TSC1 and TSC2 tumor suppressors
antagonize insulin signaling in cell growth
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Tuberous sclerosis is a human disease caused by mutations in the TSC1 or the TSC2 tumor suppressor gene.
Previous studies of a Drosophila TSC2 homolog suggested a role for the TSC genes in maintaining DNA
content, with loss of TSC2 leading to polyploidy and increased cell size. We have isolated mutations in the
Drosophila homolog of the TSC1 gene. We show that TSC1 and TSC2 form a complex and function in a
common pathway to control cellular growth. Unlike previous studies, our work shows that TSC1~ or TSC2~
cells are diploid. We find that, strikingly, the heterozygosity of TSC1 or TSC2 is sufficient to rescue the
lethality of loss-of-function insulin receptor mutants. Further genetic analyses suggest that the TSC genes act
in a parallel pathway that converges on the insulin pathway downstream from Akt. Taken together, our
studies identified the TSC tumor suppressors as novel negative regulators of insulin signaling.
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During metazoan development, cell-intrinsic and cell-
extrinsic factors must act coordinately to specify the
characteristic size of diverse cell types (for review, see Su
and O’Farrell 1998; Stocker and Hafen 2000). An intrin-
sic factor that contributes to cell size is DNA content,
and cell size correlates with ploidy in various species (Su
and O’Farrell 1998). On the other hand, it has long been
appreciated that cell-extrinsic factors such as hormones,
growth factors, and nutrition play important roles in
growth control at the organismal level (for review, see
Conlon and Raff 1999). Thus a challenge is to understand
how cell-intrinsic and cell-extrinsic factors coordinately
control cellular growth and how changes in such regula-
tion lead to pathological conditions such as cancer.
One of the hormone-mediated pathways that plays a
pivotal role in cellular growth involves insulin or insu-
lin-like growth factors (IGF) (for review, see Proud and
Denton 1997). Biochemical studies have shown that on
binding of insulin or IGFs, insulin receptor (InR) or IGF
receptors recruit phosphoinositide 3-kinase (PI3K) to the
membrane, either directly or through insulin receptor
substrates (IRS) as intermediates. Phosphorylation of the
membrane lipid phosphatidylinositol 4,5-biphosphate
(PIP,) by PI3K produces the second messenger phospha-
tidylinositol 3,4,5-triphosphate (PIP;), which activates
Akt, a Ser/Thr kinase. Akt and another Ser/Thr kinase
encoded by the TOR (target of rapamycin) gene ulti-
mately control the phosphorylation of two downstream
effectors, p70 S6 kinase (S6K) and 4E-binding protein (4E-
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BP), which are involved in translational control (for re-
view, see Thomas and Hall 1997; Sonenberg and Gingras
1998; Schmelzle and Hall 2000). Phosphorylation of S6K
increases its kinase activity toward the ribosome S6 sub-
unit, leading to increased translation of 5’ terminal oli-
gopyrimidine tract (TOP) mRNAs that largely encode
components of the translational apparatus such as ribo-
somal proteins. Phosphorylation of 4E-BP releases the
eukaryotic initiation factor 4E (eIF4E) from the inactive
elF4E/4E-BP complex, permitting eIF4E to function in
translation initiation. A well-known negative regulator
of this pathway is the PTEN tumor suppressor, which
functions as a phosphatase to convert PIP, to PIP, (for
review, see Cantley and Neel 1999). The importance of
insulin signaling in growth control has been elegantly
demonstrated by recent genetic studies from Drosophila.
Loss-of-function mutations in Drosophila homologs of
components of the insulin pathway, including InR, IRS,
PI3K, Akt, TOR, and S6K, all result in decreased cell
size, and overexpression of PI3K, Akt, and S6K, or loss of
the negative regulator PTEN, result in increased cell size
(Chen et al. 1996; Bohni et al. 1999; Goberdhan et al.
1999; Huang et al. 1999; Montagne et al. 1999; Verdu et
al. 1999; Weinkove et al. 1999; Gao et al. 2000; Oldham
et al. 2000; Zhang et al. 2000).

Tuberous sclerosis (TSC) is an autosomal dominant
disorder that affects 1 in 6000 individuals (for review, see
Young and Povey 1998). This disease is characterized by
the widespread development of benign tumors termed
harmatomas, which frequently lead to skin rashes, sei-
zures, and mental retardation. TSC is caused by a muta-
tion in either the TSC1 or TSC2 tumor suppressor gene.
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TSC2 encodes a putative GTPase-activating protein
(GAP), and TSC1 encodes a novel protein containing two
coiled-coil domains (The European Chromosome 16 Tu-
berous Sclerosis Consortium 1993; van Slegtenhorst et
al. 1997). The TSC1 and TSC2 proteins have been shown
to form a complex in mammalian cells (van Slegtenhorst
et al. 1998; Nellist et al. 1999) and have been proposed to
control various cellular functions including cell cycle
(Soucek et al. 1997, 1998), endocytosis (Xiao et al. 1997),
cell adhesion (Lamb et al. 2000), and transcription
(Henry et al. 1998). However, it is not clear how these
potential functions are used during normal development
and how mutations of the TSC genes result in benign
tumors.

Although animal models lacking TSC1 have not been
reported until now, studies of animal models lacking the
TSC2 gene have provided insight into the function of the
TSC genes in development. The Eker rat strain contains
a germline insertion mutation in the rat TSC2 gene,
which causes a premature truncation of the TSC2 pro-
tein (Kobayashi et al. 1997; Rennebeck et al. 1998). Mu-
rine models lacking TSC2 have also been generated by
gene targeting (Kobayashi et al. 1999; Onda et al. 1999).
In these models, homozygous TSC2 mutants are embry-
onic lethal, whereas heterozygous carriers are prone to
tumor formation. Recently, Drosophila homologs of
TSC1 and TSC2 were reported (Ito and Rubin 1999). Ito
and Rubin showed that cells lacking gigas, the Dro-
sophila homolog of TSC2, are increased in cell size. They
further suggested that the increased size of the gigas mu-
tant cells is due to a failure to enter M phase at the end
of imaginal disc development, resulting in polyploidy
and, consequently, increased cell size (Ito and Rubin
1999). Given that such an increase in DNA content has
not been reported in any TSC benign tumors in verte-
brates, the described gigas mutant phenotype might po-
tentially reflect the uniqueness of Drosophila develop-
ment. In that aspect, studies of Drosophila mutants lack-
ing the TSC1 gene could complement the analysis of the
gigas mutants. For simplicity, TSCI and TSC2 are used
throughout the rest of the paper to refer to the Dro-
sophila TSC1 and TSC2 homologs unless otherwise
specified.

Here we report the first animal model lacking the
TSC1 gene. We show that TSC1 and TSC2 form a com-
plex in Drosophila cells and function in a common path-
way to control cellular growth. We further show that the
TSC genes act in a parallel pathway that converges on
the insulin pathway downstream from Akt. Our studies
identified the TSC tumor suppressors as novel negative
regulators of insulin signaling.

Results

Isolation of TSC1 mutants

We used the FRT/FLP recombination system (Xu and
Rubin 1993) to screen the Drosophila genome for muta-
tions that affect cell size. Two lethal mutations were
recovered on the right arm of the third chromosome that
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produced enlarged cells in mutant clones in the eye and
wing. Both mutants die around embryo-larval transition
without gross morphological defects. These mutations
were localized to the 95D7-11; 95E8 region by deficiency
mapping. This region contains a Drosophila homolog of
the mammalian TSC1 gene (Ito and Rubin 1999). Given
that mutations of the Drosophila TSC2 homolog gigas
lead to a similar increase in cell size and that mutations
in TSC1 or TSC2 result in the same disease in humans,
we investigated whether our mutations at 95D-E dis-
rupted the Drosophila TSC1 homolog. DNA sequencing
analysis revealed point mutations in both alleles (Fig.
1B). TSC1'® has a single-base deletion that causes a
frameshift, truncating the protein at amino acid 896.
This mutation is predicted to delete part of the coiled-
coil domains of the TSCI protein, which have been im-
plicated in binding to TSC2 (van Slegtenhorst et al.
1998). Another allele, TSC1%°, contains a single-base
nonsense mutation (C to T) that replaces amino acid 61
(Gln) with a stop codon. This mutation is predicted to be
a null allele because it truncates most of the protein. A
4.7-kb construct containing only the TSC1 genomic
DNA was able to fully rescue T7SC1?2 and TSC1°° homo-
zygotes to viable and phenotypically wild-type animals,
confirming that the two mutations indeed disrupted
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Figure 1. Structure of the TSC1 locus and predicted structure
of the TSC proteins. (A) Genomic structure of the TSC1 locus.
The TSC1 gene is located between CG6129 and sec10 on 3R.
The exons are indicated with thick lines and the introns are
shown as thin lines connecting adjacent exons. The transcrip-
tion start site is indicated with a single line with an arrow at the
end. The translation start site is indicated with double lines
with an arrow at the end. The genomic DNA fragment used in
the rescue construct is indicated. (B) Schematic structures of the
Drosophila TSC1 and TSC2 proteins. TSC1 is a predicted 1100
aa polypeptide containing two coiled-coil domains (CC1 and
CC2). The molecular lesions in TSC1?2 and TSC1?° are indi-
cated. TSC2 is a predicted 1847 aa polypeptide containing a
GAP domain.



TSC1 (Fig. 1). TSC1*? and TSC1?® are indistinguishable
in their cell-size phenotype. All the subsequent analyses
were performed by using the TSC12° allele.

TSC1 autonomously controls cell and organ size

Scanning electron microscopy revealed that the unit
eyes (ommatidia) in TSC1 mutant clones are larger than
the surrounding wild-type ommatidia (Fig. 2A). Eye sec-
tions show that the thabdomeres of mutant photorecep-
tors are approximately 1.8 times the size of neighboring
wild-type counterparts in area (n = 48). However, the or-
ganization of ommatidia and the differentiation of vari-
ous cell types are nearly normal, with occasional loss or
gain of photoreceptor cells (Fig. 2B). Careful examination
of mosaic ommatidia consisting of genetically marked
TSC1 mutant and nonmutant cells revealed that the ef-
fect of TSC1 mutation on cell size is strictly cell autono-
mous (Fig. 2B). A similar autonomous effect on cell size
is also observed in the wing (Fig. 2C). Therefore, TSC1
autonomously controls cell size. To examine whether
TSC1 regulates organ size, we selectively removed TSC1
function in the eye imaginal disc by using the eyeless-
FLP technique (Newsome et al. 2000). This technique
allowed us to consistently generate eye discs in which
>90% of the cells are mutant for TSC1. Such eye discs
are 2.9 times the size of wild-type discs in area (n = 19;
Fig. 2D,E). Thus, TSC1 autonomously controls organ
size.

TSC1 controls cellular growth and proliferation during
imaginal disc development

To examine when the cell size change occurs in TSC1
mutant cells, we examined mutant clones in the imagi-
nal discs. Larger nuclei and increased cell size in the
mutant clones were evident in the third-instar imaginal
discs (Fig. 3A-F), suggesting that cell size change oc-
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curred during larval development. In addition, TSC1 mu-
tant (-/-) clones contained more cells than did their +/+
twin spots (for example, see Fig 3A-C). To directly ex-
amine the cell proliferation defects of TSC1™ cells, we
induced clones at 26 h, 50 h, and 74 h after egg deposition
(AED) and quantitated cell numbers in the mutant
clones and the twin spots at 119 h AED. The average
ratio of cell numbers in TSCI mutant clones versus the
twin spots was 3.1, 1.6, and 1.2 for clones induced at 26
h, 50 h, and 74 h AED, respectively (n > 40). Because the
mutant clones and twin spots originate from mitotic sis-
ter cells born at the same developmental time, these re-
sults suggest that lack of TSC1 affects cell proliferation,
not just cell size. However, we cannot formally exclude
the possibility that the increased cell number in the mu-
tant clones is caused by decreased cell death of the mu-
tant cells.

The nucleolus is the major site of ribosome assembly
within the cell, and its size has been shown to correlate
with protein synthesis and proliferation rate (Derenzini
et al. 1998). We used an antibody against the nucleolar
protein fibrillarin (Aris and Blobel 1988) to examine
nucleolar size in TSC1~ cells. We found that the nucleo-
lar area of TSC1™ cells in the wing imaginal disc was 2.1
times (n = 70) that of neighboring wild-type cells (Fig.
3G-I), consistent with a role for TSC1I in cellular growth
and proliferation.

Loss of TSC genes does not increase ploidy

Studies of the Drosophila TSC2 gene suggested that
TSC2 cells undergo endoreplication, resulting in poly-
ploidy and consequently increased cell size (Ito and Ru-
bin 1999). To address whether a similar mechanism is
responsible for the increased size of the TSC1™ cells, we
examined DNA content in TSCI™ cells by using several
different techniques: quantitative measurement of DNA
dye Hoechst 33342 or propidium iodide staining in intact
imaginal discs with confocal or fluorescent light micros-

Figure 2. TSC1 autonomously controls cell and
organ size. (A) Scanning electron micrograph of a
compound eye carrying a clone of homozygous
TSC1?° cells. The mutant clone occupies the up-
per half of the eye in the picture. Note that the
TSCI1 mutant ommatidia are larger than their
wild-type counterparts. (B) Section through a
TSC1?° clone in the adult eye. The mutant clone
is marked by the absence of pigment. The rhab-
domeres of mutant photoreceptor cells are in-
creased in area by about 80% compared with het-
erozygous photoreceptor cells (measured by Ax-
iovision software). At the clone border, mosaic
ommatidia containing normal-sized heterozy-
gous cells (arrowhead) and enlarged homozygous
TSC1 mutant cells (arrow) can be seen, indicat-

ing that TSC1 controls cell size autonomously. (C) Wing-margin bristles containing a TSC1?° mutant clone. Note that the TSC1
mutant bristles (marked by y, indicated by a line above the wing margin) are thicker and longer than the wild-type bristles, which have
a dark color. (D-E) Images of a wild-type eye-antenna disc (D) and an eye-antenna disc in which TSC1 function was selectively removed
in the eye by using the ey-FIp technique (E). The discs were also stained for glass-lacZ that is expressed in retinal cells. These images
were taken under the same magnification. Note that the TSC1™ eye disc is much larger than the wild-type disc.
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Figure 3. TSC1 controls cellular growth and pro-
liferation during imaginal disc development. In all
panels, TSCI1 mutant clones were generated by
FRT/FLP and marked by the absence of Ubi-GFP
signal (green). (A-C) Confocal images of a third-
instar eye disc containing a large TSC1™ clone (ar-
row). The adjacent area of brighter green staining
represents a +/ + twin spot (arrowhead). The disc
was stained for the neuronal specific nuclear Elav
protein (red). Three images are shown, one of GFP
(A), one of Elav staining (B), and one of superim-
posed GFP and Elav staining (C). Note the in-
creased size of the mutant cell nuclei and the dra-
matically increased area of the mutant clone as
compared with its twin spot. (D-F) Confocal im-
ages of a portion of a third-instar eye disc contain-
ing TSC1 mutant clones (arrows). The disc was
stained with phalloidin (red), which highlights the
outlines of the cells. Three images are shown, one
of GFP (D), one of phalloidin staining (E), and one
of superimposed GFP and phalloidin staining (F).
Note the increased size of the mutant cells. (G-H)
Confocal images of a portion of a third-instar wing
disc containing a TSCI mutant clone (arrow). The
disc was stained with fibrillarin (red), which labels
the nucleolus of the cells. Three images are shown,
one of GFP (G), one of fibrillarin staining (H), and
one of superimposed GFP and fibrillarin staining
(H). Note the increased nucleolar size of the TSC1~
cells.

copy, and FACS analysis of dissociated imaginal disc
cells. We found that, surprisingly, TSC1~ cells were dip-
loid in DNA content (Fig. 4A,B). Although TSCI mutant
nuclei are larger than their wild-type siblings, the rela-
tive intensity of DNA staining is weaker in the mutant
cells, and the total fluorescence in the nuclei is compa-
rable between the mutant and the wild-type cells (Fig.
4A,B). This observation prompted us to reexamine the
DNA content of TSC2™ cells. Similar to the results from
the TSC1™ cells, we observed total fluorescence of DNA
dye staining in the TSC2™ cells that was comparable
with the wild-type cells (Fig. 4C,D). Consistent with mi-
croscopic measurement of DNA dye staining, FACS
analysis of dissociated imaginal disc cells revealed simi-
lar DNA content in TSC1~ or TSC2~ cells as compared
with the wild-type cells (Fig. 4E,F). These results suggest
that loss of the TSC genes does not increase ploidy, and
thus the increased size of TSC1~ or TSC2™ cells is not due
to increased DNA content.

TSC1 and TSC2 function in a common signaling
pathway and form a stable complex in Drosophila cells

Based on their identical disease phenotypes, the human
TSC1 and TSC2 genes have been proposed to function in
a common signaling pathway. The Drosophila TSC1 and
TSC2 mutants provided us with an opportunity to ad-
dress this issue genetically. If TSCI and TSC2 act in a
common pathway, we might expect TSCI TSC2 double-
mutant cells to have an identical phenotype to that of
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the TSC1 or TSC2 single mutant. Indeed, we observed
that TSC1 TSC2 double-mutant cells show a cell size
increase that is identical to that of TSC1 or TSC2 single-
mutant cells (Fig. 5A-C), suggesting that these genes act
in a common pathway that controls cellular growth. Hu-
man TSCI1 and TSC2 proteins can associate with each
other (van Slegtenhorst et al. 1998; Nellist et al. 1999).
Given the identical phenotype of TSC1~, TSC2", and
TSC1~ TSC2 cells, we suspected that Drosophila TSC1
and TSC2 proteins might also associate with each other.
To investigate this possibility, we performed coimmu-
noprecipitation assays in Drosophila S2 cells that ex-
pressed TSC1 and TSC2 proteins tagged with Myc and
V5 epitopes, respectively (Fig. 5D). These experiments
revealed a specific interaction between TSC1 and TSC2
(Fig. 5E). Furthermore, we mapped the interaction do-
main to the N-terminal half of TSC2 (Fig. 5E), consistent
with studies of the human TSC2 protein (van Slegten-
horst et al. 1998). Taken together, these results suggest
that TSC1 and TSC2 function in a protein complex to
regulate cellular growth in Drosophila.

Coexpression of Drosophila TSC1 and TSC2, but not
either gene alone, reduces cell and organ size

We used the GAL4-UAS system (Brand and Perrimon
1993) to assess the effect of overexpressing TSC1 and
TSC2 on cellular growth. Drosophila TSC1, TSC2, or a
combination of both gene products, was expressed from
UAS transgenes under the control of the GAL4 driver
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Figure 4. TSC1™ and TSC2™ cells are diploid. In A-D, mutant
clones were generated by FRT/FLP and marked by the absence
of Ubi-GFP signal (green). (A-B) Confocal images of a portion of
a third-instar eye disc containing two TSC1~ clones (arrows).
The disc was stained with DNA dye propidium iodide (PI,
shown in red). Two images are shown, one of GFP (A) and one
of PI staining (B). Note that the intensity of PI staining is weaker
in the mutant cells. Quantitation of Z series by using LSM 510
software showed that the total fluorescence in the nuclei is
comparable between the mutant and the wild-type cell (data not
shown). (C-D) Fluorescent light microscopy images of a portion
of a third-instar eye disc containing a TSC2 (gigas) mutant clone
(arrow). The disc was stained with DNA dye Hoechst 33342
(blue). Note that the intensity of Hoechst 33342 staining is
weaker in the mutant cells. Quantitation by using the Axiovi-
sion software showed that the total fluorescence in the nuclei is
comparable between the mutant and the wild-type cell (data not
shown). (E-F) Flow cytometric analysis of dissociated wing
imaginal discs containing TSC1~ (E) and TSC2~ (F) clones. The
profiles of mutant and wild-type (WT) cells are indicated by
heavy and light traces, respectively. No signal was detected be-
yond the DNA content of cycling diploid cells (data not shown).
Note that the DNA content of TSC1~ or TSC2™ cells is similar
to that of wild-type cells.

line MS1096, which expresses high levels of GAL4 near
uniformly in the wing-pouch region (Capdevila and
Guerrero 1994). Although overexpression of TSC1 or
TSC2 alone did not result in any visible phenotype, co-
expression of both genes resulted in a dramatic reduction
in wing size (Fig. 5F-H). Quantitation of wing size and
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wing-hair density revealed a 72% reduction in wing size
and a 65% reduction in cell size (n = 20). Thus, most of
the wing-size reduction can be accounted for by the re-
duction in cell size. We suggest that TSC1 and TSC2
function as a complex in vivo and are present at rate-
limiting concentrations as a protein complex. Thus only
simultaneous overexpression of both proteins, but not
either protein alone, can increase the concentration of
the TSC1-TSC2 protein complex, which in turn results
in cell growth suppression that is opposite of the loss-of-
function phenotype.

TSC genes act in a parallel pathway that converges
on the insulin pathway downstream from Akt

The insulin pathway is known to play a central role in
the control of cellular growth in Drosophila (for review,
see Stocker and Hafen 2000). The loss-of-function and
gain-of-function phenotypes of the TSC genes are strik-
ingly similar to those of PTEN, a negative regulator of
the InR-PI3K-Akt pathway (Goberdhan et al. 1999;
Huang et al. 1999; Gao et al. 2000). This prompted us to
investigate the relationship between the TSC genes and
components of the insulin pathway. Previous studies
have shown that loss of inr or Akt leads to decreased cell
size. To investigate the relationship between inr, Akt,
and the TSC genes, we examined TSC1 Akt and TSC1 inr
double-mutant clones. Cells homozygous for a strong al-
lele of inr (inr®®; Fernandez et al. 1995), or a null allele of
Akt (Akt19; Staveley et al. 1998) are smaller, and are
rarely recovered in adult eye clones because of cell com-
petition during development (Fig. 6A,B; also see Verdu et
al. 1999). However, TSC1 inr®® or TSC1 Akt19 double-
mutant cells showed a similar cell size increase as that
observed in TSC1~ cells (Fig. 6A-E). Furthermore, the
competitive disadvantage of inr and Akt mutant cells
was also rescued in the TSCI inr®*® or TSC1 Akt14
double-mutant clones, resulting in larger clones that
contained more cells (Fig. 6A-D and data not shown).
This result suggests that TSC1 acts genetically down-
stream from Akt. This observation is compatible with
either TSC1 acting molecularly downstream from Akt in
the linear InR-PI3K-Akt pathway, or TSCI acting in a
parallel pathway that converges on the insulin pathway
downstream from Akt.

To distinguish between these two possibilities, we
generated cells that are doubly mutant for null alleles of
PTEN and TSC1. PTEN is a negative regulator of the
InR-PI3K-Akt pathway, and loss of PTEN results in in-
creased Akt activity and cellular growth. We reasoned
that if TSC1 acts downstream from Akt within the InR-
PI3K-Akt pathway, we might expect PTEN TSC1 double-
mutant cells to show a similar cell-size phenotype to
either single mutant. However, if TSC1 acts parallel to
the InR-PI3K-Akt the pathway, we might expect PTEN
TSC1 double-mutant cells to show additive effects on
cell size as compared with each single mutant. We ob-
served that PTEN TSC1 double-mutant photoreceptors
are 2.9 times the size of wild-type cells, as compared
with 1.9 for PTEN™ and 1.8 for TSC1™ (n = 50). This result
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Figure 5. Interactions between TSC1 and TSC2. (A-C) Wing margins containing TSC1™ (A), TSC2 (B), and TSC1~ TSC2™ (C) clones,
respectively. Note that TSC single- or double-mutant bristles (marked by y~, indicated by a line above the wing margin) are similar in
size. (D) Schematic representation of epitope-tagged TSC1 and TSC2 proteins that were expressed in S2 cells. The TSC1 construct
corresponds to the full-length protein and migrates as an [150-kD protein. Three TSC2 constructs were generated, including the
full-length (TSC2, >200 kD), N-terminal half (TSC2N, 130 kD), and C-terminal half (TSC2C, 130 kD). (E) S2 cells expressing
TSC1/TSC2, TSC1/TSC2N, and TSC1/TSC2C constructs were lysed and total cell lysate was immunoprecipitated (IP) with a-MYC
and immunoblotted with «-V5 (left panel). TSC2 or TSC2N, but not TSC2C, can be immunoprecipitated with TSC1. The same blot
was stripped and reprobed with a-MYC to show that TSC1 was expressed at comparable levels in all lanes (middle panel). As an
additional control, TSC2, TSC2N, and TSC2C were precipitated from the same cell lysate by using Ni-NTA agarose (a-His) and probed
with «-V5. These proteins were expressed at comparable levels (right panel). (F-H) Wings expressing MS1096/UAS-TSC1 (F), MS1096/
UAS-TSC2 (G), and MS1096/UAS-TSC1; UAS-TSC2, respectively. These images were taken under the same magnification. Wings
overexpressing both TSC1 and TSC2 are [28% the size of wings expressing TSC1 or TSC2 alone.

strongly suggests that the TSC genes function in a par- dence that the TSC genes are negative regulators of in-
allel pathway that converges on the insulin pathway at a sulin signaling in development.
point downstream from Akt.

Discussion
Heterozygosity of TSC1 or TSC2 rescues the lethality

of loss-of-function InR mutants The mechanisms of how body and organ size are regu-

lated are largely unknown (for review, see Conlon and

In the course of our studies, we observed a striking ge- Raff 1999). Recent genetic studies in Drosophila suggest
netic interaction between the TSC genes and inr muta- that the insulin pathway may coordinately control both
tions. Flies homozygous for inr®®, a strong loss-of-func- cell growth and cell proliferation and in turn regulate
tion allele, are larval lethal (Fernandez et al. 1995). How- organ size. Here, we have provided evidence that the
ever, homozygous inr®° flies that are heterozygous for TSC tumor suppressor genes also play an essential role in
TSC1 can survive to adults (Table 1), suggesting that a the control of cell size and organ size. Although an in-
mere 50% reduction in the dosage of the TSC1 gene can crease in cell size has been observed in human tumors
rescue the developmental arrest of an inr mutant. carrying TSC1 or TSC2 mutations (for review, see Young

Similarly, heterozygosity of TSC2 is sufficient to res- and Povey 1998), the underlying mechanisms are not
cue the lethality of another inr mutant (Table 1). Flies clear. Our results suggest that the TSC genes and the
carrying the allelic combination inr®>/inr!®/%5°%% are insulin pathway act antagonistically in the control of
100% lethal (Fernandez et al. 1995). However, approxi- cellular growth. Loss of TSC genes resulted in a cell-size
mately 39% of inr®>3/inr'¥95°#° flies that are heterozy- phenotype that is almost identical to that of PTEN. Simi-
gous for TSC2 can survive to adults (Table 1). Taken larly, co-overexpression of the TSC genes reduces cell
together, these results provide convincing in vivo evi- size as PTEN overexpression. The results from our
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Figure 6. The TSC genes act in a parallel pathway that converges on the insulin pathway downstream from Akt. Eye sections of
various mutant clones. The genotype of the mutant clone is labeled below each section, as well as the relative size of the mutant
rhabdomeres as compared with the wild-type counterparts (X value). At least 50 ommatidia were measured in each genotype. Mutant
clones were marked by the absence of pigment, and the borders of mutant clones were outlined with red lines. Although inr~ or akt™
clones contain few cells, TSC1~ inr~, or TSC1~ akt™ clones contain many more cells (only portions of the mutant clones are shown in
C and D). (A) inr. (B) akt™. (C) TSC1~ inr". (D) TSC1~ akt". (E) TSC1-. (F) PTEN-. (G) TSC1~ PTEN".

double-mutant analyses suggest that the TSC genes act
in a pathway parallel to the insulin pathway, and the
TSC pathway converges on the insulin pathway down-
stream from AKkt. Several proteins are known to function
directly downstream from Akt, or to converge on the
insulin pathway downstream from Akt. These include

Table 1. Heterozygosity of TSC1 or TSC2 rescues
the lethality of loss-of-function insulin-receptor mutants

Animals surviving Animals surviving

Genotype to pupal stage (%) to adult stage (%)
inr®®
inr®® 0 0

inr*® TSC1%°
35

inr + 56 6.6
inr3%3
iyl (3105545 ND 0

inr*®® TSC2?
iy (3105545 ND 39

In the cross between inr®® TSC1?° and inr*®, 191 flies were
scored.

In the cross between inr*>® TSC2'°? and inr'®19554% 110 flies
were scored.

(ND) Not determined.

S6K (Thomas and Hall 1997), 4E-BP (Sonenberg and Gin-
gras 1998), and Ser/Thr kinase TOR (Schmelzle and Hall
2000). Our genetic analysis is consistent with the TSC
pathway regulating any of these candidate proteins. Al-
ternatively, the TSC genes may regulate unknown regu-
lators of cell growth. We cannot distinguish between
these models at present.

Our most convincing evidence for a functional link
between the TSC genes and insulin signaling came from
the observation that heterozygosity of TSC1 or TSC2 is
sufficient to rescue the lethality of loss-of-function InR
mutants. This argues that the TSC genes are intimately
linked to insulin signaling, rather than functioning in a
totally independent cell-growth pathway. These results
suggest that the TSC tumor suppressor genes are novel
negative regulators of insulin signaling, and modulating
the activities of the TSC genes might provide a potential
way to correct insulin signaling defects in certain dis-
eases such as diabetes and obesity.

An important challenge in the future is to understand
the molecular mechanism by which the TSC tumor sup-
pressors regulate the insulin pathway. The predicted
structures of the TSC1 (containing coiled-coil domains)
and the TSC2 protein (containing a GAP domain) offer
clues in that regard. The TSC2 protein has been shown
to possess GAP activity toward two small GTPases,
Rab5 and Rapl (Wienecke et al. 1995; Xiao et al. 1997).
Rab5 is a rate-limiting component of the endocytic path-
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way (Bucci et al. 1992). It has been speculated that loss of
the TSC tumor suppressors could lead to missorting of
internalized growth factor receptors or other signal-me-
diated membrane-bound molecules that would other-
wise undergo lysosomal degradation, thus leading to a
constitutive activation of certain growth-promoting
pathways (Xiao et al. 1997). The in vivo function of Rapl
is largely unknown, and Rapl can function both as posi-
tive and negative regulator of cell proliferation under dif-
ferent conditions (Kitayama et al. 1989; Yoshida et al.
1992). Further studies of the Drosophila TSC genes may
provide insights into the relative importance of
Rab5GAP and RaplGAP activities in growth suppres-
sion.

Materials and methods

Molecular biology

Genomic DNA was isolated from the TSCI mutant embryos
and amplified with PCR. The PCR products were directly se-
quenced by using primers spanning the TSC1 locus. This analy-
sis revealed point mutations in the TSC1?? and the TSC1° al-
lele (Fig. 1B). A 4.7-kb genomic fragment containing just the
TSC1 transcription unit was cloned into Casperhs-1, a modified
Casperhs vector (Pan and Rubin 1997), for the rescue experi-
ment.

A full-length TSC1 ¢cDNA clone, LD24327, was obtained from
Research Genetics, and used to generate UAS-TSC1 construct.

Myc-tagged TSC1 and V5/His-tagged TSC2 constructs were
made by using pAc5.1/V5-HisB vector (Invitrogen). Sequences
encoding the N-terminal Myc epitope (MEQKLISEEDLNE) was
added by PCR in place of the first Met codon of a full-length
TSC1 cDNA.

Drosophila strains

TSC21%? (gig??), a null TSC2 allele, and UAS-TSC2 flies were
kindly provided by Naoto Ito (Ito and Rubin 1999). inr®® and inr 3°3
(strong alleles) were gifts from Manfred Frasch (Fernandez et al.
1995). Akt , a kinase-dead null allele of Akt, was kindly pro-
vided by Armen Manoukian (Staveley et al. 1998). PTEN¥' is
a null allele (Gao et al. 2000). Genotypes for generating clones
are as follows.

TSC1 mutant clones: 'y w hsp-flp; TSC1?° FRTS2B/FRT82B,
w " for adult eyes

y w hsp-flp; TSC1?° FRT82B/FRT82B, y * for adult wings

yw hsp-flp; TSC1?° FRTS2B/FRTS2B, Ubi-GFP * for imaginal
discs

ey-Flp TSC1 : y wey-flp glass-lacZ; TSC1%° FRT82B/FRTS82B,
w *cI3R3

TSC2 mutant clones: yw hsp-flp; TSC2°?> FRTSOB/FRTS0B,
Ubi-GFP " for imaginal discs

TSC1 TSC2 double-mutant clones (marked by y): y w hsp-
flp; TSC21°2 FRT80B TSC1?°/y * P[TSC1 *] FRTS80B TSC1°° for
adult wings

TSC1 Akt double-mutant clones (marked by w*): 'y w hsp-flp;
FRT82B Akt? TSC1?°/FRT82B w * for adult eyes
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TSC1 inr double-mutant clones (marked by w’): 'y w hsp-flp;
FRT82B TSC1°° inr®*/FRT82B w * for adult eyes

PTEN mutant clones (marked by w’): y w hsp-flp; PTEN%18°
FRT40A/FRT40A, y *w * for adults

TSC1 PTEN double-mutant clones (marked by w’): y w hsp-
flp; PTEN®18°/PTEN®18°, FRT82B TSC12°/FRTS2B w * P[PTEN ]
for adult eyes

Cell transfection and immunoprecipitation

S2 cells are transfected by using the Calcium Phosphate method
(Invitrogen). Cells were lysed in cold immunoprecipitation
buffer (1% Triton X-100, 0.5% NP-40, 150mM NaCl, 10mM
Tris at pH 7.4, ImM EDTA, 1mM EGTA, 0.2mM PMSEF). Im-
munoprecipitation was performed by using anti-Myc antibody
(Santa Cruz Biotechnology) and protein G Sepharose according
to manufacturer’s instruction.

Flow cytometry

FACS analysis of dissociated imaginal wing disc cells was per-
formed as previously described (Neufeld et al. 1998). TSC1 or
TSC2 homozygous mutant clones induced by FLP/FRT-medi-
ated recombination were marked by their lack of GFP expres-
sion by using ubiquitin-GFP FRT chromosomes (donated to the
Bloomington stock center by Bruce Edgar). FACS sorting was
performed on a FACStar machine and analyzed with CellQuest
program.

Histology and microscopy

Clones of mutant cells were generated by FLP/FRT-mediated
mitotic recombination (Xu and Rubin 1993). Immunostaining of
imaginal discs was performed as described by Xu and Rubin
(1993). Antifibrillarin antibody was a gift of John Aris (Aris and
Blobel 1988). Confocal images were collected by using a Zeiss
LSM 510 confocal microscope and analyzed by using LSM 510
software. Light-microscopy images were acquired on a Zeiss
Axioplan microscope equipped with an AxioCam digital camera
and analyzed by using the Axiovision software.
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