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Abstract
Links between genes involved in development, proliferation
and apoptosis have been difficult to establish. In the
Drosophila wing disc, the vestigial (vg) and the scalloped
(sd) gene products dimerize to form a functional transcription
factor. Ectopic expression of vg in other imaginal discs
induces outgrowth and wing tissue specification. We
investigated the role of the VG–SD dimer in proliferation
and showed that vg antagonizes the effect of dacapo, the
cyclin-cdk inhibitor. Moreover, ectopic vg drives cell cycle
progression and in HeLa cultured cells, the VG–SD dimer
induces cell proliferation per se. In Drosophila, ectopic vg
induces expression of dE2F1 and its targets dRNR2 and
string. In addition vg, but not dE2F1, interacts with and
induces expression of dihydrofolate reductase (DHFR).
Moreover, a decrease in VG or addition of aminopterin, a
specific DHFR inhibitor, shift the dorso-ventral boundary cells
of the disc to a cell death sensitive state that is correlated with
reaper induction and DIAP1 downregulation. This indicates
that vg in interaction with dE2F1 and DHFR is a critical player
for both cell proliferation and cell survival in the presumptive
wing margin area.
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Introduction

Cell fate specification during development relies largely on
positional information. This specification is controlled by cell
cycle regulators that allow arrest of proliferation at defined

times during development. Conversely, little is known about
how developmental cues can act on genes driving the cell
cycle. The developing wing of Drosophila melanogaster
provides a relevant model to identify possible links between
developmental pathways and gene products that allow cell
survival and cell cycle progression.
The wing originates during embryogenesis from a primor-

dium which proliferates rapidly and homogeneously until the
beginning of the third instar.1 Wing growth is patterned by the
establishment of compartments of specialized cells, marked
by boundaries. The antero-posterior (A/P) compartments are
established early during embryogenesis under the control of
the engrailed (en) selector gene that regulates the decapen-
taplegic (dpp) morphogen. The dorso-ventral (D/V) compart-
ments, established at the second instar, are defined by cells
respectively expressing or not apterous (ap).2 This leads to
the activation of the Notch receptor by its ligands at the D/V
compartment boundary.3

Several studies point to the vestigial (vg) gene as the main
target for the patterning systems defined by the two axes of
the wing.4–6 The vg gene encodes a nuclear protein
expressed during embryogenesis in the presumptive regions
of wing and halter imaginal discs in the central nervous system
and in a subset of thoracic muscles.7 All vg mutants are
characterized by a reduced wing phenotype, indicating a
requirement for VG in wing development. During larval
development vg expression in the wing disc is dependent on
the sequential activation of two intronic enhancers. The
boundary enhancer (vgBE) mediates transcription of vg under
the control of the Notch pathway via the binding of the
suppressor of hairless (Su(H)) transcription factor.4,8 The
quadrant enhancer (vgQE) directs vg expression under
control of the dpp pathway via the binding of the mothers
against dpp (MAD) protein.4,5 In this way, vg integrates inputs
from the two axes that pattern wing development.6,9

It has been shown that vg interacts genetically and
molecularly with the scalloped (sd) gene product.10–12 vg
and sd are coexpressed in the wing imaginal disc and
dimerization of VG and SD seems to be a prerequisite for
translocation of the dimer to the nucleus, where it acts as a
functional transcription factor.12–14 In fact, in the heterodimer,
SD contains the transcription enhancer activator (TEA) DNA
binding domain, while VG provides the transcriptional activa-
tion domain.10,12,14

It has been shown that ectopic expression of vg in other
imaginal discs induces wing outgrowths, this being dependent
on the presence of SD.4,11 Therefore, vg seems to be required
for both wing identity and cell proliferation, suggesting that the
VG–SD dimer could be one of the links between signalling
genes and genes involved in cell proliferation.6

We have previously shown a strong interaction between
specific antiproliferative drugs, such as methotrexate,
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aminopterin, fluorodeoxyuridine, and the phenotype of vg
mutants.15 These inhibitors of the dihydrofolate reductase
(DHFR) and thymidylate synthetase enzymes block DNA
replication by depleting the pool of thymidylate (dTMP). This
effect can be rescued by the addition of thymidine.16 In
addition, several enzymatic activities of the dTMP biosynth-
esis pathway, such as DHFR and thymidine kinase (TK), are
perturbed in vg mutants.15 Therefore, we conclude that vg
could be a regulator of dTMP synthesis in the tissue where it is
normally expressed.15,17

In mammals, genes involved in dTMP biosynthesis are
directly regulated by the E2F transcription factor.18 E2F forms
a heterodimer with a subunit encoded by the DP gene family
and its expression is required for S-phase transition. In
quiescent or differentiated cells, the E2F-DP dimer is bound to
the hypophosphorylated form of the retinoblastoma family
protein pRB. When cells are stimulated to enter the S phase,
the pRb protein is phosphorylated by cyclin-CDK complexes
and free E2F-DP factor accumulates, activating genes
involved in DNA replication as well as cell cycle progres-
sion.19,20 In Drosophila, it has been shown that dE2F1 (called
here dE2F) regulates cell cycle progression from G1 to S
and its overexpression can drive cells from G2 to M by
activating the expression of string (stg), the homolog of yeast
cdc25.21–25 Thus, in Drosophila as in mammals, dE2F-1 is a
key regulator of cell cycle progression.
Here, we present genetic and molecular data that demon-

strate a critical role for vg in cell proliferation and cell cycle
progression in the wing imaginal disc. Moreover, vg and sd are
able to induce proliferation of HeLa cultured cells. In addition,
this indicates that VG–SD targets responsible for inducing
proliferation are conserved between humans and Drosophila.
Our results indicate that the effects of vg on proliferation are
mediated via activation of the expression of dE2F transcrip-
tion factor and its target genes, RNR2 and stg. However,
ectopic vg, but not dE2F, is able to activate DHFR expression
in the wing disc, raising the possibility that vg could control
genes involved in DNA replication independently of dE2F.
Interestingly, we found that VG and DHFR are, in addition,

specifically required for cell survival at the D/V boundary of the
wing disc. Using aminopterin, a specific inhibitor of DHFR, we
found that a decrease in VG and its target DHFR leads to
misregulation of apoptosis regulators such as reaper (rpr) and
DIAP1, and subsequent caspase-mediated cell death activa-
tion. These results demonstrate that vg is a critical component
for both proliferation and cell survival in the wing disc.

Results

vg and sd induce proliferation

vg antagonizes the effect of dacapo
Ectopic expression of vg in different imaginal discs induces
wing outgrowth and a role for vg in normal proliferation in the
wing disc has been postulated based on the phenotype of vg
mutants and vg mutant clonal analysis.4,26 However, other
investigators have argued that vg does not induce proliferation
but only transdetermination.27,28

To clearly establish the role of vg and sd in proliferation, we
overexpressed the Drosophila Dacapo (DAP) protein which

shares strong homology with human p21.29 Human p21 has
been shown to inhibit cyclin-CDK complexes, Rb phosphor-
ylation and therefore E2F1 factor activation of its target genes.
In most cases examined, p21 is essential for G1 arrest before
differentiation of cells. In the wing disc, vg is highly expressed
along the D/V boundary that will form the future wing margin.
We overexpressed dap in this region using the vg-GAL4
driver.30 This led to nicks at the wing tips due to G1 arrest
without apoptosis (Figure 1a, b).31 To visualize the effect on
proliferation in the wing disc, we analyzed the distribution of M
phase cells using the antiphospho-histone H3 mitosis marker.
The overexpression of dap led to a significant decrease in
mitotic cells along the D/V boundary (Figure 1d, e).
Next, we expressed both dap and vg using the vg-GAL4

driver and observed a complete rescue of the wing phenotype
induced by overexpression of dap (Figure 1c). Consistent with
the rescue of the wing phenotype, a significant increase in M
phase cells at the level of the D/V boundary of wing imaginal
discs was observed when both transgenes were over-
expressed compared to when only dap was overexpressed
(Figure 1f). Since the role of dap as a general inhibitor of
proliferation has been well established, these results strongly
argue in favor of a role for vg as a positive regulator of cell
proliferation in the zone of the future wing margin.

vg induces G1/S and G2/M phase transitions
Next, we tested whether vg was able to induce proliferation
and thus, cell cycle progression (i.e., S and M phases) in other
parts of the wing disc using a different driver. In bromodeox-
yuridine (BrdU) pulse experiments, we observed significantly
fewer cells in the S phase in most of the wing disc in the vgnull

mutant than in the wild-type strain (Figure 2a, b). This
argument, together with the reduced vgnull disc size, is in favor
of a role for vg in cell proliferation. Therefore, the homozygous
vgnull genetic context was used in the following experiments,
as it emphasizes the effects of ectopic vg on cell cycle
transition. As it has already been shown, the ectopic
expression of dE2F in the wing disc, using the patched(ptc)-
GAL4 driver, is sufficient to drive cells into the S phase
(Figure 2d).21 We observed that ectopic expression of vg
according to the ptc expression domain in a vgnull background
(Figure 2c) also increases the number of cells in the S phase
(Figure 2e). Moreover, ectopic vg also led to overgrowth of the
disc along the A/P axis (Figure 2c, e). Compared to the wild-
type strain, a significant decrease in cells in the M phase was
observed in vgnull discs using antiphospho-histone H3
antibodies (Figure 2f, g). Moreover, ectopic expression of vg,
driven by ptc-GAL4 in a vgnull background, induced transition
to the M phase (Figure 2h). These data indicate that vg is able
to regulate proliferation, increasing the number of cells in both
the S and M phases. However, we cannot exclude the
possibility that the effect of vg on the number of the M phase
cells is merely the consequence of induction of the S phase.

Ectopic expression of vg changes the repartition
of cells in the cycle

To quantify the effect of ectopic expression of vg on the cell
cycle, we performed flow cytometry analysis on en-GAL4,
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UAS-GFP, UAS-vg discs that expresses the green fluores-
cent protein (GFP) and vg in posterior compartment cells of
wing imaginal discs. GFP expression thus allows us to
segregate anterior wild-type cells and posterior transgene-
expressing cells.24 We compared G1, S and G2/M phases
repartition in dissociated wing disc cells, overexpressing vg
according to en (GFPþ posterior compartment cells) or not
(GFP� anterior internal control compartment). Control en-
GAL4, UAS-GFP, UAS-LacZ discs displayed no significant
difference between the two compartments (Figure 2i, com-
pare bold and thin lines).24 Conversely, ectopic vg expression
truncated the G1 phase, as we observed a 15.15% mean
decrease in posterior cells in G1 compared to anterior ones
(Figure 2i). These results indicate that ectopic vg causes a
shift from theG1 phase to theG2/M phase of the cell cycle and
so is an activator of cell proliferation. Furthermore, the
analysis of the Forward Scatter data, which is a measure of
cell size, reveals no difference in average cell size between

the two compartments when vg is overexpressed in the
posterior compartment (data not shown). This is surprising as
overproliferation is generally accompanied by a reduction in
cell size. However, this could be explained if VG not only
activates cell proliferation, but also promotes cell growth.
These data and those of the former paragraph confirm that vg
is able to drive the cell cycle and induce proliferation in the
wing disc.

VG and SD induce proliferation of HeLa cells
Our data show that ectopically expressed vg induces
proliferation in vivo. In order to evaluate if the capacity of the
VG–SD dimer, per se, to induce proliferation is dependent on
other components expressed in the wing disc, we tested
whether the dimer can induce proliferation in cultured cells. In
addition, we chose to transfect vg and sd constructs into
heterologous HeLa cells that are devoid of Drosophila

Figure 1 vg antagonises the effect of dap. The vg-GAL4 driver reflects the expression of the vgBE-enhancer. (a) vg-GAL4; vgnull/þ flies display a wild-type wing
phenotype. (b) vg-GAL4; UAS-dap; vgnull/þ wing. A scalloped wing phenotype is observed. The same phenotype is observed using the two transgenes: UAS-dap;
UAS-LacZ. (c) vg-GAL4; UAS-dap; UAS-vg; vgnull/þ wing. A wild-type phenotype is observed showing that vg antagonises the effect of dap. We assume that this result
is not due to titration of the GAL4 protein. M phase staining is correlated with wing phenotypes. Third instar wing discs were stained with antiphospho-histone H3 and anti-
b-galactosidase antibodies. All discs are orientated in the same way with the posterior compartment to the right. The genotypes in (d), (e), and (f) correspond to
genotypes in (A), (B) and (C) respectively, with an additional vgBE-lacZ insertion that reflects the vg-GAL4 driver at the D/V boundary. A diminution of M cells
(arrowheads) is observed at the D/V boundary in (e), while an increase (arrowheads) in staining is detected in (f) explaining the rescue of the wing phenotype observed in
(c). The vg-GAL4 driver expression at the D/V boundary is monitored with the vgBE-lacZ staining in (d0), (e0) and (f0), respectively; and merge pictures are presented in
(d00), (e00) and (f00)
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proteins. The rate of proliferation was estimated bymeasuring
mitochondrial dehydrogenase enzyme activity.32,33

We observed that the cotransfection of vg and sd induces a
2.5-fold increase in the proliferation rate of HeLa cells
(Figure 3). In accordance with the model in which VG acts
as a transcription activator and SD carries only the DNA
binding domain, we found that transfection of vg alone did not
significantly induce cell proliferation. Interestingly, the trans-
fection of sd alone seemed to decrease the rate of prolifera-
tion, suggesting that SD acts in a dominant-negative fashion
on endogenous human proteins implicated in this process
(Figure 3). These results indicate that the VG–SD dimer is
able to induce proliferation of cells in culture per se. Moreover,
it suggests that VG–SD targets implicated in cell proliferation
are conserved between Drosophila and human.

Ectopic vg expression induces dE2F and dE2F
target genes

vg induces dE2F expression
A prerequisite for cell proliferation is the activation of genes
encoding products required for DNA replication, as well as
genes involved in regulation of the cell cycle. In mammals, the
E2F transcription factor regulates the expression of genes
involved in DNA replication, like DHFR, ribonucleotide
reductase (RNR2) and TK. Two dE2F genes have been
identified in Drosophila, dE2F1 and dE2F2.23,25,34 dE2F1
(named here dE2F) has been shown to control RNR2 and

Figure 3 VG and SD induce cell proliferation. Cell transfection. vg, sd and GFP
cDNAs containing plasmids were transfected into HeLa cells. A quantity of 500 ng
per plasmid was transfected. GFP-positive cells were sorted by flow cytometry,
collected and six different samples were cultured for each transfection.
Proliferation was quantified by spectrophotometric measure of a mitochondrial
dehydrogenase activity. Mean values were obtained. White: control transfection
of the mock plasmid devoid of cDNA. Dark grey: transfection of vg alone. Some
induction of cell proliferation is visible. Black: transfection of vg and sd. A 2.5-fold
induction of proliferation is observed. Light grey: transfection of sd only. Inhibition
of proliferation is observed suggesting a dominant-negative effect. Each set of
experiments was independently performed three times at least. Standard
deviation are shown

Figure 2 vg drives the cell cycle. All discs are orientated in the same way with the posterior compartment to the right. Anti-BrdU antibody marks cells in the S phase in
third instar wing disc. (a) Canton-S wild-type disc: all cells are uniformly stained except the zone of nonproliferating cells (ZNC) at the D/V boundary. (b) vgnull wing disc: a
decrease in S phase cells in the vgnull mutant is observed. Note the reduced size of the disc and of the wing pouch. (c) Cross between vgnull; UAS-LacZ; UAS-vg and
vgnull; ptc-GAL4 flies. b-Galactosidase activity marks the ptc expression domain. Note the overgrowth of the disc along the A/P axis. (d) vgnull disc in which dE2F is
overexpressed in the progeny of the cross between vgnull; UAS-E2F-DP; UAS-P35 and vgnull; ptc-GAL4 flies. dE2F1 drives cells to enter the S phase in absence of vg
(arrow). The baculovirus P35 protein inhibits dE2F induced cell death. (e) ptc-GAL4-driven ectopic expression of vg in a vgnull background (cross between vgnull; UAS-vg
and vgnull; ptc-GAL4 flies). Like dE2F, vg can drive the cell cycle from the G1 to the S phase (arrow). (f) Wild-type wing disc stained with antiphospho-histone H3
antibodies. Uniform staining of cells in the M phase is observed. (g) vgnull wing disc. A strong decrease in staining of the M cells is detected. (h) vgnull wing disc from the
F1 of the cross between UAS-vg; vgnull and ptc-GAL4; vgnull flies. Ectopic expression of vg induces mitosis in the ptc expression domain (arrow). (i) Flow cytometry
experiments. At 120 h AED (after egg deposition) wing discs were dissociated and analyzed by FACS. en-GAL4; UAS-GFP; UAS-LacZ control disc were compared to
en-GAL4; UAS-GFP; UAS-vg discs. Bold and thin traces represent GFPþ (experimental) and GFP� (internal control) cells, respectively. DNA contents data represent
the proportions of cells in G1 (2C) and G2 (4C). G1, S and G2 proportions only refer to posterior transgene-expressing cells in the two experiments. Results show that
ectopic vg decreases the proportion of cells in G1 and increase the proportion of cells in G2. The experiment was repeated three times. Graphic data come from an
experimental set performed in parallel
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proliferating cell nuclear antigen (PCNA) gene expression,
while a role for dE2F in DHFR and TK activation has not been
investigated yet.22,35

A possible link between vg and dE2F was investigated first
by testing for genetic interactions in double heterozygous
mutant combinations of a dE2F null allele (dE2F91),22 and
either vg or sdmutations. No interaction was observed in vgnull

and dE2F91 double heterozygotes (data not shown). How-
ever, vg is strongly haplo-sufficient and double heterozygous
sd58/þ ; vgnull/þ females displayed a wild-type wing pheno-
type although sd is a well-established partner of vg. Only
sdETX4/Y males displayed an enhanced wing phenotype in a
vgnull/þ heterozygous background (Figure 4a, b).11 Similarly,
sdETX4/Y, dE2F91/þ males displayed a more severe mutant
wing phenotype compared to sdETX4/Y males (Figure 4a, c),
suggesting a genetic interaction between dE2F and sd.
We therefore examined the hypothesis that VG–SD

induces cell proliferation through regulation of the dE2F
transcription factor. Since it is not possible to obtain vgnull

clones and since the wing pouch is severely reduced in the
vgnullmutant, we used the overexpressionUAS-GAL4 system
to address this issue.4,30,36 We first tested if vg is able to
induce dE2F ectopically, using in situ hybridization with RNA
probes. In the wild-type disc, dE2F is expressed at relatively
low levels in the notum and the wing pouch (Figure 4d).
However, it has already been shown that dE2F, though
expressed at the D/V boundary, is lately inactive.22,37

We overexpressed vg in the entire posterior compartment
of the wing disc using the en-GAL4 driver. Under these
conditions, an increase in dE2F RNA expression was
observed in the posterior part of the wing disc (Figure 4e).
These results were confirmed at the protein level by

immunostaining using anti-dE2F antibodies when we over-
expressed vg in the ptc domain (Figure 4g). The E2Frm729

mutant is a P[LacZ] element inserted in the dE2F gene.22 In
ptc-GAL4, UAS-vg, E2F-LacZ flies, b-galactosidase activity
was observed in the ptc expression domain, suggesting that
the VG–SD dimer acts on the dE2F promoter (Figure 4f).
However, we cannot exclude the possibility that VG–SD
induces expression of other targets that would in turn activate
the dE2F promoter.

vg induces dRNR2 and stg
In mammals, E2F1 activates a large variety of genes involved
in DNA replication, cell cycle progression and oncogenesis. In
mammals, the gene encoding RNR2 is regulated by E2F1,
and in Drosophila by dE2F1.22 Moreover, it has been shown
that, in Drosophila, overexpression of dE2F directs not only
cell cycle progression from G1 to S, but also from G2 to M by
activating the expression of the stg gene, a homolog of yeast
cdc25.24Wewanted to determine ifDmRNR2 and stg are also
vg targets. In situ hybridization with a DmRNR2 probe
revealed expression of this gene in the wing disc but not at
the level of the wingmargin (Figure 5a). Johnston and Edgar37

hypothesized that the absence of DmRNR2 expression at the
wing margin is due to the fact that dE2F1 is probably inactive
since these cells are arrested in G1.
We ectopically expressed vg in the posterior compartment

of the wing disc using the en-GAL4 driver. Strong DmRNR2
expression was induced in this posterior compartment
compared to the control (Figure 5a, b), indicating that vg can
induce this identified target of dE2F. In the same way, stg
expression was detected in wild-type wing discs as previously

Figure 4 sd and dE2F interact genetically. (a) Wing of a sdETX4/Y male. (b) wing of a sdETX4/Y; vgnull/þ mutant. The increase in the mutant wing phenotype in a vgnull

heterozygous background reflects the known protein–protein interaction between the two products. (c) Wing of a sdETX4/Y; dE2F91/þ mutant. As in (b), an increase in
the mutant phenotype is also observed. Ectopic expression of vg induces dE2F expression. All discs are orientated in the same way with the posterior compartment to the
right. (d) In situ hybridization with a dE2F antisense RNA probe on a wild-type third instar wing disc. (e) Third instar wing disc of progeny of the cross between UAS-vg
and en-GAL4 strains. vg is overexpressed in the posterior compartment. An induction of dE2F is observed. (f) Third instar wing disc of progeny of the cross between
UAS-vg and ptc-GAL4; E2F-LacZ strains. A faint expression of dE2F is normally observed at the level of the D/V boundary. The arrow shows ectopic expression of
b-galactosidase according to ptc expresssion pattern confirming the in situ experiment observed in (e). (g) vgnull wing disc in which vg is overexpressed in the progeny of
the cross between vgnull; UAS-vg and vgnull; ptc-GAL4 flies. Staining with anti-dE2F antibodies reveals that vg induces the expression of the dE2F protein
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described,1 and was induced by ectopic vg (Figure 5c, d).
Taken together our results show that ectopic vg is sufficient to
induce expression of a functional dE2F transcription factor
and two of its target genes dmRNR2 and stg.

vg, but not dE2F, induces DHFR

Another well-identified target of E2F1 in mammals is the
DHFR gene. DHFR is involved in a critical step of dTMP
synthesis and, thus, is necessary for DNA replication. In situ
hybridization with a Drosophila DHFR probe showed almost
uniform staining in the wild-type wing disc (Figure 5e). It had
not been established whether dE2F is able to induce DHFR
expression in Drosophila. Surprisingly, we found that ectopic
expression of dE2F using the en-GAL4 driver had no effect on
DHFR expression in the wing disc (data not shown). Since
ectopic expression of dE2F induces apoptosis, we coex-
pressed dE2F and the baculovirus P35 protein which inhibits
cell death.21 No induction of DHFR either was observed even
under these conditions (data not shown).
We next tested by in situ hybridization whether over-

expression of vg in the en expression domain of the wing disc
was able to induce DHFR expression. Indeed vg induced
strong DHFR expression in the posterior part of the wing
disc, the effect being particularly striking in the wing pouch
(Figure 5e, f).

Genetic interactions between vg, but not dE2F, and
def(DHFR)
To test, at a genetic level, the interaction between vg and
DHFR, we used two different DHFR deficiencies since no
DHFR mutants were available (see Materials and Methods).
As for vg and dE2F, no interaction was observed between vg
and def(DHFR) in double heterozygotes (vgnull/þ ;
def(DHFR)/þ ) (data not shown). However, the wing pheno-
type of sdETX4/Y mutants is severely aggravated in a
def(DHFR)/þ context (Figure 6a, b), indicating a genetic
interaction between DHFR and sd. We cannot exclude at this
point the possibility that this interaction is due to other genes
included in the deficiency even if no likely candidate genes
could be identified in the database.
In order to try to reveal possible genetic interactions

between vg, dE2F and DHFR, we used very low doses of
aminopterin (0.5mg/kg) to reduce the strong haplo-sufficiency
associated with vg mutations (see the section ‘vg induces
dE2F expression’). Indeed aminopterin is a specific inhibitor of
DHFR activity and it has been shown to lead to a decrease in
vg expression in wild-type strains.17 When flies were reared
on a low dose of aminopterin (0.5mg/kg), the slight inhibition
of DHFR activity led to nicks in wings in 2% of def(DHFR)/þ
heterozygous flies (data not shown). Potential genetic
interactions between dE2F and def(DHFR) or vg and
def(DHFR) should lead to increased wing phenotypes in
double heterozygous flies reared on the drug, compared to
def(DHFR)/þ controls. Wild type or dE2F91/þ heterozygous
flies exhibit no wing abnormalities when raised at this low
concentration of aminopterin (Figure 6f). Nicks at wing tips
were observed in vgnull/þ heterozygous flies reared on
aminopterin (Figure 6c), while a much stronger notched wing

Figure 5 Ectopic vg induce DmRNR2, stg and DHFR. In situ hybridization with
antisense RNA probes on third instar wing discs. All discs are orientated in the
same way with the posterior compartment to the right. Wild-type discs (a, c, e) are
compared to third instar wing discs of progeny from the cross between UAS-vg
and en-GAL4 strains (b, d, f) in which vg is overexpressed in the posterior
compartment. The probes used were: DmRNR2 (a, b), stg (c, d) and DHFR (e, f).
All three genes are overexpressed in the posterior compartment in en expression
domain, in response to ectopic vg
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phenotype was obtained in vg/þ ; def(DHFR)/þ double
heterozygotes (Figure 6d). No differences in wing phenotypes
were detected in vgnull/þ ; E2F91/þ (Figure 6e) or in the
E2F91/þ ; def(DHFR)/þ double heterozygotes flies reared on
the inhibitor (Figure 6f and data not shown) compared to the
controls.

These results demonstrate a strong genetic interaction
between vg and def(DHFR) leading to a wing margin
phenotype. In contrast, no interaction was detected between
dE2F and vg or dE2F and def(DHFR).

Figure 6 Genetic interaction between sd and DHFR. (a) Wing of a sdETX4/Y
male. (b) Wing of a sdETX4/Y; def(DHFR)/þ male. A strong increase of the
mutant phenotype is observed in a def(DHFR) heterozygous background,
suggesting a genetic interaction between the two genes. Genetic interaction
between vg and DHFR in the presence of a low dose of aminopterin (0.5 mg/kg).
Each picture shows the most representative phenotype of the cross. (c) vgnull/þ
wing. A scalloped phenotype is observed. (d) vgnull/þ ; def(DHFR)/þ wing. A
strong increase in the mutant phenotype is observed compared to (c). (e)
dE2F91/þ ; vgnull/þ wing. Small notches at the wing tips are observed. (f) Wing
of the wild-type strain which also corresponds to what is observed for def(DHFR)/
þ or dE2F91/þ ; def(DHFR)/þ flies

Figure 7 vg together with DHFR are required for cell survival at the D/V
boundary of the wing imaginal disc. Effect of aminopterin, the inhibitor of DHFR.
All discs are orientated in the same way with the posterior compartment to the
right. X-gal staining was performed rigorously, with the same experimental
procedure for all genotypes. Staining times were precisely the same and
experiments were repeated four times. We could not find any difference in
staining between the wild-type Canton S and w1118 strain, which is the genetic
background for the different mutants. The cut-LacZ transgene marks a stripe of
cells precisely at the D/V boundary and allows to monitor their fate (a–e). (a) Wild-
type wing disc heterozygous for the cut-LacZ transgene. Similar LacZ expression
is observed in a vgnull/þ heterozygous disc (data not shown). (b) Wild-type wing
disc of flies reared on medium containing a concentration of 2 mg/kg of
aminopterin. cut-LacZ pattern is normal suggesting absence of D/V boundary
specific apoptosis in LacZ-expressing cells. (c) In vgnull/þ heterozygotes, LacZ
staining at the D/V boundary is interrupted, probably due to diminution of DHFR
activity induced by aminopterin (arrows). (d) No visible effect is observed in
E2F91/þ wing discs. (e) Conversely, in a def(DHFR)/þ background, gaps at
the level of the D/V boundary are observed (arrows). The expression of the
apoptosis inducer gene reaper (rpr) was monitored using the rpr-LacZ transgene.
Flies were reared on medium containing aminopterin (0.5 mg/kg) (f–i).
Aminopterin has no effect on rpr expression in the canton S wild-type strain (f
and data not shown), which is normally detected in the wing pouch, particularly at
the D/V boundary. (g) Conversely, in vgnull/þ heterozygous wing discs, the rpr-
LacZ reporter construct shows an increased activity especially at the D/V
boundary. (h) E2F91/þ wing discs do not display D/V boundary specific rpr-lacZ
activation (a slight decrease can even sometimes be observed). (i) def(DHFR)/
þ discs resemble the vgnull/þ context. This specific rpr-lacZ induction
correlates with the disappearance of D/V boundary cut-LacZ-expressing cell
reported (c, e). Cell death was monitored with acridine orange staining. (j)
Aminopterin (0.5 mg/kg) induces apoptosis quite homogeneously in wild-type
wing discs. (k) Conversely, a specific increase in apoptosis at the D/V boundary is
visualized in vgnull/þ heterozygous discs
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These results suggest that in the Drosophila wing disc,
unlike what has been described in mammals, dE2F does not
control DHFR expression, this role possibly being allotted to
the VG–SD dimer. This raises the possibility that in addition to
DHFR, other identified targets of dE2F may also be regulated
in Drosophila by transcription factors involved in proliferation,
others than dE2F.

Diminution of DHFR activity leads to D/V
boundary defects

In order to distinguish the respective roles of DHFR and dE2F
at the D/V boundary of the wing disc, we used the cut-LacZ
strain, which precisely marks a stripe of D/V boundary cells
and allowed to monitor their fate. To reduce DHFR activity we
also used aminopterin at a concentration of 2mg/kg to
correlate the wing phenotype and D/V boundary cell fate in
different genotypes. No difference in the cut-LacZ expression
pattern was detected between wild-type flies and vgnull/þ
heterozygous flies reared on normal medium (Figure 7a).
Nevertheless, in flies grown on medium containing aminop-
terin, although the wild-type strain exhibited normal cut-LacZ
expression (Figure 7b), vgnull/þ heterozygotes displayed
significant gaps in the staining (Figure 7c). Moreover, these
discs also displayed a high level of cell death specifically at the
level of D/V boundary that could be visualized by staining with
acridine orange (Figure 7k). No other part of this disc was
exposed to such a specific increase in cell death. This was not
observed in the wild-type strain where quite homogenous cell
death in the wing disc was detected (Figure 7j). As
aminopterin is a specific inhibitor of DHFR activity, these
results suggest that a decrease in DHFR in a vgnull/þ
heterozygous mutant background induces specific cell death
at the D/V boundary and thus loss of cut-LacZ-expressing
cells.
When reared on aminopterin, def(DHFR)/þ discs clearly

displayed abnormal cut-LacZ staining (Figure 7e) like that in
vgnull/þ heterozygotes (Figure 7c). This is in agreement with
the hypothesis that the abnormal cut-LacZ phenotype is due
to a decrease in DHFR activity.
If the DHFR gene was to be regulated by dE2F at the D/V

boundary, then reduced DHFR expression in dE2F91/þ
mutant wing discs and consequent abnormal cut-LacZ
expression in larvae reared on the inhibitor should be
expected. This was not the case since cut-LacZ expression
was normal in this genetic background (Figure 7d). This is in
accordance with the hypothesis that vg, but not dE2F, is able
to regulate DHFR expression at the D/V boundary in wing
discs of the third instar larvae. Moreover, these results
suggest that VG is also required for cell survival in the wing
disc.

vg and DHFR are specifically required for
cell survival at the D/V boundary

We next tested whether the effects observed on wing margin
cell fates and cell death induction, when flies of different
genotypes were reared on aminopterin (0.5mg/kg), could be
correlated with misregulation of apoptosis regulators. Droso-

phila inhibitor of apotosis protein 1 (DIAP1) is a negative
regulator of apoptosis that binds to and inhibits caspase
activity.38 DIAP1 has recently been reported to be detected
throughout the wing disc with an increased expression pattern
along the pouch D/V boundary.39 The authors also demon-
strated that the proapoptotic Reaper (Rpr) protein is able to
bind to and trigger ubiquitin-mediated DIAP1 degradation
leading to subsequent caspase activation and apoptosis.39

But more concerning is the fact that rpr is also expressed in
the wing pouch, particularly at the D/V boundary.40,41 This
boundary, therefore, seems to be a quite sensitive area under
tight regulation of cell death and cell survival signals. To
monitor rpr expression in the different vg, dE2F and DHFR
heterozygous contexts, we used a rpr-LacZ reporter trans-
genic line.41,42 No difference in LacZ expression was
observed between the different genotypes when flies were
reared on normal medium (data not shown). On aminopterin-
containing medium (0.5mg/kg), specific induction of rpr was
not observed at the level of the wing margin in the wild-type
strain (Figure 7f and data not shown) nor in dE2F91

heterozygotes (Figure 7h) where a slight decrease in rpr-
LacZ expression at the D/V boundary can even sometimes be
observed. Conversely, rpr was specifically activated at the
D/V boundary in vgnull/þ (Figure 7g) and def(DHFR)/þ
(Figure 7i) heterozygotes, indicating a complete correlation
with the loss of cut-LacZ-expressing cells and cell death
induction.
These results led us to investigate the effect of rpr induction

on DIAP1, upon reduction of VG and DHFR levels. Strikingly,
DIAP1 protein was specifically and severely downregulated at
the D/V boundary of vgnull/þ mutants compared to wild-type
discs (Figure 8a, b). Nevertheless, no effect could be
observed on DIAP1 transcription, using a P[LacZ] insertion
at the thread (th) locus encoding DIAP1 (Figure 8d and data
not shown). These results are consistent with the rpr-induced
post-translational degradation of DIAP-1 reported so far.
Conversely, vg overexpression along the D/V boundary (vg-
GAL4 driver) completely rescued the loss of DIAP1 in vgnull/þ
disc (Figure 8c), as expected if DIAP1 is regulated by VG. We
concluded that vg requirement for cell survival at the D/V
boundary is, at least, mediated through DIAP1.
Interestingly, specific inhibition of DHFR (aminopterin

0.5mg/kg) in wild-type flies also induced DIAP1 downregula-
tion (Figure 8e) that was rescued upon vg overexpression
(Figure 8f). These results confirm that a decrease in the VG
product shifts the D/V boundary cells to a cell death sensitive
state that seems to be correlated with a reduced DHFR
activity.
Finally, we monitored the effects of aminopterin on cell

death effectors, using the CM1 antiactivated caspases anti-
body. Only few caspase-positive cells were detected in wild-
type or vgnull/þ discs grown on normal medium (Figure 8g, h).
These cells displayed pyknotic nuclei, indicative of apoptosis
(Figure 8h, i).43 However, we observed that vgnull/þ discs on
aminopterin displayed a high level of activated caspases,
which was especially restricted to the D/V boundary
(Figure 8k) compared to wild-type ones (Figure 8i). Many
vgnull/þ cells along the D/V boundary displayed pyknotic
nuclei (Figure 8k, l). This result accounts for acridine stained
cell death that was previously observed (Figure 7k), and is
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consistent with caspase inhibitor DIAP1 downregulation we
report.
Moreover, DIAP1 overexpression at the D/V boundary

(vgGAL4 driver) greatly rescued the strong wing margin
phenotype observed in vgnull/þ flies grown on aminopterin

(0.5mg/kg) (Figure 8m). These results demonstrate that
DIAP1 degradation stands for caspase-mediated apoptosis
induced in vgnull/þ discs grown on aminopterin (Figure 7).
In these experiments too, the data show that DHFR activity

is required for cell survival at the D/V boundary and would be
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under the control of vg. A decrease in VG or DHFR activity
would lead to specific rpr expression, DIAP1 degradation,
caspase-mediated cell death and, consequently, to wing
margin defects.

Discussion

The normal development of multicellular organisms requires
proliferation of precursor cells followed by cell cycle arrest and
commitment to specialized fates. In mammals, E2F, P21 and
the pRb pocket proteins have been shown to be involved in
differentiation.20 However, little is known about how develop-
mental pathways regulate the cell cycle. Regulation of p21 by
HOX genes has been reported in a human myelomonocytic
cell line; this constitutes one of the few examples described so
far.44 Recently, the transcription factor Cubitus interruptus
(Ci) was shown to mediate the effects of Hedgehog (Hh)
signalling on cell growth and proliferation in the wing disc by
direct binding to the Cyclin E promoter.45 In addition, the
Caudal (CAD) homeodomain protein was shown to bind the
dE2F promoter in vitro, and CAD binding sites in the dE2F
promoter are required for expression of dE2F in living flies.46

These results most clearly demonstrate that developmental
genes like Cad, Hh and Hox can directly regulate cell growth
and proliferation.
There are several indications that the vg gene can induce

cell proliferation when expressed ectopically,4,47 and may
mediate the cross-talk between developmental and cell cycle
genes in wing development. Interestingly, Notch and dpp
signalling pathways have been shown to both activate vg in
the wing disc via specific enhancers, and induce proliferation.
In a recent report, cell proliferation induced by ectopic
expression of an activated form of Thick vein (TKV), the
DPP receptor, was shown to require the presence of VG.
However, TKV was unable to induce vg expression, indicating
only a synergetic effect between the two genes in this
process.48

The results presented here clearly demonstrate that vg is
required and sufficient for cell proliferation at the D/V
boundary of the wing imaginal disc. Not only can the
overexpression of the gene counteract the effect of dap, but
it also induces cell cycle progression. The latter was
confirmed by: (i) overexpression of vg in the wing disc and
consequent induction of G1/S and G2/M cell progression in
the region where vgwas overexpressed and (ii) fluorescence-
activated cell sorter (FACS) experiments showing that over-

expression of vg in the posterior compartment of the wing disc
shifts the cells toward theG2/M phase. VG therefore seems to
be an active regulator of G1/S phase transition.
Moreover, in a heterologous system (HeLa cells) the

Drosophila VG–SD dimer, per se, induces cell proliferation.
This suggests that the dimer is able to act on human
proliferation genes and, thus, that target sites of the SD TEA
DNA binding domain are likely conserved betweenDrosophila
and humans. In addition, our results in human HeLa cells are
in favor of a dominant-negative effect of an excessive amount
of SD, which probably saturates the target sites involved in the
process and results in inhibition of cell proliferation. On the
whole, data are in favor of the hypothesis that the target sites
of the SD TEA DNA binding domain are conserved in
Drosophila and human and are necessary for cell proliferation.
The prerequisite for cell proliferation is the activation of

specific transcription factors, like E2F, that trigger DNA
replication and cell cycle progression. Our results show that
vg induces cell proliferation in the wing disc by activating
dE2F, but also dE2F target genes like dmRNR2 and stg.
Although DHFR is a well-established target of dE2F in

mammals, we found that in contrast to dE2F, vg induces
DHFR expression in the Drosophila wing imaginal disc,
suggesting the possibility that vg exerts some of its effects
directly on proliferation genes in the wing pouch and not
merely through dE2F. In addition, on medium containing low
concentration of aminopterin that inhibits DHFR activity, a
genetic interaction was observed between vg and def(DHFR),
and not between the latter and dE2F, with respect to wing
phenotype.
Moreover, the genetic interaction between vg and

def(DHFR) leading to wing margin phenotypes was corrobo-
rated with the loss of D/V boundary cut-LacZ-expressing cells
in vgnull/þ and def(DHFR)/þ heterozygotes grown on
aminopterin. No such effect could be visualized in dE2F 91/
þ mutant, confirming that the regulation of DHFR by vg was
not mediated by dE2F.
We further showed that vgnull/þ mutants on aminopterin

displayed a clear increase in cell death that was restricted to
the D/V boundary. These results led us to monitor a potential
additional role for vg in cell survival. Interestingly, the strong
expressions of both apoptosis regulators rpr and DIAP1,
specifically at the D/V boundary of the wing disc, are in favor of
a precise regulation of cell survival in this area.40,41 In
addition, the fact that vg is highly expressed in the same area
and is absolutely required for wing pouch development, led us

Figure 8 Apotosis inhibitor DIAP1 is required for regulation of cell survival at the D/V boundary of the wing disc by vg. All discs are orientated in the same way with the
posterior compartment to the right and ventral part on the top. (a) anti-DIAP1 staining. DIAP1 protein is observed throughout the whole wing disc of wild-type strain with a
striking increase in expression at the D/V boundary (arrowheads), as already described.39 (b) This D/V specific DIAP1 protein is lost in vgnull/þ heterozygous mutants
(arrowheads). (c) vg overexpression along the D/V boundary (vgGAL4 driver) of vgnull/þ disc completely rescues DIAP1 protein level (arrowheads). (d) anti-
b-galactosidase staining. P[LacZ] insertion at the th locus encoding DIAP1 reflects diap1 transcription with a marked increase at the D/V boundary of wild-type disc
(arrowheads).39 No difference can be monitored in a vgnull/þ context (data not shown). (e) Addition of aminopterin (0.5 mg/kg) to flies medium leads to DIAP1
downregulation similar to (b) (arrowheads). (f) Moreover, vg overexpression along the D/V boundary rescues DIAP1 protein, as well (arrowheads). (g) CM1 antiactivated
caspases staining of wild-type disc. Positive cells are quite rare in the wing pouch (arrowheads). (h) Only few caspase-positive cells are observed in vgnull/þ disc
(arrowheads and inset). (i) Same disc stained with DAPI. Caspase-positive cells display pyknotic nuclei (arrowheads and inset). (j) Upon addition of aminopterin (0.5 mg/
kg), caspase-positive cells are observed in a quite homogeneous pattern in the wing disc. (k) Strikingly, activation of caspases specifically increases at the D/V boundary
of vgnull/þ discs gown on aminopterin (arrowheads and inset). (l) Same disc staining with DAPI. Pyknotic nuclei are particularly observed along the D/V boundary
(arrowheads and inset). (m) DIAP1 overexpression along the D/V boundary (vgGAL4 driver) rescues to some extent the wing phenotype of vgnull/þ flies grown on
aminopterin (0.5 mg/kg)
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to monitor cell death regulators expression in both wild-type
and vgnull/þ discs.7 Using aminopterin, we showed that VG
and DHFR are required for the integrity of wingmargin cells, in
addition to cell proliferation. A decrease in both products,
induces specific rpr expression, DIAP1 downregulation and
caspase-mediated cell death at the D/V boundary of the wing
disc. However, even if DIAP1 was specifically lost in vgnull/þ
cells at the D/V boundary, we could not detect any clear
induction of apoptosis without addition of aminopterin. This
indicates that VG reduction only promotes a cell death
sensitive state. Apoptosis was further triggered upon con-
comitant DHFR inhibition. However, it has been shown that vg
displays incomplete penetrance depending on genetic back-
grounds.49 This suggests that cell death eventually occurs in
heterozygotes on normal medium.
Interestingly, our results clearly show that vg and its target

DHFR are required for both cell survival and proliferation.
Therefore, the complete loss of wing tissue in vgnull homo-
zygous mutant7,11 and the impossibility to recover vgnull

clones4,36 are probably due to both proliferation impairment
and apoptosis triggering. The requirement for DHFR during
both processes raises the possibility of mutual cross-talk
between cell survival and proliferation that would rely on VG
function and DNA synthesis. Moreover, the wing phenotype of
vgnull/þ flies grown on aminopterin was greatly rescued upon
ectopic expression of DIAP1 along the D/V boundary. This
demonstrates that wing defects observed upon DHFR
inhibition and VG reduction are significantly due to cell death
triggering.
It has been proposed that vg can be viewed as a wing

selector gene that would impose the wing developmental
pathway.27,50,51 Interactions between vg and genes like
Notch, wg and dpp would influence gene expression patterns
to promote wing identity.28 However, some authors recently
concluded that vg is not a ‘master gene’ but a component of
the genetic combination that drives wing blade development.
Thus, only an indirect role of vg in cell proliferation was
hypothesized by these authors.52 In this study, we demon-
strate that vg not only promotes wing differentiation, but is also
required for cell survival and proliferation.
In addition, several counter arguments can be used to

uncouple a role for vg in cell proliferation from its role in cell
identity. Indeed, TONDU (TDU) a human vg homolog,
dimerizes with SD when expressed in flies.14 Ectopic
expression of TDU in the eye disc induces cell proliferation
without promoting wing cell differentiation.14 Another VG
partner in the wing disc has been identified, Strawberry notch
(SNO), which is also a Notch target.53,54 The possibility exists
that wing specification requires more than just the VG–SD
transcription factor, while the VG–SD dimer alone would be
sufficient to induce proliferation, as was suggested by our
experiments of heterologous expression of vg and sd in HeLa
cells. Indeed, it has been shown that SDDNA target selectivity
can be modified when SD is bound to VG.55 In vitro studies on
the binding of the TEA domain of SD on well-established
targets show that the presence of a cofactor, in this
occurrence VG, dramatically shifts the affinity of SD for these
targets. Therefore, we can hypothesize that induction of SD
target genes depends on different components bound to the
SD protein.

Taken together our results point to the existence of a tissue-
specific activator of dE2F and DHFR, namely vg, which is
required for cell proliferation and cell survival. On the whole,
our results demonstrate that vg drives cell cycle progression in
the wing disc, acting on the expression of key genes that
control the pathway, and that the VG–SD dimer retains its
potentialities as an inductor of cell proliferation in a hetero-
logous system. Moreover, we show that vg is also required for
normal expression of apoptosis regulators and cell survival in
the presumptive wing margin area.

Materials and Methods

Drosophila strains and medium
The vgnull and UAS-vg strains were generated in our laboratory.11 The vg-
GAL4 strain that drives GAL4 expression according to part of the vgBE-
enhancer was provided by M Hoffmann and S Morimura. The vgBE-lacZ
strain that drives b-galactosidase expression according to the vgBE
enhancer was described in Williams et al.8 The sdETX4 strain is a sd-LacZ
enhancer trap described in Campbell et al.13 The E2Frm729 line, which
contains an enhancer trap inserted in the dE2F1 gene, is called E2F-lacZ
in this study.22 The E2F91 mutation is described as a null allele for the
gene.22 The en-GAL4; UAS-GFP (GFP) strain was used for FACS
experiments. The DHFR gene is located at 89D2. The first deficiency used
is Df (3R) p10 (Bloomington no. 3483), (breaks at 89C1–89E2). UAS-dap
is a gift from C Lehner and UAS-E2F-DP; UAS-P35 a gift from B Edgar.
The latter strain allows expression of dE2F without induction of cell death.
The rpr-LacZ strain that carries the lacZ sequence under the control of the
entire promoter of the rpr gene was provided by JM Abrams.41,42 The thj5c8

strain that carry a P[lacZ] reporter in the 50 untranslated region of the diap1
transcription unit and the UAS-diap1 strain were provided by K White and
H Steller.39 All other stocks come from the Bloomington Drosophila
Center. Aminopterin (Sigma) was added to the medium at a concentration
of 0.5 or 2 mg/kg depending on the experiment.

Histology

A Leica DMR microscope was used. X-Gal staining was performed as
described31 and viewed using Nomarski optics. Digoxigenin (DIG)-labeled
antisense or sense RNA probes were generated with T3 or T7 RNA
polymerase (Promega) and DIG-UTP (Roche) from cloned cDNAs of
dE2F1, DHFR, stg and DmRNR2. These probes were used for whole-
mount in situ hybridization of fixed larval imaginal discs. The DIG-labeled
RNA probes were detected with the aid of an anti-DIG antibody coupled to
alkaline phosphatase (Roche) and NBT/BCIP as substrate. BrdU and
DAPI labeling of imaginal discs was performed as described.1 Staining
with rabbit antiphospho-histone H3 antibody (Upstate Biotechnology),
anti-VG (gift from S Carroll), anti-dE2F1 (gift from P Leopold) anti-DIAP1
(gift from HD Ryoo and H Steller), CM1 antiactivated caspases antibodies
(BD Pharmingen) and mouse anti-b-galactosidase antibody (Jackson
Immuno Labs) were performed according to standard protocols.

FACS experiments

Staged larvae (120 h after egg deposition) derived from 2 to 3 h egg
collections and raised at 251C were dissected in PBS for each genotype.
In all, 20 wing discs were washed twice in PBS and incubated with gentle
agitation in trypsin (Invitrogen) and Hoechst 33342 (Sigma) for 150 min
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according to Nuefeld et al.24 About 20 000 GFPþ and GFP� cells were
analyzed for each genotype. An Elite Beckman Coulter FACS was used
and data were analyzed using the Multicycle Software. P-values were
calculated using a two-tailed Student’s t-test.

Cell transfection

vg and sd cDNAs were subcloned in the pXJ40 vector (gift from I
Davidson) in order to allow expression of these cDNAs under the control of
a CMV promoter. HeLa cells were transfected using the FuGENE6t
reagent (Roche), with pXJ40 plasmids containing vg, sd cDNAs and
pEGFP (GFP) (Clontech) according to the supplier’s instructions.

Cell proliferation

Transfected HeLa cells were incubated for 48 h at 371C in an atmosphere
containing 5% CO2. GFP-positive cells were sorted by flow cytometry
(Fluorescent Activated Cell Sorter FACS), collected, and then placed in
96-well plates (2000 cells per well) and cultured for 48 h at 371C in 100 ml
of medium. In all, 50 ml of coloring solution XTT (0.3 mg/ml) (Cell
proliferation kit II, Roche), which allows quantification of cell proliferation
by measuring mitochondrial dehydrogenase activity, was added to each
well.32,33 Light Absorption in each well was measured at 490 and 640 nm 4
and 48 h later with an ELISA reader (MRX II Thermosystem).
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