A cellular memory module conveys
epigenetic inheritance ot hedgehog
expression during Drosophila wing
imaginal disc development
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In Drosophila, the Trithorax-group (trxG) and Polycomb-group (PcG) proteins interact with chromosomal
elements, termed Cellular Memory Modules (CMMs). By modifying chromatin, this ensures a stable heritable
maintenance of the transcriptional state of developmental regulators, like the homeotic genes, that is defined
embryonically. We asked whether such CMMs could also control expression of genes involved in patterning
imaginal discs during larval development. Our results demonstrate that expression of the hedgehog gene, once
activated, is maintained by a CMM. In addition, our experiments indicate that the switching of such CMMs

to an active state during larval stages, in contrast to embryonic stages, may require specific trans-activators.
Our results suggest that the patterning of cells in particular developmental fields in the imaginal discs does
not only rely on external cues from morphogens, but also depends on the previous history of the cells, as the
control by CMMs ensures a preformatted gene expression pattern.
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During Drosophila embryogenesis, the transcriptional
state of homeotic genes is established in a spatially re-
stricted pattern by a regulatory cascade involving the
products of segmentation genes (Ingham and Martinez-
Arias 1992). Later, the Trithorax-group (trxG) and Poly-
comb-group (PcG) proteins take over and maintain, re-
spectively, the active and the silenced states of transcrip-
tion (Francis and Kingston 2001). This ability of cells to
remember and propagate their gene expression programs
throughout the entire development was termed cellular
memory. This basic developmental function has been
conserved during evolution, as related mechanisms were
identified in other model organisms (Goodrich et al.
1997; Deschamps et al. 1999).

It is thought that trxG and PcG proteins form multi-
meric complexes involved in modeling chromatin (Pa-
poulas et al. 1998; Shao et al. 1999; Petruk et al. 2001).
The enzymatic functions associated with the complexes
could also be involved in setting heritable epigenetic
marks on chromatin. PcG proteins have been found to
bind to specific chromosomal elements, termed PcG-re-
sponse elements (PREs; Zink et al. 1991; Simon et al.
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1993). The silencing function of PcG proteins at PREs
can be counteracted by trxG proteins binding in the vi-
cinity, at trxG-response elements (TREs; Tillib et al.
1999). In the bithorax complex, the Fab7 element is
needed for maintaining segment-specific expression of
the homeotic Abdominal-B gene. A transgenic model
system has been established showing that the silent
state of the Fab7-PRE can be switched at embryogenesis
to an activated state, allowing continuous transcription
of a nearby reporter gene through many rounds of mi-
totic division and surprisingly also through meiosis
(Cavalli and Paro 1998). Activity is dependent on the
trxG proteins and is marked by hyperacetylated H4 (Cav-
alli and Paro 1998, 1999). The binding and interplay of
PcG and trxG proteins at elements such as Fab7 ensure
transcriptional memory, presumably by setting and
maintaining epigenetic marks during DNA replication
and mitosis. For this reason, the Fab7 element has been
termed a Cellular Memory Module (CMM).

Although several PREs regulating developmentally
important genes have been identified (en, ph, as well as
from the bithorax and Antennapedia complexes; Zink et
al. 1991; Simon et al. 1993; Fauvarque et al. 1995; Brown
et al. 1998) and many more candidates exist, only a few
PREs from the bithorax complex have been tested and
characterized as CMMs (M. Prestel and R. Paro, unpubl.).
It is not known whether the concept of epigenetic main-
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tenance of gene expression states is restricted to genes
involved in long-term decisions, such as the HOX/HOM
genes (i.e., to restrict embryonic patterns) or may be a
more general feature used at different times of develop-
ment. In this respect, the recurring role of segmentation
genes used also for tissue patterning may be a good ex-
ample to test for such a function. Importantly, the
knowledge of how selector genes and segmentation
genes are transcriptionally regulated is of fundamental
importance to understand how stem cells established at
later stages of development can maintain their identity
throughout the entire development.

The product of one of these segmentation genes,
hedgehog (hh), known to be acting as a morphogen
(Heemskerk and DiNardo 1994), is essential for many
crucial developmental pathways involved in the regula-
tion of growth and patterning in both invertebrate and
vertebrate species. In humans, misactivation of the Hh
pathways leads to congenital diseases (e.g., prosen-
cephaly; Villavicencio et al. 2000), and is associated with
many kinds of tumors and cancers such as basal cell
carcinomas and primitive neuroectodermal tumors
(Toftgard 2000; Taipale and Beachy 2001). In Drosophila,
one of its roles is to pattern leg and wing imaginal discs
through the activation of decapentaplegic and wingless
expression (Basler and Struhl 1994). In these discs, hh is
initially activated in the posterior (P) compartment by
Engrailed (En; Tabata et al. 1992; Zecca et al. 1995),
which plays the key role in specifying the posterior iden-
tity (Kornberg et al. 1985; Simmonds et al. 1995). In late
third-instar wing discs, Hh induces expression of en in
the anterior compartment in a thin stripe along the an-
tero—posterior (A-P) boundary (Blair 1992; Strigini and
Cohen 1997). Several mechanisms seem to prevent hh
and en expression from spreading into the anterior (A)
compartment. For example, Polyhomeotic (PH) probably
directly or indirectly maintains the repression of hh in
the anterior cells abutting the A-P boundary (Maschat et
al. 1998), whereas Groucho represses both hh and en in
anterior cells (de Celis and Ruiz-Gomez 1995; Apidi-
anakis et al. 2001).

How cells building compartments can maintain their
determined identity until the completion of develop-
ment is still unclear. The trxG and PcG proteins are
known to control en expression (Busturia and Morata
1988; Moazed and O’Farrell 1992; Breen et al. 1995; Bri-
zuela and Kennison 1997; Strutt 1997; Maschat et al.
1998). Previous studies found indications that hh expres-
sion itself might also be regulated by the trxG and PcG
proteins (Felsenfeld and Kennison 1995; Randsholt et al.
2000). In this paper, we present evidence that hh expres-
sion is, indeed, directly controlled by the action of trxG
and PcG proteins. We characterize a 3.4-kb fragment
situated upstream of the hh transcription start site that
exhibits CMM activity, and we show that in wing imagi-
nal disc, initial activation of hh expression by En can be
inherited through mitosis to daughter cells, even after En
has ceased to act. The maintenance of hh expression is
not caused by any kind of positive feedback loop but is
dependent on the trxG and PcG proteins. We conclude

Epigenetic inheritance of hedgehog expression

that, during development, hh transcription is controlled
by a CMM. Therefore, CMM switching may be a mecha-
nism widely used at any time during development to
maintain transcriptional states of genes with diverse
functions.

Results

hedgehog transcription is directly controlled by PcG
and trxG proteins

The immunoprecipitation technique using cross-linked
chromatin (XChIP) allows the mapping of in vivo DNA
target sites of chromatin proteins (Strutt and Paro 2000).
Because one Polycomb (PC, a member of the PcG) bind-
ing site on polytene chromosomes coincides with the
cytological position of hh at 94E, we decided to apply
this method to ask whether there are PC and GAGA
factor (GAF/Trl, a member of the trxG) binding sites in
the hh genomic region. These two factors had previously
been found to be hallmarks of CMM:s (Strutt et al. 1997),
and the GAF has been shown to be associated with some
PcG complexes and necessary for the silencing function
of PREs (Horard et al. 2000; Busturia et al. 2001). Initially
we hybridized the immunoprecipitated material to a ge-
nomic stretch of 45 kb encompassing the hh gene (data
not shown). This led us to identify PC/GAF-binding sites
in regions close to the transcription unit. To further fine-
map the location of the PC/GAF-binding sites we subdi-
vided the region around the hh gene into 1-kb-sized PCR
fragments (from 4 kb upstream of the hh transcription
start site according to the transcript CG4637 from Fly-
base, to 13.4 kb downstream to the end of the gene; see
Fig. 1). Slot-blot hybridizations of immunoprecipitated
material (Fig. 1A) revealed two main sites where PC and
GAF are strongly enriched (Fig. 1B). The first site (A) is
located in a region between 0.07 and 1.06 kb upstream of
the transcription start site, whereas the second binding
site (B) is found in a region spanning the second exon of
the hh gene and spreading about 0.4 kb on both sides of
the exon. On both sites we observe a substantial overlap
between PC- and GAF-binding sites. The presence of this
particular arrangement of PC- and GAF-binding sites in
the hh genomic region suggests that these PcG and trxG
proteins directly control hh expression.

To investigate this at the functional level, we assessed
the accessibility of the hh promoter region to a trans-
activating factor. It is known that a PRE placed in the
vicinity of an Upstream Activating Sequence (UAS) is
able to counteract GAL4 binding, preventing expression
of the reporter gene (Zink and Paro 1995; Fitzgerald and
Bender 2001). We took advantage of the availability of an
EP line possessing a UAS site close to the endogenous hh
transcription start site (Rorth et al. 1998 to test whether
the hh-PREs could inhibit the activation of transcription
induced by GAL4. The EP3521 line (termed here EP-hh)
possesses an EP transposon containing several UAS sites,
and is inserted in the hh promoter region (-0.36 kb, see
Fig. 1B). The endogenous hh gene is not transcribed in
salivary glands. By using an hs-GAL4 line, which is

GENES & DEVELOPMENT 2673



Maurange and Paro

A PC-ChIP GAF-ChIP

&

» ® -

o-PC mock a-GAF mock

S

P EP—M\\ hh

Figure 1. Binding of PC and GAF to the hh genomic region in embryos. (A) Slot-blot hybridization. Chromatin from Drosophila
wild-type embryos was either mock-immunoprecipitated or immunoprecipitated with anti-PC or anti-GAGA antibodies. Then 1-kb
PCR fragments from the hh genomic region were blotted on a nylon membrane, and the immunopurified DNA was radiolabeled and
used as a probe for hybridization (arrows A and B show the signals corresponding to the strongest enrichment compared to mock). (B)
The graph depicts the relative enrichments of immunopurified DNA compared with mock (PC enrichment is shown in black, GAF
enrichment in gray). The protein distribution shows two main peaks of PC- and GAF-binding sites. One peak is situated upstream of
the transcription start site (peak A), whereas the second one spans the second exon and spreads into the neighboring introns (peak B).
The transposon EP-hh is inserted 364 bp upstream of the hh transcription start site.
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known to be leaky at 25°C, weak expression of GAL4 in
larval salivary glands is observed. When hs-GAL4 is
crossed to a line containing UAS-hh integrated randomly
in the genome, in situ stainings reveal that at 25°C, by
the action of GAL4, the hh mRNA is present in high
amounts in all the salivary gland cells (Fig. 2A). How-
ever, when hs-GAL4 is crossed to the EP-hh line, in
which the UAS sites are juxtaposed to the presumptive
PRE, hh transcription was observed in only a very few
cells situated mainly at the base of the glands (Fig. 2B).
We reasoned, because in most cells transcription is in-
hibited, that the PcG proteins binding the PREs in the
vicinity of the hh promoter block the accessibility of
GAL4 to the UAS sites. Accordingly, reducing the
amount of some of the PcG proteins in the cells by re-
peating the experiment with flies heterozygous for the
Pc? allele (Fig. 2C) or with males hemizygous for the
ph??? allele (Fig. 2D) induces partial derepression of tran-
scription of the endogenous hh gene in a substantial
number of gland cells. These results indicate that the
repression observed in most of the salivary gland cells in
the EP line is caused by the action of the PcG proteins
through their binding to the identified PREs. As such,
these experiments demonstrate that the transcription of
hh is directly repressed by the PcG proteins.

A fragment of the upstream regulatory region of
hedgehog exhibits a CMM activity

Having shown that the hh gene is controlled by the PcG
proteins, we were interested to see whether the mapped
PC/GAF-binding sites could function as CMMs. We pro-
duced transgenic flies using the vector that allows us to
test for the maintenance of the reporter gene expression
through cell divisions (Cavalli and Paro 1998). A 3.4-kb
fragment, starting from position -3760 to -402 bp up-
stream of the hh transcription start site (according to
transcript CG4637 from Flybase), and containing the
PRE identified in the hh promoter region (peak A, Fig. 1),
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was linked to a GAL4/UAS-inducible lacZ gene (UAS-
lacZ) and miniwhite as a reporter and transformation
marker (Fig. 3A). Most of the lines obtained (15/22) ex-
hibit pairing-sensitive silencing, a phenomenon often as-
sociated with PREs, when homozygous for the construct,
indicated by the variegated expression of miniwhite in
the eyes (Fig. 3B,C; Fauvarque and Dura 1993; Kassis
1994; Zink and Paro 1995). A short GAL4 pulse produced
in these flies during embryogenesis by activation of the
hs-GAL4 driver leads to homogeneous expression of the
lacZ gene in the entire embryo (data not shown). When
these embryos are transferred back to 21°C and are al-
lowed to develop to adulthood, >90% of the offspring of
the two lines tested displayed partial or homogeneous
miniwhite derepression in the eyes (Fig. 3D,E). These
results show that the upstream 3.4-kb fragment is able to
maintain the initial state of transcription of the reporter
gene throughout development and therefore exhibits
CMM properties.

During imaginal disc development, hedgehog
expression can be inherited through cell divisions
independently of the initial trans-activator

Having shown that the hh gene is controlled by PcG
proteins and that a DNA fragment upstream of the hh
transcription start site can function as a CMM in a trans-
genic assay, we wanted to test whether the hh gene it-
self, in its original chromatin environment, is regulated
by CMM activity during imaginal disc development,
when cells undergo a high number of divisions. It is
known that all wing pouch cells are progenies of the cells
determined at the dorso-ventral (D-V) boundary at early
larval stages (Klein 2001). We hypothesized that if the
transcription of a gene possessing a CMM is activated in
cells during early larval development at the D-V bound-
ary, then transcription should be inherited to daughter
cells after mitosis, resulting in expression of the gene in
all wing pouch cells.

)

wi wt

Figure 2. The PcG proteins repress tran-
scription of the hh gene in salivary glands.
At 25°C, the hs-GAL4 driver is leaky in sali-
vary glands. It can activate transcription of
a UAS-hh reporter construct (A). However,
when using the EP-hh line (in which an EP
element is inserted near the endogenous hh
promoter) in the same conditions, hh tran-
scription is observed in a very few cells only
(B). Repeating the same experiment in flies
heterozygous mutant for Pc® (C) or ph*?® (D)

UAS-hh || EP-hi

‘ shows that hh transcription becomes dere-
pressed in more cells in the salivary glands.
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Figure 3. A fragment of the upstream
regulatory region of hedgehog exhibits a
CMM activity. A 3.4-kb fragment, termed
hh CMM, containing the PRE identified in
the hh promoter region, was cloned into the
pUZ transformation vector (A), and trans-
genic flies were generated. Flies heterozy-
gous for the transgene show reduced mini-

white expression (B). This is even more pro-

nounced in flies homozygous for the
transgene depicting pairing-dependent si-
lencing of miniwhite (C). Transgenic flies,

hh CMM.. hs-GAL4 . ,
rhCMM  — +

homozygous for the hh CMM construct and

containing the hs-GAL4 driver raised at .
21°C have repressed miniwhite expression
(D). However, when submitted to an em-
bryonic GAL4 pulse and raised afterward at
21°C until adulthood, the activation of the
reporter genes is maintained until adult
stages, and flies exhibit red eye color (E).
When a GAL4 pulse is given during larval
stages, the activation of the reporter genes

T

D

7

is not maintained throughout development,
and miniwhite stays repressed in the eyes (F).

During embryonic and larval development, En induces
transcription of hh in the posterior compartment of leg
and wing imaginal discs, where the two factors substan-
tially colocalize (Fig. 4A-C; Tabata et al. 1992; Guillen et
al. 1995; Zecca et al. 1995). Even though it is not pres-
ently clear whether En directly activates hh expression,
this regulatory feature gives us a tool to test for CMM
activity at the hh gene. We expressed UAS-en at the D-V
boundary using a vestigial-GAL4 driver (vg-GAL4; Sim-
monds at al. 1995). This transgene combination allows
expression of GAL4 in a thin stripe (1 or 2 cells thick)
along the D-V boundary during wing disc development
(Fig. 4D). Double stainings of such late third-instar wing
discs reveal that, surprisingly, En does not only induce a
thin stripe of hh-lacZ expression (reflecting the hh ex-
pression pattern in the P30 enhancer trap line) in cells
along the D-V boundary as expected, but also in all the
posterior and anterior wing pouch cells (except in a stripe
along the A-P boundary; Fig. 4F). Strong UAS-en expres-
sion is detected in cells at the D-V boundary and lower
levels of En in some regions of the anterior wing pouch
(Fig. 4G). The repression of the endogenous en observed
in some parts of the posterior compartment is explained
by the fact that high levels of En could cause repression
of the endogenous en in the P compartment (Guillen et
al. 1995). Strikingly, the overlay of Hh-LacZ and En
stainings clearly reveals large domains, in both anterior
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and posterior wing pouch, with strong hh expression in
the absence of En, suggesting that the transcription of hh
in these cells becomes independent of En (Fig. 4H). Fur-
thermore, it is known that En represses cubitus inter-
ruptus (ci) expression (Eaton and Kornberg 1990;
Schwartz et al. 1995), and it has been shown that clones
of A cells lacking Ci express low levels of Hh protein
(Methot and Basler 1999). To check whether the activa-
tion of hh in the wing pouch cells is caused by the re-
pression of c¢i expression by En, ci expression was exam-
ined in vg-GAL4; UAS-en wing imaginal disc. The stain-
ings revealed that ci repression by En is restricted to the
cells at the D-V boundary only (Fig. 4E), indicating that
hh expression in the wing pouch cells of the A compart-
ment is not caused by a down-regulation of ci. These
observations suggest that hh expression is activated by
En at the D-V boundary in early larval development, and
is inherited, even in the absence of the initial trans-ac-
tivator (En), through mitosis in the cells forming, in later
stages, the wing pouch.

hedgehog inheritance of expression in the wing
imaginal disc is not caused by a positive
feedback loop

hh inheritance of transcription to daughter cells could be
explained alternatively by the existence of a positive
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Figure 4. UAS-en expressed at the D-V boundary induces expression of hh in most of the wing pouch cells. All discs are shown dorsal
side up, with anterior to the left. In wild-type third instar wing imaginal disc, hh-lacZ (A) and en (B) are expressed in the posterior
compartment. However, in late discs, Hh induces an extension of en expression into the anterior compartment (C, arrowhead). The
vg-GAL4 driver induces expression of the UAS-lacZ reporter gene at the D-V boundary in wing imaginal discs (D). When UAS-en is
misexpressed in a stripe along the D-V boundary using the vg-GAL4 driver, ci is only repressed at the D-V boundary by En (E).
However, En is able to activate hh-lacZ expression in most of the wing pouch cells (anterior and posterior) at a constant high level
(F), whereas strong UAS-en expression is detected at the D-V boundary and lower levels of EN in some regions of the wing pouch (G).
The overlay (H) of hh-lacZ and en expression domains shows large regions in the wing pouch where hh-lacZ is expressed in the
complete absence of En (arrows), indicating that at this stage hh expression is maintained independently of En.

feedback loop allowing continuous maintenance of hh
expression. This positive feedback loop would be acti-
vated once hh is expressed, either by autoactivation or
cross-activation with another factor, like En, for in-
stance. To investigate this possibility, we misexpressed
hh along the D-V boundary, using the vg-GAL4 driver
and a UAS-hh transgene. Although UAS-hh is continu-
ously strongly expressed at the D-V boundary from the
second instar larval stage, in situ stainings do not reveal
any inheritance of hh transcription to daughter cells, be-
cause the presence of hh mRNA is always restricted to a
thin row of cells at the D-V boundary, even in late third-
instar wing discs (Fig. 5A). This result demonstrates that
the previously observed inheritance of hh expression in
wing pouch cells of vg-GAL4; UAS-en flies is not caused
by autoactivation by Hh itself nor by any positive feed-
back loop.

Furthermore, antibody stainings in such discs display
a progressive activation of en expression along the D-V
boundary during development. In late third-instar larvae,
a strong En signal is observed, testifying to the func-
tional activity of the protein produced by UAS-hh.
Higher magnification shows that in these discs, Hh is
able to induce en expression non-cell-autonomously in a
stripe of ~7 rows of cells (Fig. 5B). However, the fact that
at this stage, hh expression is only limited to a stripe of
2 rows of cells indicates that En is no longer able to
induce transcription of the endogenous hh gene, in con-
trast with early larval stages. It implies that the low lev-

els of En protein observed in some of the anterior wing
pouch cells of vg-GAL4; UAS-en third-instar larvae (Fig.
4G) is most probably caused by a late activation of en
transcription by Hh. In addition, hh expression in these
cells cannot be due to activation by low or undetectable
levels of En protein, because we have now shown that
even strong doses of En do not activate hh transcription
in this region at this stage of development.

The maintenance of the transcriptional state of
hedgehog through cell division depends on PcG and
trxG proteins

When UAS-en is misexpressed at the D-V boundary in a
wild-type genetic background using vg-GAL4 (Fig. 6A), it
induces hh expression in most of the cells of the wing
pouch except in a stripe along the A-P boundary where
hh seems to be repressed. Whereas UAS-en is strongly
misexpressed at the D-V boundary, the endogenous en
gene is weakly misactivated in some cells of the anterior
wing pouch (Fig. 6B).

Repeating the same experiment in a genetic back-
ground hemizygous mutant for an hypomorphic allele of
polyhomeotic (ph*°?) leads to a broader domain of ex-
pression of hh (Fig. 6C). Remarkably, the region along
the A-P boundary seems to be less refractory to activa-
tion of hh transcription, given that the territory of the
repressed domain is reduced. Endogenous en is itself
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Figure 5. Misexpression of UAS-hh at the
D-V boundary induces en expression but does
not activate transcription of the endogenous
hh gene. The figure shows wing imaginal discs

from second instar larvae to late third instar

larvae. UAS-hh is strongly misexpressed at the
D-V boundary by the vg-GAL4 driver, starting
when the D-V boundary is established (A), but
is not maintained in the progenitor cells in the
wing pouch. en expression gets progressively
activated at the D-V boundary in late larval
development (B). The magnifications of the
D-V boundary (inserts) show that in late third-
instar wing imaginal disc, Hh induces en ex-
pression non-cell-autonomously. The en ex-
pression domain is broader (7 cells thick) than
that of hh (2 cells thick), indicating that in late
larval wing pouch cells, En is not able to acti-
vate hh expression.

overexpressed in the anterior compartment (Fig. 6D).
This is consistent with the previous findings demon-
strating that its expression can be derepressed in a PcG
gene mutant background (Busturia and Morata 1988;
Moazed and O’Farrell 1992; Randsholt et al. 2000). In our
case in the anterior wing pouch cells, the activation of en
transcription by Hh is probably more efficient than in a
wild-type background because en cannot be correctly si-
lenced by PH.

The same experiment repeated in a genetic back-
ground now doubly heterozygote for the trxG genes tri-
thorax (trx®*?) and brahma (brm?) consistently shows
that hh expression is activated at the D-V boundary, but
can hardly be maintained through cell divisions in the
anterior compartment, because in in situ staining the Hh
signal progressively fades away from the D-V boundary
(Fig. 6E). As expected, in such a case, en expression in the
anterior compartment is restricted to the D-V boundary,
because Hh might not be present in a sufficient amount
to activate transcription of the endogenous en gene in
the subsequent wing pouch cells (Fig. 6F).

Furthermore, it is known that PcG-mediated silencing
is enhanced at higher temperature (Fauvarque and Dura
1993), and this hyperrepressed state can be inherited
through cell divisions (Cavalli and Paro 1998). Based on
these observations, we reasoned that raising embryos at
28°C instead of 18°C would make the Pc-mediated si-
lencing more difficult to derepress, and influence the ac-
tivation of hh transcription by En. vg-GAL4; UAS-en em-
bryos were allowed to develop at 28°C until the begin-
ning of second instar larvae, when the D-V boundary is
established in wing discs and UAS-en is expressed there.
As expected, stainings on third instar imaginal discs re-
veal ectopic clones of wing pouch cells expressing hh

2678 GENES & DEVELOPMENT

(Fig. 6G). However, the frequency of cells expressing hh
is lower than in discs of larvae grown at 18°C, indicating
that the Pc-mediated silencing was harder to erase at
28°C. Nevertheless, in contrast with trxG mutant flies,
once the transcription has initially been activated in this
case, it is maintained in the subsequent daughter cells as
suggested by the presence of clones spreading from the
D-V midline to the limits of the wing pouch.

These experiments demonstrate that once initiated by
En, the maintenance of the transcriptional state of hh to
the daughter cells can be attributed to the action of the
PcG and trxG proteins. We conclude that the CMM ac-
tivity of the hh upstream region we have described in the
transgenic assay is also efficient when considered in its
natural chromatin environment and is responsible for
the inheritance of the initial transcriptional state of hh
from the initiation to the completion of the wing pouch
development.

The switching of a CMM during larval stages may
require specific trans-activating factors

We previously reported that in the GAL4/UAS system, a
GAL4 pulse, when provided in larval stages, was only
able to transiently activate transcription of the reporter
gene, but no heritable switching of the Fab7-CMM was
observed because transcription was lost as soon as the
trans-activator (GAL4) was down-regulated (Cavalli and
Paro 1998). These observations led to the hypothesis that
Pc-mediated silencing might be more stable in larval
stages than in embryonic stages, and CMMs cannot be
switched to mitotically heritable activity at these later
stages. Consistent with these data, we have noticed that
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the upstream 3.4-kb fragment showing a CMM activity
could not be switched to an active state through a GAL4
pulse produced during larval stages as demonstrated by
the lack of miniwhite derepression in the eyes of the
adult flies (Fig. 3G).

However, in contrast to these experiments, we have
now shown that the endogenous hh CMM can be
switched to an active state in larval wing pouch cells
upon an En pulse. The switch occurs in second instar
larval stages, when the D-V boundary is established
through the action of the Notch pathway (Kim et al.
1996; Klein 2001) and GAL4 expressed by the vg driver.
At this moment, en misexpression induces a switch of
the endogenous hh CMM at the D-V boundary to an
active state, leading to maintenance of hh transcription
in all wing pouch cells. We wanted to test whether GAL4
is also able to directly switch the endogenous hh CMM,
in its natural chromatin environment, in larval stages or
whether this feature is restricted to specific trans-acti-
vators like En. To perform this experiment, we used the
previously described line containing an EP-element in-
serted into the hh promoter region (EP-hh). By inducing
GALA4 in the cells it is possible to activate expression of
the endogenous hh gene. We postulated that, by promot-
ing transcription of the endogenous hh gene, the hh
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Figure 6. The PcG and trxG proteins
control the inheritance of hh expression in
the wing pouch cells. UAS-en is misex-
pressed using the vg-GAL4 driver in all
wing discs shown. In a wild-type back-
ground, a high level of hh mRNA is de-
tected in most of the wing pouch cells ex-
cept in a stripe at the A-P boundary (A); en
is expressed strongly at the D-V boundary
and more weakly in some region of the
wing pouch (B). In a ph?® mutant back-
ground, hh (C) and en (D) are more
strongly derepressed than in wild-type
flies. The stripe where hh was not ex-
pressed in a wild-type background is re-
duced, indicating a dependence on PH-
regulation. In double heterozygous mu-
tants for trxf? and brm?, hh expression is
activated at the D-V but is not maintained
through cell divisions and progressively
fades away (E). en is strongly expressed at
the D-V boundary but not in the other
wing pouch cells (F). For embryos raised at
29°C until the start of the second instar
larval stage, hh transcription is ectopically
activated in only a few clones in the wing
pouch (G), indicating that, at this tem-
perature, the Pc-repression of the hh gene
is stronger and transcription is more diffi-
cult to be switched on. However, once
switched on, it is inherited through cell
divisions, in contrast to the trxG mutants.

CMM may be switched to an active state in wing pouch
cells. As observed on in situ preparations of late third-
instar discs, endogenous hh transcription is activated by
GAL4 at the D-V boundary, but is not maintained
through cell division in wing pouch cells (Fig. 7A). In
comparison, also the well-characterized Fab7-CMM is
itself not switched to the active state after GAL4 induc-
tion at the D-V boundary because expression of the re-
porter gene is not maintained in daughter wing pouch
cells (Fig. 7B). We conclude that the GAL4 trans-activa-
tor is not able to switch a CMM in larval stages, al-
though this can be carried out by the action of a gene-
specific trans-activator, alone or more likely in associa-
tion with other factors.

Discussion

Initially, CMMs were found to maintain the embryoni-
cally defined expression of selector genes encoding the
HOX/HOM factors, used to established long-term cellu-
lar identities. However, CMMs appear to be also used to
freeze developmental decisions taken at later stages. In-
deed, the expression pattern of hh is subject to substan-
tial changes over time, depending on the morphogenetic
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Figure 7. The GAL4 trans-activator is not
able to switch a CMM when expressed dur-
ing larval stages. hh is transcribed at the D-V
boundary using the EP-hh line in combina-
tion with the vg-GAL4 driver (A). However,
transcription is not maintained in the daugh-
ter cells of the wing pouch. Similarly, ex-
pression of lacZ is not maintained when
FLW-1 flies (Cavalli and Paro 1998) are
crossed with vg-GAL4 flies (B). This indi-
cates that at this stage the Fab7-CMM can- A
not be switched to the active state by GAL4.

hh mRNA

o-l.ac”Z

vg-GAL4; EP-hh sAL4: FLW-1

field needed to be patterned. Yet, the finding that hh
expression, once activated, is also maintained by CMM
mechanisms suggests that this type of control through
chromatin-based epigenetic features is much more wide-
spread and influenced by external signals. Our results
indicate that CMMs, if controlled by the correct trans-
activator, can be switched and maintained in the active
state at any time during development.

Developmental relevance of the presence of CMMs at
the hedgehog gene and other segmentation genes

Very little is known about how the gene expression pat-
tern of cells building compartments in imaginal discs is
inherited through cell divisions. Except for some homeo-
tic genes, it is generally assumed that auto- and cross-
regulations allow selector and segmentation gene expres-
sion to be maintained until the adult stage. However,
here we show that at least in the case of hh, a cellular
memory system can take over to carry out the mainte-
nance. It had already been proposed that trxG proteins
might be needed to allow a proper inheritance of En ex-
pression in the cells of the posterior compartment (Breen
et al. 1995). It was also suggested that a positive feedback
loop between en and hh could achieve their own main-
tenance (de Celis and Ruiz-Gomez 1995). Our results
indicate that this does not seem to be the case because
the windows of time in which En can activate hh and Hh
can activate en seem not to overlap over the entire wing
development. During embryogenesis and early larval de-
velopment (at least until the D-V boundary is estab-
lished in wing disc), En is able to activate hh. We have
shown that this competence disappears later, in particu-
lar in third instar larvae, when even high amounts of En
cannot activate hh transcription in at least the anterior
compartment of the disc. On the other hand, Hh seems
to acquire the competence to activate en transcription in
late larval stages. These results are consistent with the
fact that in late larval stages, the Hh gradient is able to
induce a stripe of en expression at the A-P boundary,
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whereas En does not in turn induce hh expression in this
domain (Blair 1992; Strigini and Cohen 1997). Thus, be-
cause no feedback loop seems to exist, the data suggest
that the hh CMM has a role in maintaining hh expres-
sion in the posterior domain during late stages of devel-
opment.

We have noticed the existence of a domain along the
A-P boundary that seems to be refractory to a switch of
the hh CMM to an active state (see Figs. 4, 6). Interest-
ingly, it appears that in this region Groucho and PH con-
tribute to a strong repression system preventing hh ex-
pression from being activated in the anterior compart-
ment in wild-type flies (de Celis and Ruiz-Gomez 1995;
Maschat et al. 1998; Apidianakis et al. 2001). Thus, these
proteins may counteract a stable switch of the CMM to
an active state. Consistent with this result is the reduc-
tion of the thickness of this refractory domain in flies
mutant for ph (Fig. 6).

It has been reported that large clones lacking en/inv
expression in the posterior compartment of wing discs
show reduced or no Hh protein, although this was not a
universal feature of small clones (Sanicola et al. 1995;
Tabata et al. 1995). Apparently, in this situation the loss
of en/inv in the cells, especially when induced early in
development, might cause a substantial reprogramming
of the gene expression pattern leading to repression of
hh, perhaps owing to the appearance of new repressors.
In this case, the initially activated CMM would not be
able to overcome the repression.

From our results, it is likely that CMMs have major
direct roles in the inheritance of the expression of hh
in the development of wing imaginal discs (we could also
imagine that the well-defined en-PRE could also act as
a CMM). Furthermore, hh and its vertebrate homologs
are expressed in many other tissues during development,
in which its activation and/or maintenance are inde-
pendent of En and not yet elucidated (i.e., eye, gut, lung;
Bitgood and McMahon 1995; Hoch and Pankratz 1996;
Strutt and Mlodzik 1996; Warburton et al. 2000). Further
studies will help us to understand how the hh CMM



may be involved in regulating the gene in different tis-
sues.

Dynamic CMM states during development

The finding that genes necessary to pattern imaginal
discs can be regulated by CMMs is in disagreement with
models in which the elaboration of pattern in multicel-
lular fields is solely based on information conferred by
the local concentration of secreted signaling molecules
(morphogen model). In addition to this, we propose that
the establishment of a specific gene expression program
in cells at various developmental stages depends on both
the information conferred by the morphogens surround-
ing the cell and its history. Thus, a cell fate will be speci-
fied by the transcriptional activation or repression of
new genes, as a result of surrounding information, as
well as by the maintenance of old transcriptional states
established earlier and inherited by CMMs through the
action of the PcG and trxG proteins. It has already been
suggested that the gene optomotor-blind could be regu-
lated by a cellular memory mechanism in imaginal discs
(Lecuit et al. 1996), although it was not directly demon-
strated which mechanism could allow inheritance of
transcription.

It is important to note that the state of activation of a
CMM does not have to be established, once and for all,
during embryogenesis, but can be modified or stably
switched later in development. This may be especially
true for genes patterning imaginal discs for which the
expression pattern is established during larval develop-
ment in contrast to homeotic genes defining the A-P
axis during embryogenesis. However, it seems that gen-
eral trans-activating factors like GAL4, which are able to
establish the active state of a CMM during embryogen-
esis, are not able to modify or switch the CMM state
later in development, suggesting that the chromatin
state of a CMM is more difficult to reprogram at late
developmental stages. During larval stages, many cell
divisions have been accomplished and cells are getting
more and more restricted in their determination state.
The chromatin could then be in a “mature” conforma-
tion stable enough to transmit a previously established
transcriptional state despite the potentially contradic-
tory actions of other transcription factors found simul-
taneously in the nucleus. Nevertheless, other transcrip-
tion factors such as En (in the case where En directly
activates hh) seem to be able, alone or by recruiting co-
factors, to stably switch a CMM from a repressed to an
active state during larval stages. At these stages, the
switching of CMMs could require specific factors to set
epigenetic marks. It could be envisaged that the En com-
plex is able to attract some kind of chromatin-remodel-
ing machinery that would have the potency to erase the
memory and leave the chromatin competent to be repro-
grammed.

In this way, it seems that the cell memory system is a
complex and dynamic process during development, in
which the role of CMMs is to heritably maintain a pre-
viously established transcriptional state until new spe-

Epigenetic inheritance of hedgehog expression

cific patterning cues are able to redirect the epigenetic
marks of the CMMs. However, this makes it also quite
clear that during the establishment of a morphogenetic
field, besides the local specifying signaling events, the
previous history of a determining gene should be taken
into account.

Materials and methods

DNA vectors and cloning strategy

The 3.4-kb fragment upstream of the transcription start site was
amplified by PCR. aattaaccctcactaaagggagagcggccgcCGTTTT
TAGTTTGCTGCCTGCATT was used as the upper primer,
and taatacgactcactatagggagactagt ACACTATCGCCTCGAGTT
CATTCC as the lower primer (where the capital letters denote
the sequence homologous to the genomic hh upstream region).
Thereby, new restriction sites were created at both ends. The
PCR product was digested with the Notl and Spel restriction
enzymes, and the resulting fragment was cloned via the NotI
and Spel sites into the pUZ vector (Lyko et al. 1997).

Fly strains and handling

Flies were maintained on standard culture medium at 18°C,
except when stated otherwise. Embryos of the strain w8 were
used as a host for generating the transgenic lines. In a modified
version of the GAL47-1 (Brand et al. 1994), the hsGAL4 con-
struct was inserted into the CyO chromosomes, and the mini-
white marker gene was mutated with EMS. This allows the
hs-GAL4 driver to be followed during crossings [gift from M.
Prestel (Zentrum fiir Molekulare Biologie, University of Heidel-
berg, Germany)]. ph*%? is a hypomorphic viable mutation, and
Pc® is considered to be a strong antimorph mutant. trxt? and
brm? are two amorphic mutations, recombined on the same
chromosome. The vg-GAL4 line expresses GAL4 in a thin stripe
at the dorso-ventral boundary of wing imaginal discs (Sim-
monds et al. 1995). The hs-GAL4 line is able to produce a high
amount of GAL4 protein upon heat shock. However, at 25°C it
is known to be leaky in salivary glands, as low amounts of
GAL4 are produced. The EP3521 line, termed here EP-hh (Rorth
et al. 1998), possesses an EP element inserted upstream of the
hh gene. Upon GAL4 induction, a functional Hh protein is ex-
pressed (Rorth et al. 1998). The FLW-1 line possesses the Fab7-
CMM controlling expression of the reporter genes lacZ and
miniwhite (Cavalli and Paro 1998). UAS-en (Guillen et al. 1995;
Tabata et al. 1995) and UAS-hh (Fietz et al. 1995) are lines able
to express functional En and Hh protein, respectively, upon a
GAL4 pulse. The hh-IlacZ line P30 (Lee et al. 1992), in which
lacZ expression reflects expression of the endogenous hh gene,
was used for immunostaining. For the heat-shock experiments,
in order to produce a short pulse of GAL4 protein in the em-
bryos, flies were allowed to lay overnight on apple juice agar
plates at 21°C, and embryos (4-16 h old) were heat-shocked at
37°C in a waterbath for 55 min. Second instar larvae were heat-
shocked in small vials incubated in a waterbath at 37°C for 1 h.

In situ hybridization

In situ hybridization to imaginal discs was performed according
to the protocol of T. Wolff (2000). The hh mRNA probe was
DIG-labeled using the hh ¢cDNA cloned in pBluescript as tem-
plate. The hybridization signal was detected using an anti-DIG-
alkaline-phosphatase antibody.
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Chromatin immunoprecipitation and dot blot analysis

The chromatin immunoprecipitation was performed following
a standard procedure described in Strutt and Paro (2000). For the
dot-blot, 14 primer pairs were designed for the elaboration of
1-kb-sized PCR fragments covering the hh genomic region.
PCRs were performed using genomic DNA as template. After
blotting the PCR products on nylon membranes, the immuno-
precipitated and the mock DNA were radiolabeled, and the
membranes were probed individually with their respective la-
beled DNA. Filters were exposed overnight to a Phosphorimager
screen, and scanned. Signals were quantified by using NIH im-
age software (version 1.62). For each dot, the intensity of the
signal was quantified and the background was subtracted from
it. Then, relative enrichment of the immunoprecipitated mate-
rial was calculated by dividing the intensity of the signal ob-
tained for the PC and GAF chromatin immunoprecipitations
with the ones obtained for their respective mocks.
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