
© 2006 Nature Publishing Group 

 

Epigenetic silencers and Notch
collaborate to promote malignant
tumours by Rb silencing
Dolors Ferres-Marco1*, Irene Gutierrez-Garcia1*, Diana M. Vallejo1*, Jorge Bolivar2,
Francisco J. Gutierrez-Aviño1 & Maria Dominguez1

Cancer is both a genetic and an epigenetic disease. Inactivation of tumour-suppressor genes by epigenetic changes is
frequently observed in human cancers, particularly as a result of the modifications of histones and DNA methylation. It
is therefore important to understand how these damaging changes might come about. By studying tumorigenesis in the
Drosophila eye, here we identify two Polycomb group epigenetic silencers, Pipsqueak and Lola, that participate in this
process. When coupled with overexpression of Delta, deregulation of the expression of Pipsqueak and Lola induces the
formation of metastatic tumours. This phenotype depends on the histone-modifying enzymes Rpd3 (a histone
deacetylase), Su(var)3-9 and E(z), as well as on the chromodomain protein Polycomb. Expression of the gene
Retinoblastoma-family protein (Rbf) is downregulated in these tumours and, indeed, this downregulation is associated
with DNA hypermethylation. Together, these results establish a mechanism that links the Notch–Delta pathway,
epigenetic silencing pathways and cell-cycle control in the process of tumorigenesis.

Correct organ formation depends on the balanced activation of
conserved developmental signalling pathways (such as the Wnt,
Hedgehog and Notch pathways). If insufficient signals are received,
organ growth may be deficient. By contrast, excess signalling leads to
an overproduction of progenitor cells and a propensity to develop
tumours1–3. When such hyperproliferation is associated with the
capacity of cells to invade surrounding tissue and metastasis to
distant organs, cancer develops4. Indeed, activation of the Wnt,
Hedgehog and Notch pathways is a common clinical occurrence in
cancers5,6. Curiously, activation of any of these pathways in animal
models seems to be insufficient for cancer to develop, indicating that
synergismwith other genes is required for these pathways to produce
cancer.
Cellular memory or the epigenetic inheritance of transcription

patterns has also been implicated in the control of cell proliferation
during development, as well as in stem-cell renewal and cancer7,8.
Proteins of the Polycomb group (PcG) are part of the memory
machinery and maintain transcriptional repression patterns9. The
upregulation of several PcG proteins has been associated with
invasive cancers8. Thus, increased amounts of EZH2, the human
homologue of the Drosophila histone methyltransferase E(z)10, is
associated with poorer prognoses of breast and prostate cancers8.
Another histone methyltransferase implicated both in gene

silencing and in cancer is SUV39H1, a homologue of Drosophila
Su(var)3-9 (ref. 11). SUV39H1 and Su(var)3-9 methylate histone
H3 on lysine 9 (H3K9me), and this epigenetic tag is characteristic
of heterochromatin and DNA sequences that are constitutively
methylated in normal cells12. DNA methylation is another mecha-
nism involved in cellular memory that actively contributes to
cancer7,13. Indeed, numerous tumour-suppressor genes, including
the retinoblastoma gene RB, are silenced in cancer cells by DNA

hypermethylation13. Inactivation of the RB tumour-suppressor path-
way is considered an important step towards malignancy14; thus, it is
important to understand how these damaging epigenetic changes are
initiated in cells that become precursors of cancer. Moreover, it is
equally important to determine the connection between these
processes and the developmental pathways controlling proliferation.
Forward genetic screening in suitable animals is a powerful tool

with which to identify tumour-inducing genes and to reveal changes
that precede neoplastic events in vivo. The developing eye of
Drosophila melanogaster is a good model for such studies15 because
it is a simple and genetically well-defined organ. The growth of the
eye depends on Notch activation in the dorsal–ventral organizer by
its ligands Delta (human counterparts, DLL-1, -3, -4) and Serrate
(human counterparts, JAGGED-1, -2)3,16. Here we used the ‘large eye’
phenotype, produced by overexpression of Delta, as a tool to screen
for mutations that interact with the Notch pathway and convert
tissue overgrowths into tumours (Fig. 1a). We isolate one mutation,
eyeful, that combined with Delta induces metastatic tumours. eyeful
forces the transcription of two hitherto unsuspected growth and
epigenetic genes, lola and pipsqueak (psq). The identification of eyeful
has been a starting point fromwhich to unravel crosstalk between the
Notch and epigenetic pathways in growth control and tumorigenesis.
The fact that many epigenetic factors are involved in cancer suggests
that these processes may bemore generally involved in tumorigenesis
than at first it might seem.

Genetic screen and isolation of eyeful

To identify genes that interact with the Notch pathway and that
influence growth and tumorigenesis, we used the Gene Search (GS)
system17 to screen for genes that provoked tumours when co-
expressed with Delta in the proliferating Drosophila eye (Fig. 1a).
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The ey–Gal4 line was used for both eye-specific and ubiquitous
induction, resulting in the transactivation of UAS-linked genes
throughout the proliferating eye discs (Fig. 1b). It was through
such a screen that we isolated the GS88A8 line. Generalized over-
expression of Delta by ey–Gal4 (hereafter termed ey–Gal4 . Dl)
produces mild eye overgrowth18 (Fig. 1c, d). In most of the flies in
which the GS88A8 line was coexpressed with Delta, tumours devel-
oped in the eyes (Fig. 1e, f). Moreover, in ,30% of the mutant
flies, secondary eye growths were observed throughout the body
(Fig. 1e–i), and in some flies the whole body filled up with eye tissue.
These secondary eye growths had ragged borders, indicating invasion
of the mutant tissue into the surrounding normal tissue (Fig. 1g–i).
As a result, we named the GS88A8 line ‘eyeful’.
We next undertook a developmental analysis of the tumours

(Fig. 2). To facilitate analyses, we generated a triple mutant strain
carrying the eyeful, UAS–Dl and ey–Gal4 transgenes all on the same
chromosome (ey–Gal4 . eyeful . Dl; see Supplementary Infor-
mation). In this strain, mutant eye discs showed massive uncon-
trolled overgrowth (some discs were more than five times their
normal size; Fig. 2b–d). In most discs, the epithelial cells had lost
their apical–basal polarity (Fig. 2c), and some had a disrupted
basement membrane (Fig. 2d) and grew without differentiating.
We extended these results to the wing disc. First, we used dpp–Gal4

to direct coexpression of eyeful and Delta along the anterior–
posterior boundary of the wing (perpendicular to the endogenous
Delta domain along the dorsal–ventral boundary: Fig. 2e–h). In a
normal wing disc, the dpp–Gal4 driver typically establishes a stripe of
green fluorescent protein (GFP) expressionwith a sharp border at the
boundary (Fig. 2e). Whereas wild-type (or single eyeful) cells
expressing GFP conformed with this pattern (data not shown),
some of the eyeful and Delta cells were found outside this stripe
(Fig. 2h), indicating that the mutant cells can disseminate and invade
adjacent regions of the disc. Second, theMS1096–Gal4 line was used
to direct expression in the dorsal wing disc compartment. Under
these conditions, the wing tissue grewmassively and aggressively, and

the mutant tissue failed to differentiate (Fig. 2i). Together with the
results in Fig. 1e–i, these observations suggest that, when coupled
withDelta overexpression, an excess of the gene products flanking the
eyeful insertion site induces the formation of tumours capable of
metastasising.

eyeful enforces the transcription of lola and psq

We isolated and sequenced the genomic DNA flanking the eyeful
P-element (Fig. 3a and Supplementary Table S1 and Fig. S1a). eyeful
is inserted in an intron of the gene longitudinals lacking (lola), which
is known to be a chief regulator of axon guidance19–21. lola encodes 25
messenger RNAs that are produced by alternative splicing and that
generate 19 different transcription factors. All of the different iso-
forms share four exons that encode a common amino terminus,
which contains a BTB or POZ domain. In addition, all but one of
these transcription factors are spliced to unique exons encoding one
or a pair of zinc-finger motifs19,22.
The GS P-elements allow Gal4-dependent inducible expression of

sequences flanking the insertion site in both directions17 (Fig. 1a).
The nearest gene in the opposite direction to transcription of lola is
the psq gene (Fig. 3a). This gene encodes nine variants produced by
alternative splicing and alternative promoter use, generating four
different proteins. Three of the psq isoforms contain a BTB or POZ
domain in the N terminus, and a histidine- and glutamine-rich
region downstream of this domain. Two of the BTB-containing
isoforms and the isoform that lacks this domain contain four tandem
copies of an evolutionarily conserved DNA-binding motif, the Psq
helix–turn–helix (HTH) motif23–25.
psq was initially identified for its ‘grandchildless’ and posterior

group defects23,26 and was subsequently shown to have a role in
retinal cell fate determination24. Psq is essential for sequence-specific
targeting of a PcG complex that contains histone deacetylase
(HDAC) activity9. Psq binds to the GAGA sequence27,28, which is
present in many Hox genes and in hundreds of other chromosomal
sites9.

Figure 1 | Isolation of tumour-initiating genes in Drosophila
melanogaster. a, Design of the GS screen for enhancers of the Delta-
induced eye overgrowth defect. Flies carrying the ey–Gal4 and UAS–Delta
(ey–Gal4 . Dl) constructs were crossed to randomly inserted GS lines
(D.F.-M. and M.D., unpublished data). In these flies, Gal4 binds to the UAS
sites and causes coexpression of Delta and the gene or genes adjacent to the
GS P-element insertion in the developing eye disc. b, Schematic of ey–Gal4
expression (blue) in the cycling cells anterior (to the left) to the
morphogenetic furrow (MF) in the larval eye-antennal disc. Postmitotic

retinal differentiating cells (red circles) are indicated. c, Control ey–Gal4
adult eye. d, ey–Gal4 . Dl adult ‘large eye’. e, f, Adults from the cross of
eyeful to ey–Gal4 . Dl show massive eyes and secondary eye growths
(arrows). g–i, Sections through a head (g), abdomen (h) and thorax (i)
carrying secondary eye growths. Note the ragged borders of these eye
growths (black arrow). Lenses (blue arrows) and dispersed groups of retinal
cells (red arrows) are indicated. Inset shows a detail of ommatidal
arrangement in these eye growths.

NATURE|Vol 439|26 January 2006 ARTICLES

431



© 2006 Nature Publishing Group 

 

Both polymerase chain reaction with reverse transcription
(RT–PCR) and in situ hybridization experiments (Supplementary
Fig. S1b–g) confirmed that transcription of lola and psq was
influenced by eyeful in response to Gal4 activation.

Both genes seem to contribute to the tumour phenotype

To determine whether lola and/or psqwas responsible for the tumour
phenotype, we tested 11 enhancer promoter (EP) P-elements
inserted into the lola and psq region (Supplementary Fig. S1a). In
contrast to the GS lines, the EP lines allowsGal4-dependent inducible
expression of sequences flanking only one end of the P-element29. We
found that none of the EP lines induced tumours (Supplementary
Table S1); thus, we reasoned that the deregulation of both genes
might be required to produce the tumours.
The complexity of lola and psq loci, which together produce 23

proteins, hampers identification of the transcripts responsible for the
eyeful phenotype by gain-of-expression mutants (that is, by expres-
sing individual or combinations of isoforms). Therefore, we resolved
this issue by isolating point mutations that reverted the phenotype
caused by deregulated expression of lola and psq. In this analysis, the

chemical mutagen ethyl-methane sulphonate (EMS) was used to
induce preferentially single nucleotide changes.
The parental eyeful GS line was viable in trans with deficiencies

that removed both lola and psq (data not shown). In contrast, a set of
14 EMS-induced mutations on the eyeful chromosome failed to
complement these deficiencies and were found to be alleles of psq or
lola (Fig. 3b–f and Supplementary Figs S2 and S3). We sequenced the
EMS-induced mutations that best recovered a normal eye size. Each
individual mutation had a single base change or a small deletion that
considerably altered the predicted Psq or Lola proteins.
All psq2 mutations induced on the eyeful chromosome prevented

eyeful from producing eye tumours and metastases (Fig. 3b, c, e).
Three alleles affected the BTBdomain (psqrev2, psqrev7 and psqrev9), and
three other alleles contained either a premature stop codon that would
produce truncated proteins lacking the Psq HTH repeats (psqrev4 and
psqrev14) or amissensemutation that would change a conserved amino
acid in the third Psq HTH repeat (psqrev12). All lola2 mutations
induced on the eyeful chromosome, including the presumptive null
allele (lolarev6; Fig. 3d, f), reduced eye tumour size but still permitted
sporadic secondary growth (Supplementary Information).

Figure 2 | eyeful collaborates with Delta to cause malignant tumours.
a–c, Wild-type (a) and 7-day-old mutant (b) eye discs. Dorsal eye cells are
refractory to Delta33–35 and overgrowth occurs predominantly in the ventral
region. The dorsal–ventral boundary is indicated. Elav marks the nuclei of
photoreceptor neurons. c, Vertical confocal section of a wild-type (top) and
a mutant (bottom) eye disc dissected from a 9-day-old larva. Cell
membranes are highlighted by Dlg (green) staining. The disc is a bilayer
epithelium comprising the squamous epithelium (or ‘peripodial
membrane’) and the main disc epithelium where the nuclei of photoreceptor
neurons (red) are apically located. Note the disorganization of the nuclei of
neurons (arrow) in the mutants. d, Disruption (arrows) of the basement

membrane visualized by GFP-tagged Viking/Collagen IV (green). Retinal
differentiation (Chaoptin, red) is apparent only in a dorsal spot. e, Control
dpp–Gal4 . GFP wing disc size. The anterior–posterior boundary is
indicated; Wg staining marks the dorsal–ventral boundary (red arrows).
f, dpp–Gal4 . Dl wing disc overgrowth. g, h, dpp–Gal4 . eyeful . Dl wing
disc massive overgrowth (g) and invasive migratory cellular behaviour
(arrow, h). i, Evolution of wing disc tumours caused by coexpression of
eyeful andDelta in the MS1096–Gal4 line. Ventral wing cells are refractory to
Delta33; thus, overgrowth in these discs initiates in the dorsal region but
progressively extends to occupy the whole disc (all discs are at the same
magnification). Scale bars, 50mm.

ARTICLES NATURE|Vol 439|26 January 2006

432



© 2006 Nature Publishing Group 

 

These data show an unequal contribution of Psq and Lola in this
process, whereby Psq is the most important factor in the tumorigenic
phenotype. The BTB subfamily of transcriptional repressors includes
the human oncogenes BCL6 and PLZF. In these oncogenes, the BTB
domain is crucial for oncogenesis through the recruitment of PcG
and HDAC complexes30,31. We therefore speculated that deregulated
Psq and Lola could lead to tumorigenesis by epigenetic processes and
that Drosophila counterparts of HDACs and PcG proteins might be
involved in the progression of these tumours. Indeed, we found
genetic evidence that both Lola and Psq function as epigenetic
silencers in vivo (Supplementary Fig. S4).

Loss of trimethylation of histone H3 on K4 in tumours

We therefore attempted to determine the specific epigenetic mecha-
nisms through which deregulation of Psq and Lola might induce
tumorigenesis in conjunction with Delta overexpression. Methyl-
ation of histone on lysine is a central modification in both epigenetic
gene control and in large-scale chromatin structural organization12.
For example, trimethylation of histone H3 on K4 (H3K4me3) is
associated with the active transcription of genes and open chromatin
structure. By contrast, histone hypoacetylation and H3K9 and
H3K27 methylation are characteristic of heterochromatin state and
gene silencing12,32 (Fig. 4a). To determine whether any changes in
these epigenetic markers might coincide with the induction of
tumorigenesis, we immunolabelled eye discs with antibodies against
specific histone H3 modifications. Because dorsal eye disc cells are
refractory to Delta33–35, the dorsal region of the discs provided an
internal control for these studies.

With the exception of some scattered cells, a prominent loss or
strong reduction of H3K4me3 was observed in the ventral region of
the mutant discs (Fig. 4b). Notably, although the loss of Notch in
clones does not affect this epigenetic tag36, overexpression of Delta
caused a significant reduction in staining for H3K4me3 (Fig. 4b). The
H3K4me3 depletion was already apparent in discs showingmoderate
hyperplasia and thus preceded neoplasm formation. We could not
reproducibly resolve changes in other epigenetic tags (such
H3K9me3 and H3K27me2); perhaps more sensitive methods or
antibodies might facilitate detection of such changes.

Histone deacetylation and methylation in tumours in vivo

H3K4 methylation is thought to be permissive for maintaining and
propagating activated chromatin and is thought to neutralize repres-
sor tags by precluding binding of the HDAC complex and impairing
SUV39H1-mediated H3K9 methylation12. Thus, H3K4me3 deple-
tion may contribute to tumour formation by permitting aberrant
chromatin silencing (Fig. 4a). We found that a 50% reduction in
dosage of the HDAC gene Rpd3 (Fig. 4c) or of Su(var)3-9 (Fig. 4d)
decreased the tumour phenotype dominantly. In contrast, reducing
the activity of theH3K4 histonemethyltransferase genes9Trx (known
as ALL1 or MLL in humans) or Ash1 (Fig. 4a), which would be
expected to deplete the H3K4me3 tag further, did not visibly enhance
the tumours (data not shown).
E(z) when complexed with the Extra sex combs (Esc) protein

becomes a histone methyltransferase10. The E(z)–Esc complex and its
mammalian counterpart Ezh2–Eed show specificity for H3K27 but
may also target H3K9 (refs 10, 12, 37, and Fig. 4a). The complex
also contains the HDAC Rpd3, and this association with Rpd3 is
conserved in mammals38. H3K27 methylation facilitates binding
of the chromodomain protein Pc (HPC in humans)37,39, which

Figure 4 | Aberrant histone modifications associated with the tumours.
a, Overview of site-selective specificity of histone methyltransferases for
distinct lysine (K) positions in the N terminus of histone H3. Histone
methyltransferases associated with active chromatin are blue and those
associated with silenced chromatin are red. b, Wild-type and altered patterns
of H3K4me3 in the tumour (ey–Gal4 . eyeful . Dl) and overgrowth
(ey–Gal4 . Dl) genotypes. The furrow (arrows) and the dorsal and ventral
regions of the eye discs are indicated. c–e, Representative adult eyes of
ey–Gal4 . eyeful . Dl flies carrying a mutant copy of the HDAC gene Rpd3
(c), Su(var)3-9 (d) and E(z) (e). Scale bars, 50 mm.

Figure 3 | eyeful is a complexmutation affecting two BTB family genes, lola
and psq. a, Genomic organization of the lola and psq genes in the cytological
region 47A11-B1 and the eyeful GS insertion site. b–d, EMS-induced
revertants of eyeful involve mutations in psq (b, c) or lola (d). Arrow
indicates a large secondary eye growth in the presumably null lolarev6

revertant. e, f, Schematic of the four Psq variant proteins (e) and a
zinc-finger-containing Lola variant protein (f) showing the position of the
mutations. Numbers refer to the longest, Psq-PB and Psq-PC, variants (e).
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then creates a repressive chromatin state that is a stable silencer of
genes.
Although loss of E(z) does not cause proliferation defects within

discs37,40, halving the E(z) gene dosage dominantly suppressed
tumorigenesis (Fig. 4e), indicating that histone methylation by the
E(z)–Esc complex is also a prerequisite for the excessive proliferation

of these tumours. Accordingly, Esc2 or Pc2 mutations also notably
reduced the tumours (Supplementary Information).
Together, these findings suggest that the development of these

tumours involves, at least in part, changes in the structure of
chromatin brought about by covalent modifications of histones.
These changes probably switch the target genes from the active
H3K4me3 state to a deacetylated H3K9 and H3K27 methylation
silent state.

Silencing of Rbf in overgrowth and tumours

From the above data, we considered that the tumoursmight form as a
result of aberrant gene silencing. If so, then the expression of genes
involved in cell-cycle control is likely to be altered in the mutant cells.
We compared the transcription of 12 tumour-related genes in the
mutant and wild-type discs. Transcription of the gene Rbf, a fly
homologue of the RB/Rb family of genes41, was strongly down-
regulated in this assay (and even in ey–Gal4 . Dl flies; Fig. 5a). A
second Rb gene, Rbf2, remained unchanged in the different genetic
backgrounds, highlighting the specificity of Rbf silencing (data not
shown).
We found that Rbf depletion seems to be intricately associated with

tumorigenesis: first, reducing Rbf gene dosage by 50% enhanced
tumour growth (Fig. 5b); second, re-establishing Rbf expression in
the eye (using an UAS–Rbf transgene) consistently prevented eye
tumours and occurrence of secondary growths (in 100 flies exam-
ined; Fig. 5c).
Inactivation of RB1 in retinoblastoma, a form of eye cancer in

children, can occur through DNA hypermethylation of the promo-
ter13. Unlike in mammals, however, there is little cytosine methyl-
ation of the genome in Drosophila during developmental stages42,43,
and its potential role during tumorigenesis is unknown. DNA
methylation seems to depend on one DNA methyltransferase,
Dnmt2, that preferentially methylates cytosine at CpT or CpA
sites44–47. The fly genome also encodes one methyl-CpG DNA-
binding MBD2/3 protein48. Because there are no known Dnmt2
loss-of-function mutations, we could not test the role of this gene
in tumorigenesis.
Nevertheless, we tested whether the CpG islands that we observed

in the Rbf gene were potential targets for repression by DNA
methylation by two methods (Fig. 5d). First, we used methylation-
sensitive restriction enzymes analysis (Supplementary Information),
which showed that the regions around the promoter and transcription
start site of the Rbf gene were susceptible to methylation (Fig. 5d, e).
This approach showed aberrant DNA hypermethylation of Rbf in the
eyeful and Delta eye discs (Fig. 5e) and mild hypermethylation in
Delta discs (data not shown); however, at best only very mild
methylation was detected in discs from wild-type flies or from flies
with the control psq gene (Fig. 5e).
Second, we carried out direct bisulphite sequencing of genomic

DNA from mutant discs (Fig. 5f). This approach confirmed the
notable increase in methylated DNA in eyeful and Delta discs when
compared with wild-type discs (and a moderate increase in methyl-
ated DNA in theDelta discs). Hypermethylation of the Rbf promoter
was not simply the result of de novo transcription of Dnmt2
(ey-Gal4 . Dnmt2; Fig. 5f), indicating that activation of the
Notch pathway is a crucial step in this de novo hypermethylation of
Rbf.

Discussion

Here we have used Drosophila genetics to search for genes that
collaborate with the Notch pathway during tumorigenesis in vivo.
We have identified Psq and Lola as decisive factors to foment tumour
growth and invasion when coactivated with the Notch pathway.
These proteins are presumptive transcription repressors that contain
a BTB domain and sequence-specific DNA-binding motifs and
behave as epigenetic silencers in vivo.
In addition, we have identified crosstalk between the Notch

Figure 5 | Silencing of Rbf is associated with promoter DNA
hypermethylation. a, Rbf gene expression was analysed by quantitative
real-time PCR. The relative levels of Rbf normalized to Rp49 (as a loading
control) signals are shown for 5-day-old eye discs from wild type (lane 1),
ey–Gal4 . eyeful (lane 2), ey–Gal4 . eyeful . Dl (lane 3) and
ey–Gal4 . Dl (lane 4). b, A mutated allele of Rbf (Rbf14) enhances the
tumour defect of ey–Gal4 . eyeful . Dl flies. c, In contrast, eye-specific
overexpression of UAS–Rbf rescues the tumours. Arrow indicates
transposon silencing (see Supplementary Fig. S4). d, CpG-rich islands in the
Rbf promoter and exon 1. The upstream region of Rbf overlaps with a
predicted gene named CG13359, which is not conserved in Drosophila
pseudoobscura. HindIII (squares) and HpaII/MspI (circles) sites are
indicated. e, Methylation-sensitive restriction digests followed by PCR
amplification. PCR yields products only when the region is methylated at
each HpaII/MspI site. Shown are representative gels for Rbf and psq (as a
control for a gene expressed in the tumours) of w1118 (C) and
ey–Gal . eyeful . Dl (T). Uncut (–) DNA was used as a loading control and
as a control for the PCR reaction. f, DNA methylation in the Rbf region in
mutant and control eye disc cells as determined by bisulphite genomic
sequencing (Supplementary Information). The number and position of the
methylated cytosines (out of a possible 13) are indicated by filled rectangles
(light grey squares denote hemi-methylation).
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pathway and different epigenetic regulators. It is likely that altera-
tions in this crosstalk provoke the aberrant epigenetic repression
(and perhaps also derepression) of genes that contributes to cellular
transformation. We have identified the Rbf gene as one target for
this epigenetic regulation and shown that Rbf depletion directly
contributes to the tumours.
We propose that the sequence of events that leads to these tumours

commences with hyperactivation of the Notch pathway, which
initiates gene repression. Subsequently, or at the same time as
Notch, Psq–Lola could bind to the silenced genes and enforce
silencing by recruitment of HDAC or PcG repressors. Given the
conservation of the Psq-like HTH domains in Psq and of BTB
domains, it seems likely that other transcriptional repressors con-
taining such domains strongly influence the tumour-inducing
capacities of HDACs and PcG repressors in human cancers.
Finally, the collaboration between PcG-mediated cellular memory

and the Notch pathway may have implications in other processes
controlled by Notch, including the second mitotic wave in the
Drosophila eye49,50, and the organization of eye and wing growth3,16.
In these processes, the memory mechanism could ensure that cells
kept a record of the Notch signals received at an earlier stage or
when the progenitor cells were closer to the Delta source. In this
way, they might remain proliferative without having to receive
continuous instructions from Notch. Likewise, such a situation
could be conceived for tumorigenesis. The oncogenic signals could
opportunistically take advantage of the memory mechanism to fix
and to maintain their instructions of continuous proliferation in
progenitor or stem cells, thereby fostering tumour growth and
metastasis.

METHODS
Drosophila husbandry and the genetic screen. The GS88A8 (eyeful) and
GS71A5 lines and other mutant stocks and transgenes are described in the
Supplementary Information.
GS element mapping. Genomic DNA flanking the P-element insertions in the
GS88A8 and GS71A5 lines were recovered by inverse PCR (http://www.fruitfly.
org/about/methods) and sequenced.
In situ hybridization and antibody staining. We carried out in situ hybridiz-
ation and antibody staining as described in Supplementary Information.
EMS reversion mutagenesis and phenotypic analyses. Details of mutagenesis
and phenotypic analyses are described in the Supplementary Information.
Real-time PCR. Real-time PCR was done with a BioRad iCycler in the presence
of SYBRGreen I according to themanufacturer’s instructions. The primers of the
Rbf gene and the control Rp49 gene were designed with Primer Express software
(Applied Biosystems). To assess the expression of Rbf and Rp49 (as a loading
control), we extracted total RNA from antennal-eye imaginal discs with Trizol
Reagent (Invitrogen). We prepared complementary DNA with an Enhanced
Avian RT-PCR kit (Sigma) using oligo (dT)23 primers and 2mg of total RNA.
Expression levels were calculated as a ratio between the signals from Rbf and
those from Rp49. The nature of the PCR products was confirmed by agarose gel
electrophoresis and melting curve analysis.
Bisulphite and methylation analysis. Genomic DNA was isolated from third
instar larvae or dissected eye discs and the DNA was analysed by methylation-
sensitive enzyme digestion and direct bisulphite sequencing as described in the
Supplementary Information.

Received 30 June; accepted 20 October 2005.

1. Logan, C. Y. & Nusse, R. The Wnt signalling pathway in development and
disease. Annu. Rev. Cell. Dev. Biol. 20, 781–-810 (2004).

2. Hooper, J. E. & Scott, M. P. Communicating with Hedgehogs. Nature Rev. Mol.
Cell Biol. 6, 306–-317 (2005).

3. Artavanis-Tsakonas, S., Rand, M. D. & Lake, R. J. Notch signalling: cell fate
control and signal integration in development. Science 284, 770–-776 (1999).

4. Hanahan, D. & Weinberg, R. A. The hallmarks of cancer. Cell 100, 57–-70
(2000).

5. Taipale, J. & Beachy, P. A. The Hedgehog and Wnt signalling pathways in
cancer. Nature 411, 349–-354 (2001).

6. Allenspach, E. J., Maillard, I., Aster, J. C. & Pear, W. S. Notch signalling in
cancer. Cancer Biol. Ther. 1, 466–-476 (2002).

7. Lund, A. H. & van Lohuizen, M. Epigenetics and cancer. Genes Dev. 18,
2315–-2335 (2004).

8. Valk-Lingbeek, M. E., Bruggeman, S. W. & van Lohuizen, M. Stem cells and
cancer; the polycomb connection. Cell 118, 409–-418 (2004).

9. Ringrose, L. & Paro, R. Epigenetic regulation of cellular memory by the
Polycomb and Trithorax group proteins. Annu. Rev. Genet. 38, 413–-443
(2004).

10. Cao, R. & Zhang, Y. The functions of E(Z)/EZH2-mediated methylation of
lysine 27 in histone H3. Curr. Opin. Genet. Dev. 14, 155–-164 (2004).

11. Nguyen, C. T. et al. Histone H3-lysine 9 methylation is associated with
aberrant gene silencing in cancer cells and is rapidly reversed by 5-aza-2 0 -
deoxycytidine. Cancer Res. 62, 6456–-6461 (2002).

12. Lachner, M., O’Sullivan, R. J. & Jenuwein, T. An epigenetic road map for histone
lysine methylation. J. Cell Sci. 116, 2117–-2124 (2003).

13. Feinberg, A. P. & Tycko, B. The history of cancer epigenetics. Nature Rev.
Cancer 4, 143–-153 (2004).

14. Weinberg, R. A. The retinoblastoma protein and cell cycle control. Cell 81,
323–-330 (1995).

15. Woodhouse, E. C. & Liotta, L. A. Drosophila invasive tumors: a model for
understanding metastasis. Cell Cycle 3, 38–-40 (2004).

16. Dominguez, M. & Casares, F. Organ specification-growth control connection:
new insights from the Drosophila eye-antennal disc. Dev. Dyn. 232, 673–-684
(2005).

17. Toba, G. et al. The gene search system. A method for efficient detection and
rapid molecular identification of genes in Drosophila melanogaster. Genetics 151,
725–-737 (1999).

18. Dominguez, M. & de Celis, J. F. A dorsal/ventral boundary established by
Notch controls growth and polarity in the Drosophila eye. Nature 396, 276–-278
(1998).

19. Giniger, E., Tietje, K., Jan, L. Y. & Jan, Y. N. lola encodes a putative transcription
factor required for axon growth and guidance in Drosophila. Development 120,
1385–-1398 (1994).

20. Madden, K., Crowner, D. & Giniger, E. LOLA has the properties of a master
regulator of axon-target interaction for SNb motor axons of Drosophila. Dev.
Biol. 213, 301–-313 (1999).

21. Goeke, S. et al. Alternative splicing of lola generates 19 transcription factors
controlling axon guidance in Drosophila. Nature Neurosci 6, 917–-924 (2003).

22. Ohsako, T., Horiuchi, T., Matsuo, T., Komaya, S. & Aigaki, T. Drosophila lola
encodes a family of BTB-transcription regulators with highly variable
C-terminal domains containing zinc finger motifs. Gene 311, 59–-69 (2003).

23. Horowitz, H. & Berg, C. A. The Drosophila pipsqueak gene encodes a nuclear
BTB-domain-containing protein required early in oogenesis. Development 122,
1859–-1871 (1996).

24. Weber, U., Siegel, V. & Mlodzik, M. pipsqueak encodes a novel nuclear protein
required downstream of seven-up for the development of photoreceptors R3
and R4. EMBO J. 14, 6247–-6257 (1995).

25. Siegmund, T. & Lehmann, M. The Drosophila Pipsqueak protein defines a new
family of helix-turn-helix DNA-binding proteins. Dev. Genes Evol. 212, 152–-157
(2002).

26. Siegel, V., Jongens, T. A., Jan, L. Y. & Jan, Y. N. pipsqueak, an early acting
member of the posterior group of genes, affects vasa level and germ cell-
somatic cell interaction in the developing egg chamber. Development 119,
1187–-1202 (1993).

27. Lehmann, M., Siegmund, T., Lintermann, K. G. & Korge, G. The pipsqueak
protein of Drosophila melanogaster binds to GAGA sequences through a novel
DNA-binding domain. J. Biol. Chem. 273, 28504–-28509 (1998).

28. Schwendemann, A. & Lehmann, M. Pipsqueak and GAGA factor act in concert
as partners at homeotic and many other loci. Proc. Natl Acad. Sci. USA 99,
12883–-12888 (2002).

29. Rorth, P. et al. Systematic gain-of-function genetics in Drosophila. Development
125, 1049–-1057 (1998).

30. Barna, M. et al. Plzf mediates transcriptional repression of HoxD gene
expression through chromatin remodeling. Dev. Cell 3, 499–-510 (2002).

31. Melnick, A. et al. Critical residues within the BTB domain of PLZF and Bcl-6
modulate interaction with corepressors. Mol. Cell Biol. 22, 1804–-1818 (2002).

32. Schotta, G. et al. A silencing pathway to induce H3-K9 and H4-K20
trimethylation at constitutive heterochromatin. Genes Dev. 18, 1251–-1262 (2004).

33. Irvine, K. D. Fringe, Notch, and making developmental boundaries. Curr. Opin.
Genet. Dev. 9, 434–-441 (1999).

34. Dominguez, M., Ferres-Marco, D., Gutierrez-Avino, F. J., Speicher, S. A. &
Beneyto, M. Growth and specification of the eye are controlled independently
by Eyegone and Eyeless in Drosophila melanogaster. Nature Genet. 36, 31–-39
(2004).

35. Chao, J. L., Tsai, Y. C., Chiu, S. J. & Sun, Y. H. Localized Notch signal acts
through eyg and upd to promote global growth in Drosophila eye. Development
131, 3839–-3847 (2004).

36. Bray, S., Musisi, H. & Bienz, M. Bre1 is required for Notch signalling and histone
modification. Dev. Cell 8, 279–-286 (2005).

37. Muller, J. et al. Histone methyltransferase activity of a Drosophila Polycomb
group repressor complex. Cell 111, 197–-208 (2002).

38. Tie, F., Furuyama, T., Prasad-Sinha, J., Jane, E. & Harte, P. J. The Drosophila
Polycomb Group proteins ESC and E(Z) are present in a complex containing
the histone-binding protein p55 and the histone deacetylase RPD3.
Development 128, 275–-286 (2001).

NATURE|Vol 439|26 January 2006 ARTICLES

435



© 2006 Nature Publishing Group 

 

39. Czermin, B. et al. Drosophila enhancer of Zeste/ESC complexes have a histone
H3 methyltransferase activity that marks chromosomal Polycomb sites. Cell
111, 185–-196 (2002).

40. Janody, F. et al. A mosaic genetic screen reveals distinct roles for trithorax and
polycomb group genes in Drosophila eye development. Genetics 166, 187–-200
(2004).

41. Harbour, J. W. & Dean, D. C. The Rb/E2F pathway: expanding roles and
emerging paradigms. Genes Dev. 14, 2393–-2409 (2000).

42. Gowher, H., Leismann, O. & Jeltsch, A. DNA of Drosophila melanogaster
contains 5-methylcytosine. EMBO J. 19, 6918–-6923 (2000).

43. Jabbari, K. & Bernardi, G. Cytosine methylation and CpG, TpG (CpA) and TpA
frequencies. Gene 333, 143–-149 (2004).

44. Salzberg, A., Fisher, O., Siman-Tov, R. & Ankri, S. Identification of methylated
sequences in genomic DNA of adult Drosophila melanogaster. Biochem. Biophys.
Res. Commun. 322, 465–-469 (2004).

45. Kunert, N., Marhold, J., Stanke, J., Stach, D. & Lyko, F. A Dnmt2-like protein
mediates DNA methylation in Drosophila. Development 130, 5083–-5090
(2003).

46. Hung, M. S. et al. Drosophila proteins related to vertebrate DNA
(5-cytosine) methyltransferases. Proc. Natl Acad. Sci. USA 96, 11940–-11945
(1999).

47. Narsa Reddy, M., Tang, L. Y., Lee, T. L. & James Shen, C. K. A candidate gene
for Drosophila genome methylation. Oncogene 22, 6301–-6303 (2003).

48. Marhold, J., Kramer, K., Kremmer, E. & Lyko, F. The Drosophila MBD2/3
protein mediates interactions between the MI-2 chromatin complex and
CpT/A-methylated DNA. Development 131, 6033–-6039 (2004).

49. Baonza, A. & Freeman, M. Control of cell proliferation in the Drosophila eye by
notch signalling. Dev. Cell 8, 529–-539 (2005).

50. Firth, L. C. & Baker, N. E. Extracellular signals responsible for spatially regulated
proliferation in the differentiating Drosophila eye. Dev. Cell 8, 541–-551 (2005).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements We thank J. Müller, E. Giniger, A. Schwendemann, G.
Reuter, F. Lyko, W. Chia, and A. Baonza for reagents; the Bloomington Stock
Centre and Exelixis for fly stocks; the Developmental Studies Hybridoma Bank
for antibodies; E. Ballesta-Illan for technical assistance; F. J. Garcia-Cozar for
sharing quantitative RT–PCR expertise; L. A. Garcia-Alonso, J. Galceran and
F. Viana for critically reading the manuscript; and M. Sefton for improvements
to the manuscript. I.G.G. is a fellow of the CSIC I3P Programme. This work was
supported by grants from the ‘Ministerio de Educación y Ciencia’ of Spain and a
European Molecular Biology Organization Young Investigator Award to M.D.

Author Contributions D.F-M. conceived the experiment to isolate the mutants;
D.F-M, I.G-G, D.M.V, FJ.G-A. and J.B. performed the experiments; and M.D.
designed the experiments, carried out the data analysis and wrote the paper.

Author Information Reprints and permissions information is available at
npg.nature.com/reprintsandpermissions. The authors declare no competing
financial interests. Correspondence and requests for materials should be
addressed to M.D. (m.dominguez@umh.es).

ARTICLES NATURE|Vol 439|26 January 2006

436


