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The promoters of Drosophila genes encoding DNA replication-related proteins contain transcription regu-
latory element DRE (5�-TATCGATA) in addition to E2F recognition sites. A specific DRE-binding factor, DREF,
positively regulates DRE-containing genes. In addition, it has been reported that DREF can bind to a sequence
in the hsp70 scs� chromatin boundary element that is also recognized by boundary element-associated factor,
and thus DREF may participate in regulating insulator activity. To examine DREF function in vivo, we es-
tablished transgenic flies in which ectopic expression of DREF was targeted to the eye imaginal discs. Adult
flies expressing DREF exhibited a severe rough eye phenotype. Expression of DREF induced ectopic DNA syn-
thesis in the cells behind the morphogenetic furrow, which are normally postmitotic, and abolished photore-
ceptor specifications of R1, R6, and R7. Furthermore, DREF expression caused apoptosis in the imaginal disc
cells in the region where commitment to R1/R6 cells takes place, suggesting that failure of differentiation of
R1/R6 photoreceptor cells might cause apoptosis. The DREF-induced rough eye phenotype was suppressed by
a half-dose reduction of the E2F gene, one of the genes regulated by DREF, indicating that the DREF over-
expression phenotype is useful to screen for modifiers of DREF activity. Among Polycomb/trithorax group genes,
we found that a half-dose reduction of some of the trithorax group genes involved in determining chromatin
structure or chromatin remodeling (brahma, moira, and osa) significantly suppressed and that reduction of
Distal-less enhanced the DREF-induced rough eye phenotype. The results suggest a possibility that DREF activ-
ity might be regulated by protein complexes that play a role in modulating chromatin structure. Genetic crosses
of transgenic flies expressing DREF to a collection of Drosophila deficiency stocks allowed us to identify several
genomic regions, deletions of which caused enhancement or suppression of the DREF-induced rough eye pheno-
type. These deletions should be useful to identify novel targets of DREF and its positive or negative regulators.

The promoters of Drosophila genes related to DNA replica-
tion, such as those for the 180-kDa catalytic subunit and 73-
kDa subunit polypeptide of DNA polymerase � and prolifer-
ating-cell nuclear antigen (PCNA), contain a common 8-bp
palindromic sequence (5�-TATCGATA), named the DNA
replication-related element (DRE) (21) in addition to E2F
recognition sites (13, 54). The DRE requirement for promoter
activation has been confirmed in both cultured cells and trans-
genic flies (22, 51, 52). Studies using the latter have shown that
DRE is required for the function of the PCNA promoter
throughout development except in adult females. We found a
specific DRE-binding factor (DREF) consisting of an 80-kDa
polypeptide homodimer, and molecular cloning of its cDNA
has led to confirmation that DREF is a trans activator for
DRE-containing genes (22).

Recently, we found that the N-terminal fragment of the DREF
polypeptide containing a region responsible for DRE binding
and dimer formation acts as dominant negative effector against
DREF (23). Expression of a dominant-negative form of DREF
in cells of salivary glands and eye imaginal discs using the
GAL4-upstream activation site (UAS) system inhibited endo-
replication of larval salivary gland cells and significantly re-
duced DNA replication in the second mitotic wave, respectively
(23). The results indicate that DREF is required for DNA
replication in both the mitotic cell cycle and the endo cell cycle.
However, progression of DNA replication requires a number
of genes involved in growth signal transduction, cell cycle reg-
ulation, DNA replication itself, or transcription regulation. So
far, we have not obtained clues to determine which of these genes
is a critical target of the dominant negative form of DREF.

Screening for the DRE sequence in the Drosophila genome
permitted us to estimate that more than 103 Drosophila genes
are regulated by DREF (29). We classified these genes into five
groups by their functional category: (i) DNA replication re-
lated, (ii) translation related, (iii) signal transduction/cell cycle
regulation related, (iv) transcription factor, and (v) others.
Category iv contains specific transcriptional regulators re-
quired for normal development or determination of cell dif-
ferentiation, such as zeste, caudal, Antennapedia, serendipity-
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beta, and some RNA-biding proteins. These observations suggest
a possibility that DREF may play an important role in cell
differentiation other than activation of genes involved in cell
proliferation.

More recently, Hart et al. have proposed a novel function of
DREF as an antagonist of boundary element-associated factor
(BEAF), which is involved in boundary activity of the scs�
region of the Drosophila hsp 70 gene (18, 19). Staining of
polytene chromosomes with anti-DREF and anti-BEAF anti-
bodies revealed that about half of the signals from the two
proteins overlapped and that the other half were from only
BEAF or only DREF. Furthermore, using a chromatin precip-
itation method, they demonstrated that DREF can bind to the
same sequences as BEAF, establishing the chromatin bound-
ary in the scs� special chromatin domain present in Drosophila
melanogaster 87A7 hsp 70. From the results, they assumed that
competition of binding between DREF and BEAF is impor-
tant for regulation of activity at the chromatin boundary.

To clarify in vivo functions of DREF, we decided to establish
transgenic flies expressing DREF in eye imaginal disc cells by
using the GAL4-UAS system for two reasons. The first reason
is that details of cell proliferation and differentiation during
Drosophila eye development have been characterized (8, 50).
The cells of the eye imaginal disc, sac-like with a monolayer
epithelium, proliferate and are not differentiated until the mid-
third-instar larva stage. Differentiation and retinal pattern for-
mation commence when the morphogenetic furrow (MF)
sweeps across the disc from posterior to anterior. Ahead of the
MF, cells proliferate asynchronously. As the cells are drawn
into the MF, they are arrested in a prolonged G1 phase. A
subset of these cells become committed to differentiate and
begin to express neural cell markers. The first cells to be
determined will form the R8 photoreceptor cells of the adult
ommatidium. Additional cells are recruited sequentially, form-
ing a precluster whose members are destined for specific fates.
Cells in the precluster do not reenter the cell cycle, but all
uncommitted cells divide one more time, generating a reser-
voir of cells for subsequent differentiation events. Thus, the
Drosophila eye imaginal disc provides an ideal system to ex-
amine the effects of ectopic expression of proteins on the
regulation of cell proliferation, cell cycle progression, and com-
mitment of cell differentiation.

The second reason is that if overexpression of DREF in eye
imaginal discs confers a specific phenotype in the eyes of adult
flies, the flies can be utilized to screen for modifiers of DREF
activity or its target genes. Such an approach has been success-
fully undertaken with dE2F-overexpressing flies (40).

In the present study, the consequences of ectopic expression
of DREF polypeptide in cells of eye imaginal discs were in-
vestigated. Ectopic expression of DREF in the cells posterior
to the MF induced ectopic DNA synthesis and apoptosis in
normally postmitotic cells, inhibited differentiation of the pho-
toreceptor cells, and resulted in a severe rough eye phenotype
in the adult flies. Furthermore, we succeeded in identifying
mutations that enhance or suppress the DREF-induced phe-
notype. Candidates for DREF interaction include cell cycle
regulators and regulators of chromatin-structure, giving us a
clue to resolve the molecular mechanisms of how DREF acti-
vates many genes related to cell proliferation.

MATERIALS AND METHODS

Fly strains. Fly stocks were maintained at 25°C on standard food. The Canton
S fly was used as a wild-type strain.

The dE2F91, dE2F7102, and dE2F729 alleles described previously (13) were
kindly supplied by N. Dyson. The reaper, hid, and grim genes lie at locus 75C1-2.
The deficiency lines, Df(3L)WR4 and Df(3L)WR10 uncovering the 75B-75C
locus have been described previously (48). Flies bearing GMR-DIAP1 and
GMR-DIAP2 transgenes were provided by G. Rubin. Enhancer trap lines car-
rying the lacZ markers D120 (scabrous) (31), BB02 (31), ro156, X63 (rhomboid)
(14), P82 (7), AE127 (seven-up) (32), and H214 (klingon) (5) were obtained from
Y. Hiromi. The transgenic fly carrying UAS-DREF on the second chromosome
and the transgenic fly (line 16) carrying pGMR-GAL4 on the X chromosome
were described previously (23, 41). Alleles of the following trithorax and Poly-
comb group genes were obtained from the Bloomington, Ind., stock center: trx1,
pho1, sxc1, mor1, osa2, brm2, esc1, Dll9, Dll5, kto1, Pc1, Pc3, Pc7, Psc1, Pcl7, E(Pc)1,
and su(z)21.b7.

pGMR constructs. The GAL4 coding sequence was isolated using PCR with
the primers 5�-ATCGAATTCGGTACCAGATGAAGCTACTGTCTTCTAT
CGA and 5�-ATAAGATCTGCGGCCGCTTACTCTTTTTTTGGGTTTG
GTG and the pGaTB plasmid as a template. Products were gel purified, cut with
EcoRI and BglII, and cloned into EcoRI-BglII sites of the pGMR vector (20).
The pGMR-DREF construct was made by carrying out PCR on pDCDREF2.2
as a template with the primers 5�-ACAGGATTCAAGATGAGCGAAGGGGT
ACCA and 5�-GTTCTCGAGTAATTGTTGTGATGATGCAGA. The products
were gel purified, cut with BglII and XhoI, and cloned into the BglII-XhoI sites
of the pGMR vector.

Scanning electron microscopy. Adult flies were anesthetized, mounted on
stages, and observed under a Hitachi S-100 scanning electron microscope in the
low-vacuum mode.

Preparation for transmission electron microscopy. Adult heads were fixed in
2% glutaraldehyde–2% paraformaldehyde in 0.1 M sodium cacodylate buffer
(pH 7.2) at 4°C overnight. After being washed in 0.1 M sodium cacodylate buffer
(pH 7.2) at 4°C overnight, they were postfixed in 1% OsO4 in the same buffer for
1.5 h at 4°C and then dehydrated in a graded ethanol series. After clearing in
propylene oxide, the heads were embedded in Epon and sectioned with an ultrami-
crotome. These thin sections were stained with uranyl acetate and Reynolds’ lead
solution. They were then observed under a transmission electron microscope.

Histology of adult eyes. Adult eyes were fixed in Bouin’s fixative, embedded in
paraffin, sectioned, and stained with hematoxylin and eosin.

Immunohistology. Third-instar larvae were dissected in Drosophila Ringer’s
solution, and imaginal discs were fixed in 4% paraformaldehyde–phosphate-
buffered saline (PBS) for 20 min at room temperature. After being washed with
PBS–0.3% Triton X-100 (PBS-T), the samples were blocked for 30 min at room
temperature with PBS-T containing 10% normal goat serum. The samples were
incubated with culture supernatant of hybridoma-producing anti-Elav monoclo-
nal antibody at a 1:2 dilution, mouse anti-�-galactosidase monoclonal antibody
(Promega) at a 1:1,000 dilution, rabbit polyclonal antibody specific for DREF at
a 1:1,000 dilution, or culture supernatant of hybridoma-producing anti-DREF
monoclonal antibody at a 1:200 dilution at 4°C for 16 h. The anti-Elav mono-
clonal antibody was kindly donated by Y. Hiromi (36). After extensive washing
with PBS-T, the imaginal discs were incubated with an alkaline phosphatase-
conjugated goat anti-mouse immunoglobulin G (IgG) (Promega) or an alkaline
phosphatase-conjugated goat anti-rabbit IgG (Promega) at a 1:2,000 dilution for
2 h at room temperature and washed with PBS-T. Color was developed with a
solution containing 100 mM Tris-HCl (pH 9.5), 100 mM NaCl, 5 mM MgCl2,
0.34 mg of nitroblue tetrazolium salt per ml, and 0.175 mg of 5-bromo-4-chloro-
3-indolylphosphate toluidinium salt (X-phosphate). The tissues were washed
with PBS and mounted in 90% glycerol–PBS for microscopic observation. In the
case of the enhancer trap line, �-galactosidase was detected using mouse anti-
�-galactosidase antibody at a 1:1,000 dilution as the first antibody and peroxi-
dase-conjugated goat anti-mouse IgG (E-Y laboratory) at a 1:500 dilution as the
second antibody. Staining was visualized in PBS-T containing 0.5 mg of diami-
nobenzidine per ml, 2.5 mM CoCl2 and 0.003% H2O2.

BrdU labeling. Cells in S phase were detected by a 5-bromo-2�-deoxyuridine
(BrdU) labeling method as described previously (49) with minor modifications.
Third-instar larvae cultured at 25°C were dissected in Grace’s medium and then
incubated in the presence of 20 mg of BrdU (Boehringer) for 30 min. The
samples were fixed in Carnoy’s fixative (ethanol-acetic acid-chloroform, 6:3:1)
for 15 min at 25°C and further fixed in 80% ethanol–50 mM glycine buffer (pH
2.0) at �20°C for 2 h. Incorporated BrdU was visualized using an anti-BrdU
antibody and an alkaline phosphatase detection kit (Boehringer). The time of
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color development for alkaline phosphatase was precisely regulated to be iden-
tical for all samples.

Apoptosis assay. Third-instar larvae were dissected in Drosophila Ringer’s
solution, and imaginal discs were fixed in 4% paraformaldehyde–PBS for 30 min
at room temperature. After they were washed with PBS, endogenous peroxidase
activity was blocked by treatment at room temperature for 30 min with methanol
containing 0.3% H2O2. The samples were then washed with PBS and perme-
abilized by being incubated in a solution containing 0.1% sodium citrate and
0.1% Triton X-100 on ice for 2 min. After extensive washing, the TUNEL
reaction was carried out using an in situ cell death detection kit, (POD; Boehr-
inger Mannheim) as specified by the manufacturer.

Modifier screen. We observed that the DREF-expressing transgenic flies that
developed at 28°C exhibited a more severe rough eye phenotype than did the
transgenic flies that developed at 25°C, because transcriptional stimulation ac-
tivity of GAL4 is temperature dependent. Therefore, we performed a genetic
screen for modifier of DREF as following. Female flies expressing DREF
(GMR-GAL4/GMR-GAL4; UAS-DREF/UAS-DREF; �/�) were crossed with
individual males carrying the deficiency chromosome, mutant alleles of the E2F
gene, or mutant alleles of the trithorax and Polycomb group genes, and F1

progeny were developed at either 25 or 28°C.

RESULTS

Expression pattern of DREF in the eye imaginal disc. We
first examined the distribution of endogenous DREF in wild-
type eye imaginal discs. Anti-DREF polyclonal antibody (Fig.
1b), monoclonal antibody 2 (Fig. 1c) or monoclonal antibody 4
(Fig. 1d) all strongly stained cells in front of the MF, when the
cells were entering the G1 phase of the second mitotic cycle. In
addition, an elevated level of DREF was observed in the cells
just posterior to the MF, corresponding to the S-phase zone in
the second mitotic wave. Relatively low levels of DREF were
present in the postmitotic cells undergoing differentiation. The
expression pattern is very similar to that of dE2F (1, 4). The
results suggest that DREF is involved in differentiation pro-
cesses in addition to cell proliferation.

Ectopic expression of DREF perturbs normal eye develop-
ment. Glass protein is a transcription factor that is expressed in
all cells in and posterior to the MF (33). The pGMR vector
contains a multimer of Glass-binding sites that are sufficient to
drive the expression of coding regions placed downstream of
these binding sites. To investigate the consequence of the ec-
topic expression of DREF, we established a transgenic line
bearing pGMR-GAL4 crossed with a transgenic fly carrying
DREF cDNAs under the control of a GAL4-binding sequence
(pUAS-DREF1–709). Immunostaining using anti-DREF poly-
clonal antibody revealed elevated levels of DREF expressed in
all cells in and posterior to the MF of the third-instar larvae of
the progeny, as expected (Fig. 2b).

The eyes of adults carrying one copy of pGMR-GAL4 and
one copy of pUAS-DREF1–709 were severely rough in appear-
ance, and most bristles were missing (Fig. 3g), whereas the eyes
of flies carrying either of one copy of pGMR-GAL4 or one
copy of pUAS-DREF1–709 appeared normal (Fig. 3c and c). In
addition, the organized array of each ommatidium was de-
stroyed and some ommatidia were fused each other. Examina-
tion of retinal sections revealed the number of ommatidia to be
reduced and the number and shape of the photoreceptor cells
in each ommatidia to also be abnormal. Pigment cells were
found to be missing in all ommatidia, and some remaining tis-
sues were vacuolated in transgenic flies carrying one copy of
pGMR-GAL4 and one copy of pUAS-DREF1–709 (Fig. 3h). To
confirm that ectopic expression of DREF-directly affects eye
development, we established transgenic flies carrying pGMR-
DREF1–709. Flies carrying pGMR-DREF1–709 did not exhibit
an apparent rough eye phenotype on inspection by scanning
electron microscopy (Fig. 3i); however, the abnormal photo-

FIG. 1. Immunostaining of eye imaginal discs with anti-DREF an-
tibodies. (b to d) Eye imaginal discs from wild-type third-instar larva
were stained with rabbit anti-DREF polyclonal antibody (b), mouse
anti-DREF monoclonal antibody 2 (c), and mouse anti-DREF mono-
clonal antibody 4 (d). (a) Negative control without primary antibody.
P, posterior; A, anterior; MF, morphogenetic furrow. The time of color
development for alkaline phosphatase is 1 h.

FIG. 2. Ectopic expression of DREF protein with the GMR pro-
moter. Immunostaining of eye imaginal discs with the anti-DREF an-
tibody is shown. (a) GMR-GAL4/�; �/�, (b) GMR-GAL4/�; UAS-
DREF/�. The time of color development for alkaline phosphatase is
5 min.
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receptor cells and missing pigment cells were seen in sections
of eyes from transgenic flies carrying pGMR-DREF1–709 (Fig.
3j), indicating that abnormality of eye development was indeed
induced by overexpression of DREF polypeptide and not by
overexpression of GAL4 protein. Furthermore, the eye phe-
notype in these flies suggests that DREF overexpression affects

eye development without causing the apparent rough eye un-
der scanning electron microscopy.

Expression of DREF induces an ectopic S phase posterior to
the MF. To assess whether expression of DREF in late G1 can
drive cells destined to become postmitotic cells into the S
phase, imaginal discs were pulse-labeled with BrdU for 30 min
in vitro and stained with an anti-BrdU antibody (Fig. 4). No
significant difference between control and DREF-expressing
discs was observed in the region anterior to the MF, where the
GMR promoter was inactive. In discs of wild-type or trans-
genic flies expressing solely the GAL4 protein, the S-phase
cells were apparent as a dense narrow band with BrdU signals
posterior to the MF. In control discs, a 30-min pulse of BrdU
incorporation led to labeling of cells in one or two columns
posterior to the MF (Fig. 4b), while in imaginal discs of trans-
genic flies expressing DREF, the equivalent of five columns
were labeled (Fig. 4e). Therefore, overexpression of DREF
either expanded the S phase or induced an extra S phase. In
addition, some cells in the region more posterior to the MF,
where cells are committed to the neuronal fate and normally
differentiate into specific cells such as photoreceptors, were
labeled with BrdU (Fig. 4d), and the quantitative measurement
of BrdU-staining cells is summarized in Table 1. Most of the
nuclei of cells with BrdU incorporated occupied a more apical
position in the imaginal discs than did nuclei in the synchro-
nous S-phase cells posterior to the MF and in uncommitted
cells (Fig. 4f), suggesting that DREF overexpression caused
ectopic S phase in some cells that are normally postmitotic.

Expression of DREF interferes with photoreceptor differen-
tiation. It has been reported that overexpression of dE2F in
eye imaginal disc causes ectopic S phases in differentiation-
uncommitted reservoir cells, although committed cells in the
eye disc are relatively resistant to the effects of ectopic E2F
expression (1, 11). However, overexpression of DREF appears
to result in the occurrence of an extra round of S phase in the
committed cells (Fig. 4f). Therefore, we analyzed the effects of
DREF expression on photoreceptor specifications in detail. In
wild-type discs, developmentally uncommitted cells are se-
quentially recruited into clusters that comprise ommatidial
precursors. Cluster formation is first observed within the MF,
where cells are in G1. Cells either leave the cell cycle and
differentiate or undergo a final synchronous round of cell di-
vision. Overt ommatidial organization starts in the MF when
cells are grouped into equally spaced concentric aggregates,
which converted into preclusters. Photoreceptor cells have
been found to be generated in a stereotyped order: R8 is
generated first, with movement posterior from the MF, then
cells are added pairwise (R2 and R5, R3 and R4, and R1 and
R6), and R7 is the last photoreceptor to be added to each
cluster. Several enhancer trap lines expressing a nucleus-local-
ized form of Escherichia coli �-galactosidase depend on the
specific enhancer-promoter located nearby the P-element.
They were used here to determine the identities of each pho-
toreceptor. We used seven enhancer trap lines, D120 (inserted
in scabrous), BB02, ro156, X63 (inserted in rhomboid), P82,
AE127 (inserted in seven-up), and H214 (inserted in klingon),
specifically expressing the �-galactosidase marker in photore-
ceptor cells (R) of early R8, late R8, late R8, R2/R5/R8,
R3/R4/R7, R3/R4/R1/R6, and R7, respectively. The imaginal
discs from F1 larva from mating of enhancer trap lines and

FIG. 3. Scanning and transmission electron micrographs of adult
compound eyes. (a and b) Wild-type eye. (c and d) GMR-GAL4/�;
�/�. (e and f) �/�. UAS-DREF/�. (g and h) GMR-GAL4/�; UAS-
DREF/�. (i and j) �/�; GMR-DREF#22/GMR-DREF#22. These
flies were developed at 28°C. The rough eye phenotype is evident in
panels g and h.
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DREF-expressing transgenic flies were immunohistochemi-
cally stained with the anti-�-galactosidase antibody. In omma-
tidia of DREF-expressing animals, nuclei of early R8 (D120,
Fig. 5A), late R8 (BB02, Fig. 5B), and R2/R5/R8 (X63, Fig.
5C) demonstrated a similar staining pattern to nuclei of con-
trol ommatidia. With AE127, the ommatidia of DREF-ex-
pressing progeny were found to contain R3 and R4 nuclei but
did not contain R1 or R6 nuclei (Fig. 5D, d). In addition,
signals for R7 cells were not detected in imaginal discs express-
ing DREF (Fig. 5E, d). The results indicate that expression of
DREF inhibited the differentiation of R1, R6, and R7 photo-
receptor cells.

Expression of DREF leads to apoptosis. Failure of normal
cell cycle progression and disturbance of differentiation pro-
cesses are known to cause apoptosis (17). For example, it has
been reported that overexpression of dE2F and dDP in eye
imaginal discs using a GMR promoter induces apoptosis and
that this counterbalances cells that enter an abnormal S phase
(11). DREF expression leads to ectopic DNA synthesis and
inhibition of differentiation. Therefore, we investigated wheth-
er overexpression of DREF can induce apoptosis in eye imag-
inal disc cells. In wild-type discs of third-instar larvae, there
were very few apoptotic cells (Fig. 6a). In contrast, staining of
eye imaginal discs from transgenic flies expressing DREF re-
vealed apoptotic cells to be significantly increased in the region
posterior to the MF (Fig. 6b). Apoptosis seemed to begin in
the imaginal disc cells in the region where commitment to
R1/R6 cells takes place, suggesting that failure of differentia-
tion into R1/R6 might induce apoptosis.

The rough eye phenotype was suppressed when we crossed
the transgenic line expressing DREF with those expressing
DIAP1 (Drosophila homologue of the baculovirus inhibitor of
apoptosis 1) (Fig. 7A, b and e) (47), DIAP2 (data not shown),

or baculovirus p35 protein (Fig. 7A, c and f) (9). Horizontal
sections of eyes of adult flies also showed that the DREF-
induced eye degeneration was at least partially suppressed by
expression of p35 proteins (Fig. 7B, b and c). The result indi-
cates that the rough eye phenotype resulted at least partially
from ectopic induction of apoptosis.

dE2F mutations suppress the rough eye phenotype induced
by expression of DREF. The transgenic lines expressing DREF
in the eye imaginal discs exhibit a rough eye phenotype but
normal viability and fertility. Therefore, they can be used as a
genetic screen to identify mutations that enhance or suppress
the rough eye phenotype. We first performed a pilot experi-
ment to test their validity for this purpose by using dE2F
mutant flies. We previously demonstrated that dE2F is one of
the genes under regulation by DREF. Expression of DREF in
the eye imaginal discs activates the dE2F gene promoter, which
can be monitored by measuring the expression of �-galacto-
sidase in the eye imaginal disc of a dE2F mutant, dE2F729, in
which the lacZ gene had been inserted near the translation
initiation site of the dE2F gene in the same orientation as the

TABLE 1. BrdU staining cells in the region posterior to the MF

Disc

No. of BrdU-staining cells

Canton S GMR-GAL4/�;
UAS-DREF/�; �/�

1 14 90
2 16 105
3 12 82
4 17 69
5 9 74

Mean 13 84

FIG. 4. Patterns of BrdU incorporation in eye imaginal discs. (a to c) GMR-GAL4/�; �/�. (d to f) GMR-GAL4/�; UAS-DREF/�. The eye
disc was stained with an anti-BrdU antibody. MF and arrows indicate the position of the MF. Panels b and e show high-magnification basal views
of the same focal planes as panels a and d, respectively. Panels c and f show BrdU signals at the apical focal planes of a and d, respectively.
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dE2F gene (Fig. 8A) (4, 13, 39). We therefore predicted that a
half-dose reduction of dE2F would affect the rough eye phe-
notype caused by DREF overexpression. Consistent with our
prediction, the rough eye phenotype was suppressed when a
half-dose reduction of the dE2F was achieved by crossing
GMR-GAL4/UAS-DREF flies for loss-of-function mutant
flies of dE2F (dE2F91, dE2F729, and dE2F7172) (Fig. 8B, b, c,
and d).

Effect of mutations in Polycomb and trithorax group genes on
the rough eye phenotype induced by expression of DREF. Re-
cently, Hart et al. proposed a novel function of DREF as a
modulator of boundary element activity (19). Therefore, DREF
might activate the transcription of DRE-containing genes
through interaction with proteins involved in modification of
chromatin structure (for example, establishment, maintenance,
or cancellation of the chromatin boundary). The Polycomb
group proteins are required to preserve the transcriptionally

silenced state, whereas the trithorax group genes are needed to
perpetuate the transcriptionally active state (6, 30, 35, 42). The
function of these factors is not limited to homeotic gene reg-
ulation; rather, they are involved in the control of diverse
developmental processes. Several observations suggest that
they change the chromatin structure, establishing a configura-
tion that is either permissive or nonpermissive for transcrip-
tion. We therefore examined the effects of mutations in Poly-
comb or trithorax group genes on the rough eye phenotype
induced by expression of DREF. As shown in Fig. 9, a half-
dose reduction of the trithorax group genes brahma (brm) (Fig.
9c and d), osa (Fig. 9e and f), and moira (mor) (Fig. 9g and h)
significantly suppressed the rough eye phenotype. Mutation of
enhancer of Polycomb [E(Pc)] weakly suppressed the rough eye
phenotype (data not shown). Genetic crossing of the DREF-
expressing strain with Dll9, a hypomorphic allele, resulted in a
weakly enhanced rough eye phenotype (data not shown) and
crossing with Dll 5 resulted in a severe small eye phenotype
(Fig. 9i and j). Mutations in other trithoax and Polycomb group

FIG. 5. Immunostaining of eye imaginal discs with an anti-�-galac-
tosidase antibody. Wild-type (a and c) or GMR-GAL4; UAS-DREF
transgenic (b and d) flies were crossed with enhancer trap lines carry-
ing D120 (inserted in scabrous) (A), BB02 (B), X63 (inserted in rhom-
boid) (C), AE127 (inserted in seven-up) (D), or H214 (inserted in
klingon) (E) specifically expressing the �-galactosidase marker in pho-
toreceptor cells (R) of early R8, late R8, R2/R5/R8, R3/R4/R1/R6, and
R7, respectively, and F1 larvae were immunohistochemically stained
with the anti-�-galactosidase antibody.

FIG. 6. Detection of apoptotic cells in eye imaginal discs. The
TUNEL method was used with (a and b) and without (c) terminal de-
oxynucleotidyltransferase. (a) GMR-GAL4/�;�/�. (b and c) GMR-
GAL4/�; UAS-DREF/�. MF and arrows indicate the position of the
MF.
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genes tested, including Polycomb (Pc), Polycomb-like (Pcl),
suppressor of zesta [Su(z)], Posterior sex combs (Psc), multiple
wing hair (mwh), super sex comb (sxc), trithorax (trx), and
kohtalo (kto), had no effect on the GMR-GAL4; UAS-DREF
phenotype, suggesting that the effect is specific to only certain
members of the trithorax class of genes (data not shown).

brm is the Drosophila homologue of the yeast SWI2/SNF2
gene, and the BRM complex containing OSA and MOR is an

essential coactivator for the trithorax group protein Zesta (24).
Therefore, suppression of the DREF-induced rough eye phe-
notype by a half-dose reduction of some members of the BRM
complex genes suggests that it may contribute to the regulation
of DREF activity.

Identification of genomic regions whose deletions modify the
rough eye phenotype induced by expression of DREF. A col-
lection of Drosophila deficiency stocks was used to cross with

FIG. 7. Suppression of the DREF-induced rough eye phenotype by expression of DIAP1 and p35. (A) Scanning electron micrographs of adult
compound eyes. (a and d) GMR-GAL4/�; UAS-DREF/�;�/�. (b and e) GMR-GAL4/�; UAS-DREF/�; UAS-DIAP1/�. (c and f) GMR-
GAL4/�; UAS-DREF/�; GMR-p35/�. (B) Horizontal sections of adult Drosophila eyes stained with hematoxylin-eosin. (a) Canton S. (b)
GMR-GAL4/�; UAS-DREF/; �/�. (c) GMR-GAL4/�; UAS-DREF/�; GMR-p35/�. These flies were developed at 28°C.
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the transgenic flies expressing DREF, and the eye morphology
of their F1 progeny was compared with that of F1 progeny
between transgenic flies and Canton S. A total of 132 deficient
lines were examined, permitting us to screen approximately

61% of the euchromatic region. To determine whether these
deletions specifically modify the rough eye phenotype induced
by DREF overexpression, crosses were made with transgenic
flies having a rough eye phenotype induced by overexpression

FIG. 8. A half-dose reduction of the dE2F gene suppresses the DREF rough eye phenotype. (A) Overexpression of DREF activates lacZ
expression under the control of the dE2F gene promoter. Female flies expressing DREF (GMR-GAL4/GMR-GAL4; UAS-DREF/UAS-DREF;
�/�) or female flies expressing GAL4 only (GMR-GAL4/GMR-GAL4; �/�; �/�) were crossed with dE2F729 male flies. F1 third-instar larvae de-
veloped at 28°C were dissected, and eye imaginal discs were used for detection of lacZ. In dE2F729 flies, the P element-carrying lacZ gene is
inserted 48 nucleotides upstream of the initiator methionine of the dE2F gene in the same orientation as the dE2F gene; therefore, lacZ expression
directed by the dE2F gene promoter can be detected in eye imaginal discs from dE2F729/� larvae. (a) GMR-GAL4; �/�; dE2F729/� eye disc
stained with anti-�-galactosidase antibody. (b) GMR-GAL4; UAS-DREF/�; dE2F729/� eye disc stained with anti-�-galactosidase antibody. (B)
Scanning electron micrographs of adult compound eyes. Female flies expressing DREF (GMR-GAL4/GMR-GAL4; UAS-DREF/UAS-DREF;
�/�) were crossed with dE2F729, dE2F7172, or dE2F91 male flies (w/Y; �/�; dE2F�/TM3), and F1 progeny developing at 28°C without TM3 balancer
were used for analysis of eye phenotype. (a) GMR-GAL4/�; UAS-DREF/�; �/�. (b) GMR-GAL4/�; UAS-DREF/�; dE2F91/�. (c) GMR-GAL4/�;
UAS-DREF/�; dE2F729/�. (d) GMR-GAL4/�; UAS-DREF/�; dE2F7172/�. In dE2F7172 flies, the P element is inserted 33 nucleotides down-
stream of the initiator methionine. The E2F91 allele contained a C-to-T transition at nucleotide �91 that converted Gln-31 of dE2F to a stop codon.
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of human p53 (53). Expression of p53 inhibited cell cycle
progression in the S-phase zone behind the MF and induced
extensive apoptosis, but photoreceptor cell differentiation ap-
peared to be normal. Apoptosis is a phenomenon induced in
common by p53 and DREF overexpression. Therefore, if a
dominant enhancer (or suppressor) of the p53-induced rough
eye phenotype also enhances (or suppresses) the DREF-in-
duced rough eye phenotype, the deletion might contain a gene
involved in the apoptotic pathway. In fact, we identified nine
deletions for dominant enhancers (21D2-3;21F2-22A1, 34F4;
35D7, 37B2-12;38D2-5, 37C2-5;38B2-38C1, 41A, 43E6;44B6,

48A;48B, 57B4;58B, and 87B11-13;87E8-11) and one for a
dominant suppressor (75B3-6;75C) of both DREF- and p53-
induced rough eyes (Fig. 10). Furthermore we could determine
dominant modifiers specific to the DREF function. Ten lines
specifically suppressed the rough eye phenotype induced by
DREF expression, and 11 lines demonstrated specific enhance-
ment. These deletions should be useful to identify novel targets
of DREF and its positive or negative regulators.

DISCUSSION

Involvement of the DRE-DREF system in the regulation of
a considerable variety of genes has been suggested by the
results of DNA database searches. In about 3.5% of the Dro-
sophila genome, 73 copies of 5�-TATCGATA sequences were
found to be localized within 0.6 kb upstream regions of 61
genes, including those involved in transcription, translation,
growth signal transduction, cell cycle regulation, and transcrip-
tional regulation, in addition to genes related to DNA repli-
cation (29). Genes related to cell proliferation, such as those
for PCNA, DNA polymerase � 180- and 73-kDa subunits,
CycA, D-raf, and E2F, have been shown to be under DRE-
DREF system regulation (34, 38, 39). In addition, we have
reported that ectopic expression of the truncated form of
DREF, possessing dominant negative activity, in salivary
glands or eye imaginal discs significantly reduces DNA repli-
cation. Evidence suggests that DREF is required for DNA
replication in both the endo and mitotic cell cycles. However,
it has hitherto not been clear whether the accumulation of
DREF is sufficient to induce DNA replication as well as ec-
topic expression of dE2F to drive normally quiescent cells to
enter S phase (1, 12, 37).

Here we demonstrated that ectopic expression of DREF in
eye imaginal discs, using the glass-responsive GMR promoter,
induced ectopic DNA synthesis and apoptosis in the cells be-
hind the morphogenetic furrow. The results appear to be very
similar to phenomena observed in eye imaginal discs express-
ing dE2F/dDP (11). One possible molecular mechanism is di-
rect up-regulation of genes involved in DNA replication such
as those encoding PCNA and DNA polymerase �. Another
possible mechanism is indirect up-regulation of genes related
to DNA replication or genes required for the G1/S transition
by means of activation of dE2F expression. We previously
demonstrated that overexpression of DREF in eye imaginal
disc cells enhanced the promoter activity of dE2F (39). There-
fore, overexpression of DREF may result in E2F accumulation
behind the morphogenetic furrow and consequently induce an
ectopic S phase. This view is consistent with the observation
that reduction of the dE2F gene dose at least partially sup-
pressed the rough eye phenotype induced by DREF. However,
it should be noted that there are some differences between the
DREF- and dE2F/dDP-induced phenotypes: (i) In eye imagi-
nal discs expressing dE2F/dDP under control of the GMR
promoter, most S phases are seen in uncommitted cells, where-
as in imaginal discs expressing DREF, nuclei of cells under
differentiation process located apically with respect to the
imaginal disc appear to incorporate BrdU; (ii) Du et al. (11)
have reported that coexpression of baculovirus p35 protein, an
inhibitor of cell death, strongly enhances the dE2F/dDP phe-
notype, indicating that the majority of cells ectopically entering

FIG. 9. Scanning electron micrographs of adult compound eyes.
Female flies expressing DREF (GMR-GAL4/GMR-GAL4; UAS-
DREF/UAS-DREF; �/�) were crossed with brm2/TM6B, osa2/TM6B,
mor1/TM6B, or Dll5/SM5 male flies, and F1 progeny developing at 28°C
without balancer chromosome were used for analysis of eye pheno-
type. (a and b) GMR-GAL4/�; UAS-DREF/�; �/�. (c and d) GMR-
GAL4/�; UAS-DREF/�; brm2/�. (e and f) GMR-GAL4/�; UAS-
DREF/�; osa2/�. (g and h) GMR-GAL4/�; UAS-DREF/�; mor1/�.
(i and j) GMR-GAL4/�; UAS-DREF/Dll5; �/�.
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FIG. 10. Summary of the deficiencies screened. The numbered divisions and lettered subdivisions of salivary gland polytene chromosomes are
marked. The boxes indicate the influence of each deficiency on the DREF-induced rough eye phenotype: black lines, no effect; shaded box,
enhancement; open box, suppression. The deletions for dominant enhancers and suppressor of both DREF- and p53-induced rough eye phenotype
are indicated by italics.
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S phase as a result of E2F/dDP expression are eliminated by
apoptosis, while the DREF phenotype, in contrast, was signif-
icantly suppressed by coexpression of p35; and (iii) overexpres-
sion of dE2F/dDP did not grossly interfere with the initiation
of neuronal cell differentiation or the stepwise recruitment of
cells into preclusters, whereas expression of DREF perturbed
photoreceptor specifications of R1, R6, and R7, whose differ-
entiation normally begins after those of R8, R2, R5, R3, and
R4. The molecular mechanisms underlying these differences
are unclear, but we speculate that elevated amounts of DREF
not only affect DNA replication-related genes but also disturb
the transcription of genes required for normal processes of
differentiation, consequently inducing apoptosis.

In the present study, we focused on the use of our flies for
screening interaction with Polycomb and trithorax group genes.
It is known that DREF and BEAF share binding sites with
functions as boundary elements in Drosophila (scs� region of
hsp70, BE76, and BE28) (19, 45) and also the promoter region
of DNA polymerase � 180-kDa subunit gene. Polycomb and
trithorax group proteins appear to regulate chromatin bound-
ary activity by establishing higher-order domains of chromatin
organization required for the assembly of functional insulators
at the nuclear matrix (15, 16, 25, 28), and the present genetic
screening showed that a half-dose reduction of the trithorax
group genes brm, osa, mor, and E(Pc) suppressed while a
half-dose reduction of Dll enhanced the DREF-induced rough
eye phenotype.

brm is the Drosophila homologue of the yeast SWI2/SNF2
gene, isolated as a dominant suppressor of Pc mutations (26,
44). osa shows strong genetic interactions with brm, suggesting
that its gene product may cooperate closely with the BRM
complex (43, 46). The product of mor (3, 26) is homologous to
yeast Swi3p and was also recently identified as a BRM com-
plex-associated protein, BAP (10). BRM, OSA, and MOR are
part of a large multiprotein complex containing several other
proteins with extensive homology to yeast SWI/SNF or the
related chromatin-remodeling complex, and therefore the
BRM complex has been predicted to be one of the Drosophila
chromatin-remodeling complexes. Kal et al. (24) demonstrated
that the BRM complex containing OSA and MOR is an es-
sential coactivator for the trithorax group protein Zeste, a se-
quence-specific transcription regulator (2, 27). Several ho-
meotic and other genes carrying the Zeste-binding sequence in
their promoter regions thus appear to be candidate target
genes (or chromatin regions) for the BRM complex.

Suppression of the DREF-induced rough eye phenotype by
a half-dose reduction of some members of BRM complex
genes suggests that DREF activity may be positively regulated
by the BRM complex. The molecular basis for any interaction
is not yet clear, but several possibilities exist. The first is that
genetic interaction may result from a direct physical interac-
tion between the two. To test this possibility, we are now
undertaking biochemical analyses. An alternative possibility is
that the BRM complex is a regulator of the expression of some
genes critical for induction of the rough eye phenotype by
DREF overexpression. This is difficult to test because we es-
timate that several hundred genes are under DREF control.
Finally, it is possible that the BRM complex generally activates
transcription by remodeling chromatin. However, we observed
that a half-dose reduction of brm, mor, or osa did not change

the severity of the rough eye phenotype induced by BEAF32
(55), and Staehling-Hampton et al. have reported that muta-
tions in brm, mor or osa enhance the rough eye phenotype
induced by overexpression of dE2F/dDP/p35 (40). Therefore,
suppression of the DREF-induced rough eye phenotype by
reduction of the dosage of brm, mor, or osa may reflect specific
interactions between DREF and the BRM complex. Further
studies are necessary to clarify the molecular basis and biolog-
ical meaning of the interaction between DREF and the BRM
complex.

We have also observed that the Dll mutation enhances the
rough eye phenotype induced by BEAF32 expression (55).
Thus, the product of Dll might participate in the regulation of
chromatin boundaries such as the hsp 70 scs� region, where
DREF and BEAF bind.

In the present study, we found that genomic regions sup-
pressed the DREF-induced rough eye phenotype when they were
heterozygous for deletions: 5D1-2; 5E, 19A5; 19D3, 24C2-8;
25C8-9, 24E2-4; 25B2-5, 24F4; 25C3-5, 25D2-4; 26B2-5, 35D1;
35D4, 35D2; 35F1-2, 55A; 55F and 86C1; 87B1-5. These pre-
sumably contain genes for targets of DREF or positive regu-
lator of DREF. We also found 11 genomic regions that en-
hanced the DREF-induced rough eye phenotype when they
were heterozygous for deletions; 7D1; 7D5-6, 9B1-2; 10A1-2,
11A2; 11B9, 21A1; 21B7-8, 32F1-3; 33F1-2, 35D2-4; 35E2-6,
36A8-9; 36E1-2, 36E4-36F1; 38A6-7, 57B4; 58B, 61C3-4; 62A8,
61C3-4; 61A8. These may contain genes that negatively regu-
late DREF functions, although it is not clear which genes in
these regions are responsible for modification of the DREF-
induced rough eye phenotype. In some cases, we observed
contradictory effects of deficiencies on the DREF-induced
rough eye phenotype. For example, SD[R77] deficiency en-
hanced the rough eye phenotype whereas similarly sized and
overlapped deficiencies exerted no effect. There also appear to
be cases of overlapping and contained deficiencies (e1801f1
and A246) that have opposite effects. Because the deficiency
chromosome has been balanced for the long-term, several mu-
tations may be accumulated on these deficiency lines. There-
fore, genes that genetically interact with DREF should be
screened with other types of mutant collections mutagenized
by P-element insertion or EMS. In any event, the transgenic
flies established in the study and the information on genomic
regions affecting the DREF-induced rough eye phenotype
should help us to identify novel targets of DREF and its pos-
itive and negative regulators in Drosophila.
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