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Maintenance of cell identity is a complex task that involves multiple layers of regulation, acting at all levels
of chromatin packaging, from nucleosomes to folding of chromosomal domains in the cell nucleus.
Polycomb-group (PcG) and trithorax-group (trxG) proteins maintain memory of chromatin states through
binding at cis-regulatory elements named PcG response elements or cellular memory modules. Fab-7 is a
well-defined cellular memory module involved in regulation of the homeotic gene Abdominal-B (Abd-B). In
addition to its action in cis, we show here by three-dimensional FISH that the Fab-7 element leads to
association of transgenes with each other or with the endogenous Fab-7, even when inserted in different
chromosomes. These long-distance interactions enhance PcG-mediated silencing. They depend on PcG
proteins, on DNA sequence homology, and on developmental progression. Once long-distance pairing is
abolished by removal of the endogenous Fab-7, the derepressed chromatin state induced at the transgene locus
can be transmitted through meiosis into a large fraction of the progeny, even after reintroduction of the
endogenous Fab-7. Strikingly, meiotic inheritance of the derepressed state involves loss of pairing between
endogenous and transgenic Fab-7. This suggests that transmission of nuclear architecture through cell division
might contribute to inheritance of chromatin states in eukaryotes.
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Packaging of eukaryotic DNA into chromatin is
achieved through its folding in a hierarchy of structures,
such as nucleosomes, 30-nm chromatin fibers, higher or-
der chromatin structures, and chromosomal domains.
Chromatin folding organizes individual chromosomes in
specific chromosomal territories in the cell nucleus (Cre-
mer and Cremer 2001). Individual chromosomal territo-
ries are separated by an interchromatin compartment
that contains diffusible components, protein complexes,
and larger structures or nuclear bodies. All of these com-
partments are dynamic and continuously exchange com-
ponents, although the motion of large bodies or chromo-
somal territories is constrained (Chubb and Bickmore
2003).
It has been suggested that nuclear architecture might

play a regulatory role in gene expression and cellular
differentiation. In this view, genes would be segregated
in specific nuclear domains and regulatory changes

might move these genes into different compartments.
Evidence has accumulated for precise gene localization
and for changes in their nuclear position upon regulatory
transitions (Gasser 2001). In vertebrate cell types, tran-
sitions between active and silent transcriptional states
were shown to be accompanied by shuttling between
euchromatic and heterochromatic nuclear compart-
ments (Brown et al. 1997; Francastel et al. 1999; Lund-
gren et al. 2000). Similarly, silencing of the Drosophila
euchromatic brown gene by insertion of a 2-Mb block of
heterochromatin (bwD allele) has been shown to corre-
late with its relocation into heterochromatin (Csink and
Henikoff 1996; Dernburg et al. 1996).
Gene silencing can be induced by two largely nonover-

lapping sets of proteins, namely components of hetero-
chromatin and proteins of the PcG. Whereas heterochro-
matin is mainly found at centromeric and telomeric re-
gions of the genome, PcG proteins are involved in
silencing of a variety of euchromatic genes involved in
developmental control, such as homeotic genes (Orlando
2003). In early Drosophila embryonic development,
homeotic gene regulation depends on a regulatory cas-
cade of spatially restricted transcription factors. When
these factors disappear, the expression pattern of homeo-
tic genes is maintained by a cellular memory system
dependent on PcG and trxG genes. PcG proteins form
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large multimeric complexes conserved throughout evo-
lution (Alkema et al. 1997; Saurin et al. 2001) that act on
chromatin via associated histone deacetylase and meth-
yltransferase activities (for review, see Orlando 2003)
and via components of the transcriptional machinery
(Breiling et al. 2001; Saurin et al. 2001). On the other
hand, several trxG members encode for proteins in-
volved in chromatin remodeling, histone acetylation,
and methylation, which increase chromatin accessibility
to transcription factors (Petruk et al. 2001; Beisel et al.
2002). PcG and trxG proteins maintain regulatory states
of their target genes via cis-regulatory elements named
PcG response elements (PRE) and trxG response ele-
ments (TRE). (Fauvarque and Dura 1993; Chan et al.
1994; Zink and Paro 1995). These sequences often over-
lap in the genome (Strutt et al. 1997; Orlando et al. 1998;
Tillib et al. 1999), and it was shown that they are able to
maintain both silent and active states, depending on
early regulatory cues during development. For this rea-
son, they have been named cellular memory modules
(CMM; Cavalli and Paro 1998; Maurange and Paro 2002;
Rank et al. 2002). Beside an action as PRE and TRE, DNA
sequences contained within CMM have also been shown
to behave as chromatin insulators, preventing enhancers
from acting at downstream promoters when inserted be-
tween them (Hagstrom et al. 1996; Zhou et al. 1996;
Mihaly et al. 1997). Thus, multiple functional elements
are contained in regions defined as CMM, and the mo-
lecular and functional links between these elements are
still poorly understood.
In addition to an action in cis on flanking genes along

the chromosome, CMM-mediated regulation is en-
hanced by trans-interactions among chromosomes. A
mini-white eye color reporter gene flanked by PRE/
CMM sequences is more repressed when the transgene is
in a homozygous state than in a heterozygous state (Fau-
varque and Dura 1993; Chan et al. 1994; Zink and Paro
1995). This phenomenon is known as pairing-sensitive
repression (for review, see Kassis 2002). It depends on
somatic pairing of homologous chromosomes, a phe-
nomenon that exists in many species and cell types, but
is particularly pronounced in Diptera.
Silencing can also be enhanced by insertion of twoCMM

copies at different loci in the same chromosome and even
in different chromosomes (Sigrist and Pirrotta 1997;Muller
et al. 1999). Moreover, PcG proteins were shown to be in-
volved in cosuppression of transgenes containing se-
quences from the white and Adh loci, even if these genes
do not contain CMM elements per se (Pal-Bhadra et al.
1997). These phenomena of trans-sensing of homologous
sequences (Henikoff and Comai 1998) are found in many
species and they may involve (1) communication via dif-
fusible components, such as post-transcriptional mecha-
nisms of gene silencingmediated by RNAmolecules (Han-
non 2002), or (2) direct contacts between the region of
DNA homology. In this work, we provide evidence that
the Fab-7 CMM element from the Bithorax complex (BX-
C) of homeotic genes can mediate long-distance interchro-
mosomal interactions, and that these interactions may be
heritable through mitotic and meiotic cell division.

Results

Pairing dependent silencing of the sd locus by Fab-7

In most experiments throughout this work, two con-
structs were used carrying a 3.6-kb Fab-7 fragment
cloned in two different orientations (p5F24 and p5F3
transgenes; Zink and Paro 1995; Table 1) upstream to
lacZ and mini-white reporter genes. These transgenes
were inserted at different genomic locations and com-
bined with deletions or with mutations in PcG or trxG
genes. For simplicity, transgenic lines will be named af-
ter the CMM element present in the transgene and the
chromosomal arm of insertion of the transgenes. For in-
stance, one previously published line, 5F24 25,2 (Zink
and Paro 1995) will be renamed here as Fab-X, to indicate
insertion of Fab-7 in the X chromosome (Table 1). As
expected for CMM-mediated silencing, pairing-sensitive
repression is observed and the eye color of homozygous
females is strongly variegated, whereas in heterozygous
females or in males (hemizygous) repression is weaker
(Fig. 1A). Precise mapping of the transgene insertion in-
dicated that the Fab-X line harbors two copies of the
p5F24 transgene inserted in tandem 9.6 kb upstream of
the scalloped (sd) gene (see Materials and Methods for
details). The sd gene product is required for wingblade
development in Drosophila (Campbell et al. 1992). Re-
duced expression of this gene leads to a characteristic
wing phenotype (sd phenotype) that can have a different
degree of severity, from small lesions in the wing margin
to complete destruction of wing morphology. The inser-
tion of the Fab-7 CMM at a distance of 18.4 kb from sd
(8.8 kb DNA spanning the lacZ and mini-white regions
plus 9.6 kb from the transgene insertion site to the sd
promoter) induces a mutant phenotype, resulting in de-
struction of the wingblade. This phenotype is tempera-
ture sensitive and pairing dependent, as it is observed
with a strong penetrance of up to 95% in homozygous
females raised at 29°C, whereas it is almost absent in
heterozygous females or hemizygous males (Fig. 1B).
Both features are typical of PcG-mediated silencing and
parallel effects on mini-white (Fauvarque and Dura 1993;
Chan et al. 1994; Zink and Paro 1995). The incomplete
penetrance of the sd phenotype does not depend on ge-
netic heterogeneity of the flies, preventing silencing in a
fraction of the population. When flies were raised at
29°C and Fab-X females with wild-type wings were se-
lected and remated with Fab-X males, the next genera-
tion females showed a sd phenotype with similar pen-
etrance as nonselected Fab-X females. Finally, as ob-
served previously for the white eye phenotype in the
Fab-X line (Cavalli and Paro 1999), the sd phenotype is
strongly attenuated by mutations in PcG genes, whereas
it is enhanced by a mutation in the trx gene (Fig. 1C).

Fab-7-mediated repression at the X-linked sd locus is
dependent on the endogenous Fab-7 located on the
third chromosome

Surprisingly, repression of sd depends also on the pres-
ence of an intact copy of the endogenous Fab-7 element
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in the Abd-B locus, located in the right arm of the third
chromosome (chromosome 3R). A genomic deletion of 4
kb encompassing the 3.6-kb Fab-7 transgenic element
(Gyurkovics et al. 1990) was introduced in the homozy-
gous state into the Fab-X line to give the Fab-X; Fab-71

line (Table 1; Fig. 2A). When raised at 29°C, Fab-X; Fab-
71 females showed derepressed eye color and only 6%–
12% of sd wing phenotype compared with 90%–95% of
Fab-X females (Fig. 2A), suggesting that silencing of
mini-white and sd is reduced. As a control, the presence
of the Fab-7 deletion had no effect on the wing pheno-
type of a mutant line for the sd gene, indicating that
endogenous Fab-7 does not play any role in sd regulation
in the absence of the X-linked transgene (Fig. 2B). More-
over, a derepression both of mini-white and of sd was
observed by introducing a homozygous Fab-712 deletion
into Fab-X (13% sd phenotype, similar to the frequency
observed in Fab-X; Fab-71). This mutation (Mihaly et al.
1997), deletes 1.5 Kb of DNA from the same region and
has a similar effect on regulation of its endogenous target
gene Abd-B, but it has an independent origin and genetic
background from Fab-71. Therefore, derepression de-
pends specifically on removal of Fab-7.
To further analyze the effect of the transgene and of

the Fab-7 deletion on sd expression, we performed in
situ hybridization using a sd mRNA probe. The results
indicate that transgenic Fab-7 represses sd with increas-

ing strength during developmental progression. In Fab-X
female embryos of stage 9–11, sd expression is weakly
reduced compared with control w1118 and to Fab-X; Fab-
71 embryos (Fig. 2D). At later developmental stages, si-
lencing is more robust, as shown by a strong reduction in
sd expression in ∼60% of the female wing imaginal discs
from Fab-X third instar larvae (Fig. 2E). Both in embryos
and in larvae, sd repression was lost upon deletion of
endogenous Fab-7 in the Fab-X; Fab-71 line (Fig. 2D,E),
although a weak residual silencing was visible in larval
wing discs. Thus, sd silencing by the Fab-7 transgene
depends on the presence of the endogenous Fab-7 of the
BX-C at all stages of development. As expected, expres-
sion of sd was also restored in the context of a PcG gene
mutation, Polycomb-like (Pcl; data not shown).

Long-range pairing between transgenic
and endogenous Fab-7

These data suggest that the exogenous Fab-7 at the sd
locus may pair with the endogenous copy at the BX-C
locus, and this pairing may be responsible for the strong
silencing of the sd gene. To test this hypothesis directly,
we analyzed the relative nuclear position of the two loci
by two-color fluorescent in situ hybridization (FISH) of
whole-mount embryos, followed by three-dimensional
image analysis (Gemkow et al. 1996, 1998).

Table 1. Transgenic lines used in this study

An empty rectangle represents the Fab-7 CMM with a black circle indicating the proximal side of this element. Mcp and bxd are
represented by a dashed and a gray rectangle, respectively. Thin and thick arrows represent the lacZ and the mini-white reporter genes.

Bantignies et al.

2408 GENES & DEVELOPMENT



We used embryos at stage 9–11, a time when PcG-
mediated sd gene silencing has already initiated. Image
acquisition along the z-axis were done in ectodermal nu-
clei of parasegments (PS) 4 and 5 (this region of the em-
bryo will give rise to the T2 segment and contains wing
precursor cells). Using two probes specific for the Abd-B
and the sd loci, we found that sd colocalizes only rarely
with the BX-C in the wild-type situation. In wild-type
female embryos, 7% pairing was observed (Fig. 3A–C).
This frequency may depend on chromosomal move-
ments occasionally bringing these two loci in the same
nuclear neighborhood. On the other hand, Fab-7 inserted
at the sd locus strongly promotes association to the BX-
C. The two loci colocalized in 23% of female embryonic
nuclei (Fig. 3A–C; see also Supplemental Material). In
contrast, colocalization is reduced to control levels in
male embryos, correlating to the wing phenotype. To
study whether association of the two loci depends on

DNA sequence homology conferred by the presence of
Fab-7, we analyzed long-distance pairing upon removal
of the endogenous Fab-7. In Fab-X; Fab-71 female em-
bryos, pairing was reduced to control wild-type level (Fig.
3A–C). These data show that long-distance interactions
between Fab-7 CMM elements can occur in the nucleus
and they stabilize the efficiency of PcG-mediated silenc-
ing.
We then analyzed this phenomenon in the context of a

Pcl null mutation (Pcl10). Homozygous Pcl10mutant em-
bryos were obtained by selecting non-GFP-labeled em-
bryos from a line carrying the Fab-7 transgene and the
Pcl mutation facing a balancer chromosome marked
with a zygotically expressed GFP reporter gene. Associa-
tion of the two loci was reduced to control levels in
Fab-X; Pcl10 embryos (Fig. 3B,D), showing that PcG pro-
teins, in addition to sequence homology, are required for
pairing.

Figure 1. Pairing and PcG/trxG-depen-
dent silencing mediated by the Fab-7
CMM in the Fab-X line. (A) Eye color phe-
notype of Fab-X flies grown at 25°C shows
pairing-sensitive repression at the trans-
gene. Genotypes are indicated above each
panel. (B) Wing phenotype of Fab-X flies
shows pairing-sensitive repression of the
sd gene-flanking transgene insertion. The
percentage of wings showing a sd pheno-
type at 29°C, and the number of wings
analyzed are indicated. (C) Dependence of
sd silencing on mutations in the PcG
genes Pc, ph, Psc, and Pcl, and enhance-
ment of silencing upon mutation of the trx
gene.
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It was reported recently that endogenous Fab-7 is tran-
scribed in embryonic PS13 and PS14 (Rank et al. 2002).
We confirmed this data by in situ hybridization using a
Fab-7 probe and a comparison between wild-type and
Fab-X embryos showed no difference in the staining pat-
tern or intensity. The pairing frequency of sd with the

BX-C was compared in PS4/PS5, in which endogenous
Fab-7 is not transcribed, and in PS13/PS14, in which it is
transcribed, but no difference was observed (Fig. 3C). We
also tested whether genetic background has an influence
on long-distance pairing. Both the transgenic lines and
the Fab-71 deletion were originally obtained in a Or-

Figure 2. Silencing of sd in the Fab-X line depends on the presence of the endogenous Fab-7 element. (A) Schematic drawing
illustrating the genotype of the lines used in the experiments. The two copies of chromosome X and chromosome 3 are shown. The
endogenous Fab-7 at chromosome 3 is shown in green. The Fab-71 deletion is represented as an empty triangle. The transgenic copy
inserted in chromosome X is shown in red. (B) sd phenotype in a loss-of function sdmutant in the presence or absence of endogenous
Fab-7. (C) In situ hybridization of sd in embryos labeled with an anti-MSL-1 antibody to distinguish female (in blue) from male (in
brown) embryos. (D) Repression of sd transcript levels in the Fab-X line (middle) compared with control w1118 (left) and with Fab-X,
Fab-71 (right) embryos. (E) Repression of sd transcript levels in third instar imaginal wing discs from the Fab-X line (middle) compared
with control w1118 (left) and with Fab-X, Fab-71 (right) larvae. sd is normally expressed in the wing pouch of the imaginal disc and it
is repressed in Fab-X, but not in Fab-X, Fab-71 larvae.

Bantignies et al.

2410 GENES & DEVELOPMENT



Figure 3. Long-range interactions between sd and the BX-C depend on sequence homology at Fab-7 and on the presence of PCL
protein. (A) Two-color FISH in whole-mount female embryos. Examples of merged images of Dapi labeling (blue), the sd locus (green)
and the BX-C (red) are shown. Projection of two Z-axis slices is shown. Embryo genotypes are indicated above each panel. Arrows
indicate cases of colocalization between sd and the BX-C. (B) Single slices of individual nuclei show characteristic examples of data
obtained in different lines. Dapi staining, the sd locus, the BX-C locus, and the merge of the three channels are shown. The genotypes
and the presence of the endogenous or the transgenic Fab-7 copies are indicated. (C) Quantification of the percentage of colocalization
of the two loci in stage 9–11 female embryos from different lines. The genotypes and the embryonic position of the analyzed nuclei
are indicated below each bar. Error bars represent the standard deviation. At least 50 nuclei per embryo from four to six embryos were
analyzed in each experiment. (D) Same quantification as C, but from an independent experiment comparing female Fab-X embryos
with mutant Fab-X; Pcl10 embryos analyzed at stage 13–15 of development. (E) Quantification of long-distance Fab-7 pairing in third
instar larval wing imaginal discs, measured as percentage of colocalization of the two loci in the different lines.
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egon-R background. When this was changed to Canton-S
(see Materials and Methods), both the sd phenotype and
the strong increase in pairing between the sd and the
BX-C loci were maintained in the presence of Fab-7 at
the two loci (data not shown). Thus, transcription of the
endogenous Fab-7 and strain-specific genetic variation
have no major effects on pairing.

Long-distance Fab-7 pairing progression
during development

Because in situ RNA hybridization showed that repres-
sion of sd in Fab-X is stronger in larvae compared with
embryos, we analyzed whether the pairing efficiency of
the BX-C with the sd locus is also increased at this stage.
Pairing was analyzed by two-color FISH in imaginal wing
discs from third instar female larvae (Fig. 3E). Control
larvae showed pairing in only 5% of the cases, similar to
what was seen previously in embryos (Fig. 3E). In con-
trast, in the Fab-X line association between the BX-C and
the sd locus was found in 43% of the nuclei, a much
higher frequency compared with embryos (Fig. 3, cf. E
and C). This indicates that long-distance pairing is a dy-
namic process and its stability increases during later de-
velopmental stages. Long-distance pairing was severely
reduced in larvae from the Fab-X; Fab-71 line, in which it
reached 14%. However, this frequency is clearly higher
than in the wild-type control. This suggests that, al-
though sequence homology at Fab-7 is crucial for pair-
ing, the transgenic Fab-7 might be able to establish in-
teractions with other CMM in the BX-C to some extent.

Endogenous Fab-7 cosegregates in the cell nucleus
with Fab-7 transgenes inserted at independent
chromosomal loci

The Fab-7-dependent associations observed beetween
the BX-C and the sd locus could be partly due to some
specific features of one or the two loci. To test whether
ectopic pairing depends on insertion of Fab-7 at the sd
locus, we used the Fab-2L transgenic line (Zink and Paro
1995). Characterization of this line (see Materials and
Methods) showed that the p5F3 Fab-7 construct is in-
serted in single copy at cytological position 38F, in the
left arm of chromosome 2 (Table 1, for simplicity, this
locus will be defined hereafter as 38F). Two-color FISH
analysis with probes that recognize the 38F and BX-C
loci showed a very strong increase in colocalization
when Fab-7 is present at both loci (Fab-2L embryos) com-
pared with wild-type embryos harboring no Fab-7 trans-
gene at the 38F locus (11% vs. 0.7%; Fig. 4A,B). Thus,
Fab-7 transgenes inserted at two independent loci can
pair with the endogenous Fab-7 copy. To describe pre-
cisely the statistical distribution of the two loci, three-
dimensional distances were measured in >200 nuclei of
each sample. A global decrease in the three-dimensional
distance was observed when Fab-7 is inserted at the 38F
locus (Fig. 4B). This suggests that in addition to direct
contacts, in a large fraction of the nuclei, the two loci are

in close proximity. These nuclei may represent interme-
diate steps in the process of Fab-7 homology search.

Pairing of Fab-7 elements does not depend on features
of the BX-C

We then investigated whether pairing depends on spe-
cific features of the BX-C, or instead represents pure af-
finity between homologous Fab-7 DNA sequences and
chromatin structures. We reasoned that if pairing does
not depend on specific features of the BX-C locus, strong
sd silencing might be obtained by introduction of a sec-
ond Fab-7 transgene in the absence of endogenous Fab-7.
Therefore, we combined other Fab-7 transgene inser-
tions with the Fab-7 transgene inserted at the sd locus. A
Fab-71 deletion was first introduced into two transgenic
lines. One was the Fab-2L line described above, whereas
in the Fab-3R line, the p5F24 transgene is inserted at 88E
in the right arm of the third chromosome (Table 1).
These two lines were then crossed to the Fab-X line to
obtain lines carrying two homozygous Fab-7 transgenes
and the Fab-71 deletion; Fab-X,2L; Fab-71 and Fab-X,3R-
Fab-71. As noted previously, deletion of endogenous
Fab-7 leads to derepression of the sd gene in the Fab-X,
Fab-71 line (Figs. 2A, 5A). However, the transgenic Fab-7
elements at chromosome 2L or 3R were able to comple-
ment the absence of endogenous Fab-7 and restore sd
silencing (Fig. 5A). Fab-7 silencing was copy-number de-
pendent. Indeed, we found that silencing of sd and of mini-
white in the Fab-X,2L; Fab-71 line was weaker than in
the related line Fab-X,2L, which carries the same trans-
genes in the presence of the endogenous copy of Fab-7.
In contrast, Fab-X,LW-3R-Fab71 transgenic line (Table

1), carrying a second transgene without Fab-7 (Zink and
Paro 1995), did not restore sd silencing (Fig. 5A), suggest-
ing that silencing by multiple transgene copies requires
the presence of Fab-7 in all transgenes. Two other CMM
of the BX-C, such as Mcp and bxd, were also tested. bxd
failed to complement the deletion of endogenous Fab-7,
whereas a Mcp transgene had a weak effect, restoring sd
silencing in 33% of the flies (Fig. 5A). Altogether, these
results indicate that sequence homology at Fab-7 is the
main determinant of long-distance interactions in our
transgenic lines, although in the natural situation, inter-
actions among heterologous CMM may occur.
To study whether two independent Fab-7 transgenes

interact directly, we performed two-color FISH experi-
ments in the Fab-X,2L; Fab-71 line, which carries two
Fab-7 transgenes and no endogenous copy. As controls,
we analyzed the single transgenic lines Fab-X; Fab-71

and Fab-2L; Fab-71 (Table 1), carrying Fab-7 at either of
the two loci (Fig. 5B). For FISH, we used probes directed
to the two loci of insertion, and we measured three-di-
mensional distances between them in the three lines. A
dramatic difference was observed between control lines
and the line containing Fab-7 at both loci (Fig. 5C). The
two loci are much closer when they both carry Fab-7
than when they do not. Therefore, long-distance pairing
can be mediated by Fab-7 alone, independent from its
localization within the BX-C.
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Pairing-dependent meiotic inheritance of Fab-7
chromatin states

It was reported previously that the Fab-7 element is not
only able to convey memory of silencing, but also of
derepressed chromatin states. A strong derepression
from silencing induced in Fab-7 transgenes by the yeast
GAL4 factor could be inherited not only during develop-
ment, but also through female meiosis into subsequent
fly generations (Cavalli and Paro 1998). Because we ob-
served loss of silencing upon unpairing of Fab-7 homolo-
gous elements, we tested whether derepressed states in-
duced by unpairing could be inherited through meiosis.
First, we generated Fab-2L flies containing a homozy-
gous p5F3 transgene in the context of a heterozygous
deletion of endogenous Fab-7 (F1 generation). The mini-
white reporter gene was derepressed in these flies com-
pared with a Fab-2L control. This was most evident at
18°C, a temperature at which PcG-mediated silencing is
weaker (Fig. 6B). Then, the endogenous Fab-7 sequence
was reintroduced by back-crossing the F1 flies in order

to obtain F2 generation flies with a genotype equivalent
to the Fab-2L F0 generation. Surprisingly, however, the
derepressed mini-white state was maintained through
meiosis in the F2 generation. Derepression was also
maintained into the F3 generation upon recrossing dere-
pressed F2 flies (Fig. 6A). Continued recrossing (at 18°C)
showed maintenance of the derepressed state through at
least 5 generations, showing that maintenance of dere-
pressed chromatin is stable. Meiotic inheritance of the
derepressed chromatin state was observed both from de-
repressed parental males and females, although mainte-
nance was stronger through the female germ line (Fig.
6B). To quantify the fraction of flies that showed main-
tenance, we took advantage of a strong derepression that
was observed in a subset of the flies. When these strongly
derepressed (red eyed) flies were intercrossed, up to 60%
of the progeny was still strongly derepressed, showing
that inheritance can be robust. Maintenance of derepres-
sion is a reversible phenomenon, however. We reasoned
that if one could boost PcG-dependent silencing in flies
carrying a derepressed Fab-7 transgene, this may reset

Figure 4. Long-range interactions between a Fab-7 transgene inserted at chromosome 2L and the BX-C. (A) Comparison of FISH
signals from control w1118 embryos and Fab-2L embryos at stage 9–11. (B) Quantitative analysis of the distribution of three-dimen-
sional distances between the two loci in control w1118 (brown bars) and Fab-2L (yellow bars) embryos. In the 0–0.5 µm distance range,
two classes were distinguished, one class in which the two signals colocalized (11.0% for Fab-2L and 0.7% forw1118, indicated by ticks
within the bars), whereas in the other class, the two signals were close, but nonoverlapping.
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the chromatin state and restore the original level of si-
lencing. Thus, strongly derepressed (fully red eyed) flies
from the F4 generation were transferred to lay eggs from
18°C to 29°C. Because PcG-mediated silencing is stron-

ger at higher temperatures, a decrease in maintenance of
the derepressed state would be predicted in the following
generation if maintenance of derepressed chromatin is
reversible. Very strong silencing of mini-white was re-

Figure 5. Association between transgenes carrying Fab-7. (A) In Fab-X; Fab-71 females, deletion of the endogenous Fab-7 derepresses
sd (top, left). Strong repression is induced by introduction of a second Fab-7 transgene either in chromosome 2L (top, middle) or in
chromosome 3R (top, right). Conversely, no repression is observed in the presence of the control pU/l5 transgene without CMM
(bottom, left), or in the presence of a transgene carrying the bxd CMM (bottom, right). sd is slightly repressed upon introduction of
a second transgene containing theMcp CMM (bottom,middle). (B) Two-color FISH in female embryos carrying two Fab-7 transgenes,
in the Fab-X,2L; Fab-71 line (top). Control female embryos are shown, carrying only one source of Fab-7, either at the sd locus (middle)
or at the 38F locus in chromosome 2L (bottom). (C) Quantitative analysis of the distribution of three-dimensional distances between
the two loci in control lines Fab-X; Fab-71 (blue bars) and Fab-2L; Fab-71 (brown bars) vs. the Fab-X,2L; Fab-71 line (yellow bars).
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stored in 95% of the F5 progeny. Upon shift back to
18°C, subsequent generations showed strong mini-white
silencing that was indistinguishable from the original
line. This shows that inheritance of the derepressed state
is a reversible process that depends on epigenetic deter-
minants.
The same experimental scheme was then repeated

with the Fab-X line containing the Fab-7 element at the
sd locus. Again, significant sd derepression was obtained
upon removal of one endogenous Fab-7 in Fab-X F1 flies.
The endogenous Fab-7 was reintroduced by back-cross-
ing to obtain F2 flies of the same genotype as the Fab-X
grandparents. Derepression of sd was observed in ∼80%
of the F2 flies grown at 29°C, and it could be transmitted

Figure 6. Meiotic inheritance of chromatin states. (A) Inheritance of derepressed chromatin states in the Fab-2L line. Expression of
thewhite gene is silenced in Fab-2L flies (F0). These flies were crossed with Fab-2L; Fab-71 in order to obtain a F1 progeny homozygous
for the transgene and heterozygous for the endogenous Fab-7 copy. Females of this F1 generation were crossed with Fab-2L males. In
the F2 generation, 50% of the progeny [identified by the absence of abdominal phenotypes (Gyurkovics et al. 1990) induced by the
endogenous deletion of Fab-7] was genetically equivalent to the F0 (Fab-2L) generation, but was still derepressed. Derepression was
maintained upon recrossing F2 Fab-2L flies (F3 generation). (B) Quantitation of eye pigment levels in control Fab-2L flies (F0 genera-
tion), in a F1 progeny homozygous for the transgene and heterozygous for the endogenous Fab-7 copy (Fab-2L; Fab-71/+), and in Fab-2L
flies of the F2 generation obtained from a cross of Fab-2L; Fab-71/+ females with Fab-2L males (F2 via female) or from the reciprocal
cross (F2 via male). (C) Inheritance of chromatin states in the Fab-X line. A similar crossing scheme was applied as in A and silencing
of sd was analyzed. Genotypes, percentages of wings showing a sd phenotype, and numbers of wings analyzed are indicated. Two
independent experiments are shown. sd derepression is inherited in F2 and F3 generation flies. (D) Two-color FISH in Fab-X F3 female
embryos layed from F2 generation derepressed Fab-X flies (bottom), or from control Fab-X female embryos (top). (E) Quantification of
the percentage of colocalization between the two loci in control Fab-X embryos (see also Fig. 3C for an independent experiment in the
same condition), and Fab-X F3 embryos.
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with high efficiency also to the F3 generation (Fig. 6C). In
this case, no inheritance of the sd derepressed state was
observed through the male germ line. However, one
should note that Fab-7 does not significantly pair with
the BX-C in males, and this is reflected in lack of silenc-
ing of the sd gene. Thus, males might be considered as
neutral with respect to meiotic inheritance in this line.
Transmission of the derepressed state to a large major-

ity of the progeny in the Fab-X line enabled us to com-
pare the nuclear organization of the sd and BX-C loci in
derepressed F3 female embryos with control Fab-X-re-
pressed female embryos. Remarkably, long-range pairing
of the two loci was reduced to background levels in the
derepressed F3 progeny, although both the transgene, as
well as the endogenous Fab-7 copies were now present in
the genome (Fig. 6D,E). Therefore, meiotic inheritance of
sd derepression is linked to loss of Fab-7 interchromo-
somal association. These data strongly suggest that long-
distance pairing interactions mediated by the Polycomb
pathway are a heritable feature of cell division.

Discussion

The results presented here show that a CMM element of
3.6 kb can mediate long-distance associations between
distant chromosomal regions in embryonic nuclei.
These interactions depend strongly on chromatin com-
ponents of the PcG and on DNA sequence homology.
Importantly, when disrupted in one generation, these
pairing interactions are inefficiently re-established even
upon reintroduction of sequence homology, and a large
portion of the progeny maintains the loci unpaired in
subsequent generations. This phenomenon is reversible,
suggesting that PcG-mediated chromatin regulation is
an equilibrium process that depends on the concentra-
tion of regulatory components and on the previous his-
tory of the cell. Perturbation of the balance between
these regulatory cues might favor establishment as well
as inheritance of active or repressed states at target
genes. Several cases of inheritance of chromatin compo-
sition features have been reported in eukaryotes (Cavalli
2002). The data described here suggest that inheritance
of Fab-7 regulatory states depends not only on chromatin
components, but also on nuclear compartmentalization
of chromosomal domains.

Nuclear compartmentalization of PcG target genes

PcG proteins have been implicated previously in phe-
nomena involving long-distance interactions among in-
dependent loci. Phenotypic interactions were docu-
mented both at transgenes containing CMM elements
(Sigrist and Pirrotta 1997; Muller et al. 1999) as well as in
the phenomenon of cosuppression (Pal-Bhadra et al.
1997). In this last case, PcG proteins as well as mecha-
nisms of RNA-dependent posttranscriptional gene si-
lencing were shown to be involved (Pal-Bhadra et al.
2002). However, whether direct long-distance associa-
tions occur in these cases is presently unknown. On the

other hand, long-distance pairing was observed previ-
ously in up to 30% of embryonic nuclei containing a
euchromatic translocation of a region of ∼900 kb, span-
ning the BX-C and flanking genes from chromosome 3R
to chromosome X (Gemkow et al. 1998). Although the
DNA sequence determinants and the proteins respon-
sible for pairing in this large chromosomal region were
not identified, several CMM, including Fab-7, are pres-
ent in the BX-C and could contribute to this interaction.
On the basis of our results, we suggest that PcG proteins
may mediate long-range pairing interactions in the case
of Fab-7 as well as in transgenes containing other CMM
and in some cases of cosuppression and silencing of re-
petitive DNA elements.
Long-distance associations may not only involve

transgenes, but also natural genes regulated by the Poly-
comb pathway. PcG proteins are distributed in specific
nuclear compartments that have been termed PcG bod-
ies (Buchenau et al. 1998; Saurin et al. 1998). Although
the significance of these bodies is presently unclear, we
speculate that endogenous PcG target genes may un-
dergo physical associations at nuclear PcG bodies dedi-
cated to their regulation. Compartmentalization of PcG
target genes may not be required for primary recruitment
of PcG complexes, but it may rather stabilize PcG and
trxG-mediated gene regulation. This phenomenon may
not be unique in eukaryotic nuclei, as evidence for gene
clustering at specific intranuclear organelles was found
in vertebrates (for review, see Parada and Misteli 2002).
These clustering phenomena were suggested to involve
positioning of genes coregulated by the same set of pro-
teins in the same nuclear compartments. PcG proteins
may represent one class of factors acting in this manner.
A hint for involvement of the Fab-7 element in heter-

ologous associations at PcG bodies comes from experi-
ments showing that in Fab-X; Fab-71 larvae, the Fab-7
transgene pairs with the BX-C locus to some extent, even
in the absence of the endogenous Fab-7. This suggests
that in the absence of sequence homology, Fab-7 may
interact with other CMM present in the BX-C, albeit
more weakly. An increase in Fab-7-dependent sd silenc-
ing was detected in the presence of a transgene contain-
ing the Mcp sequence from the BX-C, suggesting that
these two elements may be able to interact.

Molecular mechanisms underlying long-range pairing
interactions

How is pairing achieved? First, homologous CMM must
come in physical proximity. This may depend on con-
strained brownian motion of chromosomal territories
(Marshall et al. 1997). However, other processes may
help this long-distance search. In particular, it may be
postulated that genes containing CMM localize to PcG
bodies (Saurin et al. 1998). We speculate that these bod-
ies might not be immobile, but, as in the case of splicing
speckles (Misteli et al. 1997), they may rather undergo
occasional movements, splitting, and mergers, although
perhaps with different kinetics. Genes localized within
these bodies may reside there for a certain time and then
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leave one PcG body to incorporate another one (Fig. 7).
Such a dynamic behavior may allow PcG target genes to
explore part of the nucleus, but would, at the same time,
allow them to stay in the vicinity of other PcG target
genes and prevent them from diffusing away randomly in
the nucleoplasm. This may increase the probability for a
CMM to explore contacts with other CMM.
Once proximity is established, strong association

might be established by regulatory components of CMM
chromatin. The identification of a 3.6-kb DNA sequence
as a sufficient region of homology to induce long-range
physical associations will allow, for the first time, to
dissect DNA sequences and chromatin factors respon-
sible for pairing at high resolution. The 3.6-kb Fab-7 el-
ement contains a chromatin boundary that can attenuate
enhancer–promoter communications (Hagstrom et al.
1996; Zhou et al. 1996; Mihaly et al. 1997), and a PRE
(Hagstrom et al. 1997). GAGA factor binds to both the
PRE and the boundary region of Fab-7 (Cavalli and Paro
1998). Moreover, this protein is able to bind coopera-
tively to DNA to form oligomers, bringing distant DNA
sequences close together (Mahmoudi et al. 2002). Thus,
GAGA factor-binding sites may be partly responsible for
long-range interactions. Similarly, putative binding sites
for Zeste, a protein that mediates trans-sensing phenom-
ena (Pirrotta and Rastelli 1994), are also present in Fab-7,
and they may contribute to pairing. Other chromatin
components described previously to act at this element,
such as proteins of the trxG (Orlando et al. 1998), chro-
matin condensation proteins, and DNA topoisomerase II
(Lupo et al. 2001) may also be involved in pairing of
Fab-7.
However, all of these proteins associate also with

other CMM in the genome. How do they distinguish
between DNA sequence homologous and nonhomolo-
gous CMM? One possibility is that chromatin regulation
and the DNA sequence determine a specific array of pro-
teins and of histone modifications associated with it. For
a given locus, this may result in the formation of a
unique order of chromatin tags that can only be found at

loci sharing strong sequence homology. Some of these
components may undergo dimerization or oligomeriza-
tion, leading to specific contacts that may maintain ho-
mologous chromatin stably associated. Similar contacts
may also be involved in chromosome pairing in somatic
cells or during meiosis (Cook 1997).

Meiotic inheritance of chromosomal architecture

A remarkable finding involving long-distance pairing of
the Fab-7 CMM is transmission through meiosis. What
could be the role of this meiotic inheritance of chroma-
tin states? This is particularly intriguing in the case of a
CMM regulating a homeotic gene, as expression of
homeotic genes must be reset at every generation in or-
der to establish appropriate gene expression patterns
along the anteroposterior embryonic axis. However, mei-
otic inheritance was reported previously to involve a
phenotype associated with a chromosomal rearrange-
ment at the BX-C locus, although no molecular determi-
nant for this phenomenon could be found (Kuhn and
Packert 1988). In Caenorhabditis elegans, PcG proteins
establish a germ-line-specific gene silencing that is heri-
table through meiosis (for review, see Pirrotta 2002). One
possible way in which meiotic inheritance could be im-
portant in Drosophila homeotic gene regulation is to
maintain a default silenced state during early embryo-
genesis. At the onset of homeotic gene transcription,
spatial-specific transcriptional repressors maintain ho-
meotic genes repressed outside of the appropriate expres-
sion domains. Maintenance of repression is crucial, as
failure could cause homeotic transformations. Inherit-
ance of chromatin silencing may stabilize this repression
and contribute to developmental homeostasis.
The fact that pairing interactions involving a chromo-

somal element regulated by PcG/trxG proteins are heri-
table raises the question of how transmission of chro-
matin architectural features is possible through cell
division. Two different, but not mutually exclusive,
mechanisms may contribute to explain this novel form

Figure 7. A PcG body-hopping model for establishment of long-range chromatin-pairing interactions. (A) Nuclei are represented in
a Rabl configuration (Rabl 1885), in which centromeres are assembled near the apical pole of the nucleus, pointing toward the surface
of the embryo, whereas telomeres point toward the opposite pole. Two chromosomal arms projecting from centromeric heterochro-
matin toward the basal pole of the nucleus are shown. PcG target genes are postulated to locate at PcG bodies (in green). Each PcG body
may contain one or several of these genes. Two loci containing homologous CMM are depicted in red. CMM located at PcG bodies
may thus be constrained, but they may still be capable of exploring the nuclear territory in the neighborhood of their PcG body (dashed
circle around the CMM). (B) Chromosome movements may lead to occasional PcG body contacts. During these contacts, CMM may
move from a PcG body into another one (the old CMM locations are shown in orange). (C) This step may be repeated several times
and may thus allow a CMM to explore significant areas in the cell nucleus, containing preferentially other PcG target genes. (D) This
PcG body-hopping process may favor establishment and maintenance of specific interactions between homologous CMM.
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of inheritance. Chromosomal contacts may depend on
specific, heritable chromatin marks deposited in cis on
the templates undergoing pairing. These marks may al-
low contacts to re-establish after they are broken during
chromosome metabolism at mitosis and meiosis. Pertur-
bation of these marks may change chromatin at Fab-7
and make it incapable of establishing pairing interac-
tions with its homolog sequence in another chromo-
some. Chromatin marks, such as histone acetylation,
histone methylation, and association of Swi6 protein to
the mating type locus in Schizosaccharomyces pombe
were shown previously to be heritable through meiosis
(Ekwall et al. 1997; Nakayama et al. 2000). Our initial
chromatin characterization in the presence or absence of
Fab-7-pairing interactions showed recruitment of PcG
proteins to the transgene and to the region surrounding
its site of insertion in both cases, and did not reveal
significant changes in PcG protein binding or in histone
modifications.
A second mechanism for inheritance of long-range

chromosomal interactions may depend on stable trans-
mission of the relative chromosome positions and spe-
cific gene contacts through cell division. It was shown
recently that global chromosome positioning can be
transmitted in mammalian cells through the whole-cell
cycle and mitosis (Gehrlich et al. 2003), although the
fidelity of mitotic transmission may depend on cell type
(Walter et al. 2003). Our data show that long-distance
pairing is dynamic during development; it has a rela-
tively weak frequency during embryonic stages, and it
increases at larval stages. This dynamics may depend on
the increased length of the cell cycle or on more robust
PcG silencing in larvae, and it suggests that the actual
physical contact between chromosomes may be lost, but
regulation of nuclear compartmentalization may favor
re-establishment of long-distance pairing at each cell
generation.
In summary, the present study suggests that features

of the nuclear architecture of PcG target genes can be
transmitted through cell division. We propose that this
may represent a novel form of epigenetic inheritance
that may be used to convey cellular memory of chroma-
tin states in eukaryotic organisms.

Materials and methods

Fly stocks and handling

Flies were raised in standard corn meal yeast extract medium.
The Oregon-R w1118 line was obtained from R. Paro (ZMBH,
University of Heidelberg, Germany). Transgenic lines, obtained
by injection of Oregon-R w1118 embryos, are described in Table
1. Genetic homogenization of the Fab-X and w1118; Fab-71 lines
in Canton-S background was performed by seven rounds of
crossing of Fab-X and w1118; Fab-71 heterozygous females (5–6
in each cross) with w1118 Canton-S males [kindly provided by
J.M. Dura (Institute of Human Genetics, CNRS, Montpellier,
France)]. By crossing these homogenized lines, a homogenized
Fab-X; Fab-71 line was obtained. Mutant alleles used to test PcG
and trxG effects are as follows: Pcl10, PcXL5, ph410, Psc1, and
trxE2. The sdETX4 allele was described in Campbell et al. (1992).

A stock carrying the KrGFP-CyO balancer chromosome (Casso
et al. 2000) was used for selection of homozygous Pcl10mutants.
Staged eggs were collected on agar plates with standard vinegar/
fresh yeast medium. Eye pigment determination was done as
described previously (Reuter and Wolff 1981). To map the in-
sertion site of transgenes, we performed standard PCR rescue
experiments, followed by DNA sequencing. The p5F24 con-
struct in Fab-X is inserted in arm X at the sd locus, at position
98,830 of the GenBank Scaffold AE003500, in plus orientation,
at 9,615 bp upstream of the sd transcription start site. DNA
sequencing revealed that the p5F24 construct is inserted as
an almost perfect tandem duplication in this line. The first
p5F24 copy is complete, whereas the second copy (more proxi-
mal to sd) carries a deletion corresponding to nucleotides
100,229–101,165 of the AE003715 Scaffold. The p5F3 construct
in Fab-2L is inserted in arm 2L at position 34,662 of the
AE003661 Scaffold.

In situ mRNA hybridization

To produce a probe for sd, the 1.7-kb XhoI/EcoRI C-terminal
fragment of the E21 sd cDNA (Campbell et al. 1992) was cloned
into pBKS vector. Anti-sense RNA was produced by transcrip-
tion from the T7 promoter. Sense RNA, used as a negative con-
trol for staining, was obtained by transcription from the T3
promoter. In situ hybridization on embryos and larvae were
performed by a standard procedure (Tautz and Pfeifle 1989). To
sex embryos after in situ hybridization, embryos were dehy-
drated in ethanol and rehydrated to proceed with immunostain-
ing using the Male-Sex-Lethal-1 (MSL-1) antibody at a 1:500
dilution. MSL-1 is a member of the dosage compensation com-
plex and is much more abundant in males than in females. The
immunochemical reaction, performed with ABC elite kit (Vec-
tor laboratories) according to manufacturer’s instructions, was
stopped rapidly after 5 min, allowing brown staining in males to
develop, whereas females were not stained. Embryos were
mounted in a 1:1 mixture of glycerol and ethanol.

Two-color FISH

For the sd locus, we generated a probe of 25.5 kb made from
seven genomic fragments, which were cloned into pBKS vector
from � clones of the sd region. For the BX-C locus, we generated
a probe of 13.6 kb made from plasmids pBX-5989 and pBX-7652
(Strutt et al. 1997), which are located 23.5 and 37.6 kb from
Fab-7, respectively. To enhance signals of the BX-C locus in
larval discs, we generated a probe of 19.4 kb by adding fragments
from plasmids pBX-1894 and pBX-3870 (Strutt et al. 1997),
which are located 66.3 and 73.7 kb from Fab-7, respectively. For
the 38F locus, five genomic PCR fragments of 1.2 kb and spaced
by 2 kb from each other, were pooled for labeling. Probes were
labeled by nick translation with biotin-14-dATP (Invitrogen life
technologies) or digoxigenin-11-dUTP (Roche Diagnosis) ac-
cording to manufacturer’s instructions. Hybridization of each
probe to the correct locus was checked by FISH in polytene
chromosomes. Detailed coordinates of fragments used to pro-
duce probes are available upon request. FISH on whole-mount
embryos was performed as described previously (Gemkow et al.
1996), with minor modifications as follows: for hybridization,
the denatured probes were resuspended in 2× SSC, 10% dextran
sulfate, 50% formamide, and 0.05% Salmon Sperm DNA hy-
bridization buffer. Hybridization and post-hybridization washes
were performed as in Gemkow et al. (1996), then embryos were
blocked in PBS, 0.3% Triton, 1% BSA, 10% Donkey Serum for
2 h at room temperature. To detect the labeled probes, embryos
were first incubated in 0.5 mL blocking buffer with the anti-
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digoxygenin-Rhodamine (Roche Diagnosis) at a 1:550 dilution,
1 h at room temperature, then with the anti-biotin-FITC (Vector
laboratories) diluted 1:45 for 1 h. DNA was counterstained with
DAPI, and embryos were mounted in Prolong Antifade medium
(Molecular Probes). Larval imaginal discs were fixed in PBS,
0.1% Tween20, 4% formaldehyde for 20 min, and submitted to
the same FISH protocol as embryos.

Microscopy and image analysis

Three-dimensional images were acquired with a cooled CCD
camera (Micromax YHS 1300, Roper Scientific) mounted on a
DMRXA Leica microscope. Images were acquired with a 100×
Plan/Apo Ojective (NA 1.4) mounted on a piezo electric (Roper
Scientific). Optical sections were collected at 0.5-µm intervals
along the z-axis. Distance measurements were performed in raw
images and in images filtered using the nearest neighbor algo-
rithm of Metamorph software (Universal Imaging Corporation).
For each data set, statistical analysis was performed with stacks
collected from 4–6 embryos or 3–4 wing imaginal larval discs,
and FISH signals were analyzed in 50–80 nuclei per embryo or
larval disc. The distance between the visually determined cen-
ter of mass of dots corresponding to DNA hybridization signals
were determined using the x,y,z-measured distance module of
the Metamorph software. The average nuclear radius was 4.8
µm ± 0.3 µm, indicating that the embryonic nuclei analyzed
were homogeneous in size. Distances between loci were there-
fore directly expressed in micrometers. A small fraction of nu-
clei, strongly deviating from overall circular shape, were not
included in the analysis. Loci were considered as paired when
the two signals overlapped. This is equivalent to a distance
between the two centers of the signals lower than 0.3 µm. Due
to incomplete somatic pairing in embryos, most, but not all
nuclei contained one hybridization signal with each probe. Fe-
male embryos sometimes had nuclei with two unpaired sd
spots, and could be distinguished easily frommales that had one
spot for the sd locus. This was confirmed by two-color FISH
using the sd probe and a Y chromosome-specific probe from the
Suppressor of Stellate locus. For figure display, single slices
from z-stacks were deconvolved with Huygens MLE single tif
procedure (Scientific Volume Imaging).
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