
Because DPTEN mutant animals die with no obvious
phenotypes, we studied the function of this gene by in-
ducing mutant clones in developing larvae. Analysis in
both the adult eye and wing demonstrated that DPTEN
reduces cell size, a result supported by experiments
where the wild-type gene was overexpressed in the wing.
The effect of DPTEN is most conspicuous in clones
within the eye, where a severalfold increase in mutant
photoreceptor size distorts the highly ordered omma-
tidial array. Growth is affected in multiple cell types in
the eye, including pigment cells and all photoreceptors,
indicating that DPTEN is a general regulator of cell size.
Within the eye, the number of cells in homozygous
DPTEN mutant clones was consistently greater than the
number of cells in the associated wild-type twin spot,
indicating that DPTEN also affects tissue growth by
regulating cell number. This conclusion is supported by
our analysis of the effects of DPTEN overexpression in
the wing, where both cell size and number are reduced.
Because DPTEN mutant clones also appear to contain
more cells than their corresponding twin spots in larval
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eye imaginal disks, these effects on cell growth are prob-
ably at least partly caused by changes in proliferation
rate, a conclusion that was also made in an analysis of
chico mutants (Bohni et al. 1999).

DPTEN regulates tissue growth and body size
by antagonizing the Chico/Dp110 signaling pathway

In mammalian cell culture, PTEN has been shown to
regulate cell proliferation and survival via its lipid phos-
phatase activity, which converts PIP3 into PIP2 (Furnari
et al. 1998; Stambolic et al. 1998). A series of genetic
experiments presented here has demonstrated that in liv-
ing flies, DPTEN affects both cell size and number by
antagonizing the effects of Dp110/PI3-kinase, the en-
zyme that converts PIP2 into PIP3.

We have shown that phenotypes in homozygous
DPTEN mutant cells are very similar to the growth phe-
notypes seen in cells overexpressing a constitutively ac-
tivated form of Dpl110 (Leevers et al. 1996). In addition,
the effects of overexpressing a dominant-negative form
of Dp110 in the wing (Fig. 5B) can be phenocopied by
overexpressing wild-type DPTEN (Fig. 5C). DPTEN mu-
tations show a significant dominant suppression of wing
growth phenotypes induced by overexpression of domi-
nant-negative Dpl110. Furthermore, overexpression of
DPTEN (under an en-GAL4 driver) completely sup-
presses the growth-promoting activity of overexpressed
Dpl110. The importance of DPTEN in negatively regulat-
ing the growth-promoting effects of insulin signaling in
vivo, however, is best illustrated in homozygous clones
mutant for both chico and DPTEN. In these clones, the
reduced growth phenotype normally seen in chico mu-
tant cells is masked completely by the overgrowth phe-
notype associated with loss of DPTEN function, suggest-
ing that DPTEN normally has a critical role downstream
of Chico in maintaining growth-promoting signals at
nonhyperplastic levels.

Bohni et al. (1999) have recently shown that insulin
receptor signaling controls tissue and body size in Dro-
sophila. Our data extend this model and show that it is
the balance of DPTEN and Dp110 activities in this path-
way that acts as the key determinant of growth in the fly
(Fig. 8). Although we cannot eliminate the possibility
that protein substrates of these molecules have a role in
this process, it seems likely that Dp110 and DPTEN pri-
marily act by controlling the levels of the phosphoinosit-
ide growth regulator PIP3.

Our phenotypic analysis supports the idea that the
Chico/Dpl110/DPTEN-regulated growth control signal,
which is stimulated by insulin receptor activation, be-
haves differently from several other signals that affect
cell proliferation in flies. For example, overexpression in
the wing of E2F, a positive regulator of cell proliferation,
increases cell number, but does not appear to affect pro-
tein synthesis rates and therefore produces a concomi-
tant reduction in cell size, so that wing area is unaffected
(Neufeld et al. 1998). In contrast, an increased level of
Dpl10 activity relative to DPTEN produces increased
cell numbers and growth, a phenotype that can be easily
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Figure 8. Schematic diagram illustrating a model for the an-
tagonistic roles of Dp110 and DPTEN in Drosophila growth
control. In mammals, Drosophila, and C. elegans, PI3-kinase
activity is regulated by signaling cascades that include the in-
sulin receptor and IRS1-4 (Chen et al. 1996; Maehama and
Dixon 1998; Ogg and Ruvkun 1998; Bohni et al. 1999). Disrup-
tion of this pathway in mice (Baker et al. 1993; Liu et al. 1993)
and Drosophila (Bohni et al.1999) has shown that insulin recep-
tor signaling controls tissue and body size. Our data indicate
that DPTEN antagonizes this pathway in flies and decreases cell
size and number. It seems likely that DPTEN's effects are
largely mediated by reducing PIP3 levels and the activity of its
putative downstream targets, including Daktl. DPTEN’s pro-
tein phosphatase activity, however, could also have a role (see
Gu et al. 1999). DPTEN also appears to regulate organization of
the actin cytoskeleton via currently uncharacterized mecha-
nisms (dotted lines) that may involve either its protein or lipid
phosphatase activity. DPTEN's effects on the cytoskeleton may
influence its tumor suppressing activity by modulating pro-
cesses such as cell spreading and invasiveness.

scored in the highly organized structures of the Dro-
sophila wing and eye. Analysis of mice lacking compo-
nents of the insulin signaling cascade (e.g., Baker et al.
1993; Liu et al. 1993) suggests that this pathway also
controls tissue growth in mammals. It remains unclear,
however, whether cell size as well as proliferation is af-
fected in these animals or in humans with genetic de-
fects in PTEN.

DPTEN affects actin cytoskeletal organization
in multiple cell types

Further analysis of DPTEN mutant cells in both the wing
and eye led us to two further conclusions regarding the
function of this gene in development. First, DPTEN gen-
erally does not have a role in cell fate specification. This
contrasts with studies of PTEN mutant mouse embryos,
where early patterning defects have been observed (Di
Cristofano et al. 1998; Suzuki et al. 1998), although the
cellular basis of these phenotypes has not been deter-
mined. Perhaps PTEN’s phosphatase activity is required
for specific cell-cell or cell-matrix communication
events controlling patterning in these embryos. Like-
wise, the defects in cross-vein formation in DPTEN mu-
tant clones in the fly wing might be explained in this
way. Loss of DPTEN function invariably produces hyper-
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plastic and not neoplastic growth in flies. In contrast, Di
Cristofano et al. (1998) have found that embryonic stem
(ES) cells homozygous mutant for PTEN can form neo-
plastic tumors in chimaeric mice. These cells, however,
may carry mutations in other genes that contribute to
this phenotype.

A second notable feature of DPTEN mutant cells is
that they show phenotypes consistent with defects in
organization of the actin cytoskeleton. The bristle, rhab-
domere, and wing hair phenotypes observed in adult
clones indicate that the cytoskeleton is probably affected
in many cell types and our analysis of the eye imaginal
disk suggests that the defects arise early in the develop-
ment of these cells. One interesting hypothesis that re-
mains to be tested is that these effects on the cytoskel-
eton may have an important role in regulating cell
growth by controlling spreading and shape change at the
cell surface. It is intriguing to speculate that loss of
DPTEN function might alter communications between
the peripheral actin cytoskeleton, the plasma membrane
and the extracellular matrix, and therefore affect the
invasiveness of cells, as has been suggested from studies
in mammalian cell culture (Tamura et al. 1998). To re-
solve this issue, we are currently investigating whether
DPTEN can modulate cell migration or invasiveness in
several cell types during development.

Interestingly, overexpression of a constitutively acti-
vated form of Dp110 in the developing eye or wing does
not appear to produce rhabdomeric, bristle, or wing hair
phenotypes similar to those seen in DPTEN mutant cells
(Leevers et al. 1996; data not shown), suggesting that
these DPTEN-associated mutant defects may not result
from increased PIP3 levels. These observations, how-
ever, do not eliminate the possibility that DPTEN modu-
lates cytoskeletal assembly via localized production of
the known cytoskeletal regulator PIP2 (Toker 1998), a
process that might be enhanced and not inhibited by
increased Dpl10 activity. Consistent with this idea,
overexpression of dominant-negative Dpll0, which
should reduce PIP3 and thereby might suppress the pro-
duction of localized PIP2 by DPTEN, does lead to defects
in the apical cytoskeleton of pupal photoreceptors
(Leevers et al. 1996). In contrast, overexpression studies
in mammalian cell culture have implicated PTEN’s pro-
tein phosphatase activity in the disassembly of the cyto-
skeleton at focal adhesions (Tamura et al. 1998). Further
experiments in flies, including rescue of the cytoskeletal
defects using DPTEN mutant proteins that specifically
lack lipid phosphatase activity, should clarify which
catalytic activity of DPTEN is important in these devel-
opmental functions.

Drosophila as a model system to study PTEN function

In this report, we have provided in vivo evidence that
PTEN acts as a general growth regulator by antagonizing
the Chico/Dpll0 signaling pathway. Taken together
with the results of Bohni et al. (1999), our data suggest
that the balance of Dp110 and DPTEN activities in flies
has a remarkably specific role in the regulation of cell
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size and number. Future experiments in this powerful
genetic system should lead to the identification of regu-
lators and downstream molecules in this pathway,
which may ultimately be suitable as novel targets for
tumor therapy.

Materials and methods

Drosophila strains and culture

All fly strains were maintained at 18°C or 25°C on standard
cornmeal agar medium (Cline 1978), supplemented with dried
live yeast. Genetic symbols are as described in Lindsley and
Zimm (1992). Balanced flies carrying Df(2L)170B, Df(2L)41C,
and Df(2L)147F chromosomes (Sluss et al. 1996) were kindly
provided by Kate Beckingham, Houston, Texas.

Generation of DPTEN alleles

Mutant alleles were generated with ethylmethyl sulphonate us-
ing standard procedures (Ashburner 1989). DPTEN’ was in-
duced on a wild-type Canton S chromosome and subsequently
recombined on to a P[FRTJ40A chromosome (Xu and Rubin
1993), whereas DPTEN® was induced on a Pfw*]30C P[FRT]40A
chromosome (for detailed genotypes, see Figs. 3 and 4).

Molecular characterization of DPTEN

DPTEN-containing genomic clones were isolated from a Dro-
sophila genomic library (constructed by R. Davis, Baylor Col-
lege of Medicine, Houston, TX) in A DASH II (Stratagene) using
a Dror cDNA probe (Fig. 1A; Wilson et al. 1993). DPTEN cDNAs
were subsequently isolated from a third-instar larval brain
c¢DNA library (Wilson et al. 1993). Several independent DPTEN
genomic and ¢cDNA clones were sequenced on both strands.
Oligonucleotide primers were synthesized by Oswel DNA Ser-
vice (UK) and MWG-Biotech UK Ltd. DNA sequence analysis
was carried out by the Advanced Biotechnology Centre at Char-
ing Cross and Westminster Medical School. Sequence data were
assembled using the GCG software package (University of Wis-
consin, Madison).

A putative, full-length cDNA (clone 5C) including the entire
DPTEN open reading frame (ORF) (Fig. 1B) was primarily used in
this study. This cDNA was 2.2 kb in length with 294 bp up-
stream and 397 bp downstream of the major ORF. Another pre-
maturely terminated cDNA (clone 6C) and a truncated DPTEN
cDNA from the EST database (GMO01261) extended in the 5’
direction from the 3’ upstream translated region (UTR) to po-
sitions 1396 and 1655 in the genomic sequence, respectively
(Fig. 1B). Sequence analysis revealed that the former of these
two transcripts was alternatively spliced, removing exon 11 and
resulting in a short carboxy-terminal extension to the concep-
tual DPTEN protein (Fig. 1B). Compared with the DPTEN ge-
nomic sequence (Fig. 1B), cDNA clones showed the following
polymorphisms: position 91, A - C (clone 5C); 907, C - A
(5C); 1159, C — A (5C); 1645, T - C (5C); 3001-3009, deletion
(5C, 6C, not GMO01261); 3504, C — A (5C, 6C); 3557, C - T
(GMO01261); 3603, T — G (5C). Some cDNAs also have an ex-
tended 3" UTR (to 4203 instead of 4197; 5C, 6C). Only the
polymorphic deletion alters the encoded DPTEN protein. The
sequences of the DPTEN genomic locus, cDNA clone 5C and
c¢DNA clone 6C have been deposited in the GenBank data li-
brary under accession numbers AF201904, AF201905 and
AF201906, respectively.

Alignments were generated by the PILEUP program, and con-

GENES & DEVELOPMENT 3255


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on May 5, 2024 - Published by Cold Spring Harbor Laboratory Press

Goberdhan et al.

served amino acids were highlighted using the Boxshade pro-
gram (www.isrec.isb-sib.ch/software/BOXform.html), except
A - Sand W - Y were not considered as conservative changes.

Germ-line transformation and rescue experiments

The genomic rescue construct vivl was generated by subcloning
a 6.3-kb genomic NotI-Sall fragment (Fig. 1A) into the transfor-
mation vector pW8 (Ashburner 1989). The genomic NotI site
was derived from flanking A DASH II sequences. For the heat
shock construct, the longest available DPTEN ¢cDNA (clone
5C), encoding the shorter form of DPTEN (see Results; Fig. 1B),
was cloned into the Notl site of a modified hsp70 construct in
pCaSpW18, a pCaSpeR derivative (Ashburner 1989). Qiagen
DNA preparations of these constructs were microinjected into
cleavage stage w; K pp P[A2-3]99B embryos. For both constructs,
at least three independent lines rescued all potential combina-
tions of DPTEN alleles to viability at 25°C, with the genomic
construct giving a higher proportion of rescued flies.

Clonal analysis

Homozygous DPTEN mutant clones were generated using the
FLP/FRT system (Xu and Rubin 1993) and marked by the ab-
sence (or duplication) of a w* construct in the adult eye, forked*
in the wing and lacZ or GFP expression in larval imaginal disks.
Recombination was induced by a 1-hr heat shock at 37°C be-
tween 24 and 72 hr after egg laying (AEL). Mutant clones in-
duced by heat shocks between 24 and 48 hr were large (often at
least 50-100 ommatidia) and frequently contained at least three
to four times as many ommatidia as the twin spot. Many of
these clones extended beyond the boundary of the eye and were
therefore not included in the analysis of ommatidial number
discussed in the text. s.E.M. and sectioning of adult eyes were
performed by standard procedures. Imaginal disks were stained
according to Xu and Rubin (1993).

Wing analysis

Selected transgenes were overexpressed in the entire wing and
in specific regions of the wing using the upstream activating
sequence (UAS)-GAL4 system (Brand and Perrimon 1993).
decapentaplegic (dpp)-GAL4 (Stachling-Hampton and Hoff-
mann 1994) was employed to drive expression between longi-
tudinal wing veins III and IV (LI and LIV). Adult wings were
dehydrated in ethanol and mounted in DPX. Wing areas were
measured using the Leica Q500MC image analysis package. For
each genotype, at least four wings derived from different female
flies were analyzed. Area measurements of two distal wing sec-
tors were made: area I, delineated by LIII, LIV, the anterior cross-
vein and the wing margin; and area II, bounded by LIV, LV, the
posterior cross-vein and the wing margin. The wing veins them-
selves were not included in these areas. Because the UAS-linked
genes were expressed in area I, but not in area II, comparison of
these areas controlled against differences in overall wing area in
flies of different genotypes or within populations of the same
genotype and reduced the variability in measurements. Wing
area differences were assessed for significance by a standard
two-tailed t-test (P < 0.001). In comparison with wild type, over-
expression of wild-type Dp110 did not produce a significant
increase in either area I or the area I/area II ratio.

Dp110 and DPTEN were overexpressed in the posterior
compartment of the wing using flies carrying an en-GAL4
driver. Overexpression of either gene alone produced a signifi-
cant level of larval/pupal lethality, which was almost entirely
suppressed when the genes were coexpressed (a result obtained
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with two different UAS-DPTEN insertions). The size of the
posterior compartment in wings overexpressing Dp110 was dif-
ficult to measure because the wings were crumpled and dis-
torted. Mean wing areas were calculated using at least four fe-
males of the following genotypes: w; en-GAL4/+ (8.51 x 10°
pm? = 0.31 x 10°), w; UAS-DPTEN/en-GAL4 (5.88 x 10° pm? +
0.21 x 10°), w; UAS-DPTEN, UAS-Dp110/en-GAL4 (6.72 x 10°
pm? + 0.16 x 10°).

UAS-Dp110P°#A was overexpressed in the entire wing using
MS1096-GAL4 (Capdevila and Guerrero 1994), which expresses
GAL4 particularly strongly in the dorsal wing pouch and in this
combination reduces wing area by [B0%. The effect of the
DPTEN' and Df(2L)170B chromosomes on this phenotype
was tested. Mean wing areas were measured for at least four
female flies of the following genotypes: w, MS1096-GAL4/w
(1.77 x 106 pm? = 0.04 x 10°), w, MSI1096-GAL4/w; UAS-
Dp110P%5%4 /4 (1.18 x 10° um? + 0.02 x 10°), w, MS1096-GAL4/
w; DPTEN'/+; UAS-Dp110°°°*4/+ (1.28 x 10° um? = 0.04 x
10, and w, MS1096-GAL4/w; Df(2L)170B/+; UAS-
Dp110P?°*4/+ (1.30 x 10° nm? = 0.02 x 10°). A standard two-
tailed t-test (P <0.001) revealed that both DPTEN mutations
suppressed the reduced wing phenotype significantly.
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