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In the work reported here we have undertaken a functional dissection of a Polycomb response element (PRE)
from the iab-7 cis-regulatory domain of the Drosophila melanogaster bithorax complex (BX-C). Previous studies
mapped the iab-7 PRE to an 860-bp fragment located just distal to the Fab-7 boundary. Located within this
fragment is an ~230-bp chromatin-specific nuclease-hypersensitive region called HS3. We have shown that
HS3 is capable of functioning as a Polycomb-dependent silencer in vivo, inducing pairing-dependent silencing
of a mini-white reporter. The HS3 sequence contains consensus binding sites for the GAGA factor, a protein
implicated in the formation of nucleosome-free regions of chromatin, and Pleiohomeotic (Pho), a Polycomb
group protein that is related to the mammalian transcription factor YY1. We show that GAGA and Pho interact
with these sequences in vitro and that the consensus binding sites for the two proteins are critical for the

silencing activity of the iab-7 PRE in vivo.

Segment identity in the posterior two-thirds of the Drosoph-
ila melanogaster embryo, from parasegment 5 (PS5) to PS14, is
determined by the pattern of expression of the bithorax com-
plex (BX-C) homeotic genes, Ultrabithorax (Ubx), abdominal-A
(abd-A), and Abdominal-B (Abd-B) (13, 32, 39, 46). These
three homeotic genes are regulated by an elaborate cis-regu-
latory region that spans a DNA segment of over 300 kb. This
large cis-regulatory region is subdivided into nine functionally
autonomous domains, abx/bx, bxd/pbx, and iab-2 to iab-8 (2, 9,
29, 32). Each domain specifies the identity of a specific para-
segment by activating one of the BX-C homeotic genes in a
pattern appropriate for that parasegment. For example, the
iab-5 cis-regulatory domain regulates Abd-B expression in a
pattern that confers PS10 identity to the cells in this paraseg-
ment. Similarly, the iab-6, iab-7, and iab-8 cis-regulatory do-
mains activate Abd-B expression in patterns appropriate for
PS11, PS12, and PS13 identity, respectively (5, 9, 45). When
one of the BX-C cis-regulatory domains is inactivated, the
parasegment specified by the affected regulatory domain is
transformed into a copy of the parasegment immediately an-
terior. Thus, in a deletion that inactivates iab-7, iab-75?, PS12 is
transformed into a duplicate copy of PS11 (16). In this case,
Abd-B expression in both PS11 and PS12 is driven by the iab-6
cis-regulatory domain.

The regulation of the BX-C homeotic genes during embry-
ogenesis is subdivided into two phases: initiation and mainte-
nance. In the initiation phase, the products of the gap and pair
rule segmentation genes are responsible for initiating the para-
segment-specific expression of the BX-C homeotic genes.
These proteins are thought to interact with target sequences in
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the nine cis-regulatory domains (27, 36, 43, 48, 57, 59). How-
ever, the products of the segmentation genes are present only
transiently in the early embryo, and regulation switches to a
maintenance mode that recognizes and propagates the initial
pattern during subsequent stages of development. Mainte-
nance requires the trithorax-Group (trx-G) and Polycomb-
Group (Pc-G) genes (reviewed in references 22, 38, 40, 50).
The #x-G genes function to keep the homeotic genes on, while
the Pc-G genes are negative regulators and function to main-
tain the inactive state of the homeotic genes. Experiments with
homeotic reporter constructs have identified elements, called
Polycomb response elements (PREs), in several of the BX-C
cis-regulatory domains which appear to be targets for Pc-G
action. When these PREs are combined with a parasegment-
specific initiator, they maintain the segmentally restricted pat-
tern of expression conferred on the reporter by the initiation
element (7, 8, 10, 11, 23, 42, 51). In addition to this mainte-
nance activity, the PREs have an unusual pairing-sensitive
silencing activity (10, 19, 23, 30, 31, 37, 49). When they are
included in a mini-white transgene, the PREs repress or even
eliminate mini-white expression when the animals are homozy-
gous for the transgene insert. Like classical transvection, pair-
ing-sensitive silencing typically depends on whether these ele-
ments can pair. Silencing is observed in animals homozygous
for the same mini-white insertion but is usually not found in
animals which have the mini-white transposon inserted at two
different locations.

One of the best-characterized BX-C PRE:s is the iab-7 PRE.
This PRE is located in the iab-7 cis-regulatory domain, just
distal to the Fab-7 boundary. When a restriction fragment
containing the iab-7 PRE is combined with a bxd initiation
element, it maintains the appropriate anterior limit (PS6) of
reporter gene expression (23). The same iab-7 PRE fragment
also functions as a pairing-sensitive silencer of mini-white. Like
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those of other PREs, both the maintenance and the pairing-
sensitive silencing activities of the iab-7 PRE fragment depend
on products of the Pc-G genes.

Insights into the function of the iab-7 PRE have also come
from an analysis of the phenotypic effects of deletions that
remove this PRE and/or the adjacent Fab-7 boundary in BX-C
itself (16, 35). The simplest case involves deletions that remove
both the PRE and the boundary, such as Fab-7'. When the
Fab-7 boundary is absent, the normally autonomous iab-6 and
iab-7 cis-regulatory domains fuse into a single domain. In the
fused domain, the positive elements in iab-6 ectopically acti-
vate iab-7 in PS11. As a consequence, Abd-B expression in
PS11 is driven by the iab-7, not the iab-6, cis-regulatory do-
main, and these deletions produce a dominant gain-of-function
phenotype, completely transforming PS11 into a duplicate
copy of PS12. Deletions that remove only the boundary also
produce a dominant gain-of-function transformation of PS11;
however, they differ from the larger deletions such as Fab-7” in
that there are often small clones of cells in PS11 which exhibit
a loss-of-function phenotype and assume PS10 identity. In
these clones, iab-6 is ectopically silenced in PS11 and Abd-B
expression is controlled by iab-5. The mixed gain- and loss-of-
function phenotypes due to deletions that remove just the
boundary arise because there is a competition between positive
elements in iab-6 that ectopically activate iab-7 and negative
elements in iab-7 that ectopically silence iab-6. While this com-
petition between positive and negative elements also occurs in
the larger deletions, the silenced state is thought to be unstable
because the iab-7 PRE is absent, leading to the constitutive
activation of iab-7. Finally, deletions that remove only the iab-7
PRE produce no phenotype in heterozygotes; however, when
homozygous or frans to a deficiency, a low percentage of the
flies exhibit a gain-of-function transformation in which small
clones of cells in PS11 have a PS12 identity (35). The poorly
penetrant gain-of-function phenotype produced by the iab-7
PRE deletions suggests that the iab-7 cis-regulatory domain
contains ancillary PRE-like elements that can help maintain
the determined state.

Like other PREs from the Abd-B region of BX-C, the iab-7
PRE is associated with a prominent chromatin-specific nucle-
ase-hypersensitive site called HS3 (16, 28). HS3 is approxi-
mately 230 bp in length and contains several recognizable
sequence motifs. These include potential binding sites for the
GAGA factor and the Zeste (z) protein. The GAGA factor is
encoded by the Trithorax-like (Trl) gene and is thought to
function in the formation and/or maintenance of nucleosome-
free regions of chromatin (14, 33, 56). The Zeste protein has
previously been implicated in pairing-dependent interactions
at the white locus (41, 58). The idea that these sequence motifs
might be important for the function of the iab-7 PRE is sup-
ported by the finding that mutations in both 7/ and z reduce
silencing activity (23). The HS3 nuclease-hypersensitive site
also contains two copies of a 14-bp motif (KCRGCCAT
YDNNGD). This motif has a five-nucleotide core, GCCAT,
with two additional conserved residues at position —3 (C) and
+9 (G). Copies of this motif are found in the nuclease-hyper-
sensitive sites associated with PREs located in three other
Abd-B cis-regulatory domains, iab-5, iab-6, and iab-8 (1, 34;
unpublished data). The same motif is also found in PREs from
the Ubx region of BX-C and in PREs from both the Sex combs
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reduced and engrailed regulatory regions. Recent studies by
Brown et al. (6) on a PRE from the engrailed (en) gene indicate
that this motif is a binding site for the Pleiohomeotic protein
(Pho), which is the Drosophila homolog of the mammalian
transcription factor YY1.

In the studies reported here, we have analyzed the se-
quences required for the silencing activity of the iab-7 PRE in
transgene assays. We show that sequences conferring silencing
activity map to HS3. We also present evidence that the GAGA
and Pho proteins bind to target sites in this hypersensitive
region and that the consensus recognition sequences for these
proteins are required for silencing activity in vivo.

MATERIALS AND METHODS

P-element transformation. All transgenic flies were produced using a w’ strain.

Pairing-sensitive lines in pho background. To examine the eye colors of flies
containing the wild-type iab-7 PRE mini-white constructs in a pho mutant back-
ground, w; TM6B,Sb, Tb/+,;CiD/+ males were crossed to w™;6-22A4 T(3,;4)69BC;
101EF/TM3 virgins [the 6-22A4 T(3;4)69BC;101EF chromosome was a very kind
gift from M. Miiller). From the progeny of this cross, we selected w™; 6-224
T(3;4)69BC; 101EF/TM6B,Sb, Th;CiD virgins, which were crossed either to w™;
pho’/CiD or to w*;pho€Y/CiD males (the pho alleles were a kind gift from J.
Kassis). After these crosses, we collected w;TM6B, Sb,Tb/+;pho’/CiD and w™;
TM6B,Sb, Th/+;pho“"/CiD males, which were mated to virgins homozygous for
one of the five third-chromosome pairing-sensitive iab-7 PRE inserts (w™;Ins-
3X/Ins-3X). From the offspring of these crosses w™;Ins-3X/TM6B,Sb, Th;pho’ |+
virgins were crossed to w ™ ;Ins-3X/TM6B, Sb, Tb; pho©"/+ males. In the progeny,
pho'/pho©" pharate adults were recognized by their homeotic phenotype while
the hetero- or homozygous state of the third-chromosome inserts was monitored
by the dominant markers (Sb and 7b) on the TM6B balancer chromosome.

Construction of the 410- and 260-bp iab-7 PRE fragments. The 410- and the
260-bp iab-7 PRE fragments were amplified by PCR from a 3.35-kb
HindIlI-to-Xbal Fab-7 fragment inserted into Bluescript. This Fab-7 region was
originally isolated from phage lambda 8053 and spans bp 163 to 3517 as indicated
previously (28). The 410-bp fragment was generated using two primers, FABP-1
(TGCTCTAGAGCAACTTCCTTCGTCCGTC) and FABP-4 (TGCTCTAGAT
GTCGGCAATTCGGATTC). The 260-bp fragment was also generated using
two primers, FABP-2 (TGCTCTAGAGTTTCGTCGCTCACG) and FABP-4.
These fragments were cloned into Bluescript at the Xbal site. An Xhol/Notl
fragment was excised and inserted into the white,,,;,,,,c.,-mini-white vector (23) in
between the white enhancer and the mini-white gene. Both fragments were
confirmed by sequencing.

Construction of the 260-bp HS3 fragment with mutations in the two GAGA
sites. Mutations in the two consensus GAGA binding sites were introduced using
primers SES16 (CATGGATGTGAAACTTAACGTGCTCTTCGCGCATTGC
GCTCGCGCTC) and SES17 (GAGCGCGAGCGCAATGCGCGAAGAGCAC
GTTAAGTTTCACATCCATG). The point mutations are indicated in boldface.
A proximal fragment was amplified by PCR using primers FABP-2 and SES16,
and a distal fragment was generated using primers SES17 and FABP-4. These
two fragments were combined together for a second round of PCR amplification
using primers FABP-2 and FABP-4. The larger fragment was cloned into Blue-
script at the Xbal site. An Xhol/Notl fragment was excised and inserted into the
WRELE oy, pyapce,-Mini-white vector (23) in between the white enhancer and the mini-
white gene. The mutated fragment was confirmed by sequencing.

Gel mobility shift assay. Oligonucleotides containing the wild-type and mu-
tated Pho recognition motif were kinased with [a->P]ATP. The complementary
oligonucleotides were annealed by mixing them at equal molar concentrations,
heating them at 65°C for 10 min, and then allowing them to cool to room
temperature slowly before incubating them at 4°C for 30 min. The probes were
then stored at —20°C.

The full-length Pho-expressing construct was a kind gift from Judy Kassis. Pho
was expressed in a BL21 strain of Escherichia coli. Extraction of proteins in native
form was carried out as described previously (52). The total protein extract was
used directly for the gel mobility shift experiments. Nuclear extract was prepared
from 0- to 16-h Drosophila embryos according to published procedures with
minor modifications (25).

In a typical gel mobility shift experiment, 2 to 5 pg of protein extract was
incubated with a mixture consisting of 10° cpm of end-labeled DNA (around 1
fmol), 1 pg of poly(dI-dC), and 5 pg of tRNA in binding buffer (25 mM HEPES
[pH 7.6], 100 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, 0.1 mM phenyl-
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FIG. 1. Defining the minimal PRE and mutations in GAGA binding sites. The Fab-7 boundary and iab-7 PRE region of the BX-C are shown
at the top. These two elements lie adjacent to one another, and both map between the PS11 regulatory domain, iab-6, on the left and the PS12
regulatory domain, iab-7, on the right. The Bluetail transposon, BLT, which is subject to the control of iab-7 but not iab-6, lies between
hypersensitive sites HS2 and HS3 (16). The 860-, 410-, and 260-bp fragments containing HS3 are shown. The number of pairing-sensitive lines out
of the total number of transgenic lines of each construct is shown to the right. Stars, GAGA consensus binding sites; small boxes, Pho consensus
binding sites. The bottom construct depicts the 260-bp fragment containing mutations in both of the GAGA consensus binding sites.

methylsulfonyl fluoride, and 10% glycerol) at room temperature for 30 min. The
mixture was then analyzed on a 4% acrylamide-bisacrylamide (80:1) gel in 0.5X
Tris-borate-EDTA (TBE) containing 2.5% glycerol. The gel was run in 0.5X
TBE at 10 V/cm at room temperature, dried and exposed to X-ray film. The
following oligonucleotide pairs were used to make the double-stranded probes:
wt, CAGCTCGGCCATCATGGGG and CCCCATGATGGCCGAGCTG; mc,
CAGCTCGGCACGCATGGGG and CCCCATGCGTGCCGAGCTG; m9,
CAGCTCGGCCATCATGTGG and CCACATGATGGCCGAGCTG.

Binding of GAGA to the iab-7 PRE. DNA to prepare the HS3 iab-7 PRE
affinity matrix was made by PCR amplification using the same primers used to
generate the 260-bp iab-7 PRE fragment (see above) except that one of the
primers had a 5" biotin modification. The 260-bp PCR product was purified from
a 2% agarose gel using a Qiagen kit for extraction of DNA from agarose gels.
The purified DNA was incubated with a 10-pl suspension of streptavidin-coated
magnetic beads (from Dynal) by following the supplier’s protocol. Saturated
binding of DNA to the beads was monitored by comparing the input and un-
bound DNA on a 2% agarose gel. DNA matrices were also prepared using a
260-bp segment of Fab-7 which does not contain any consensus GAGA binding
sites and a 270-bp segment from the Ubx promoter region (—251 to +19) which
contains four consensus GAGA binding sites.

The nuclear extract was incubated with the affinity matrix under reaction
conditions identical to those used for the gel shift assays. After a 30-min incu-
bation at room temperature the affinity matrix beads were separated from the
unbound proteins and washed with 0.1 M KCl in elution buffer containing 25 mM
HEPES (pH 7.6), 1 mM dithiothreitol, 20% glycerol, and 0.1% Nonidet P-40.
Bound proteins were then eluted by steps of increasing KCl concentration.
Eluted fractions were separated by sodium dodecyl sulfate-10% polyacrylamide
gel electrophoresis (SDS-10% PAGE), blotted onto an Immobilon polyvinyli-
dene difluoride (PVDF) transfer membrane (from Millipore), and processed for
Western analysis using an anti-GAGA antibody kindly provided by Jordan Raff
(44).

RESULTS

Silencing activity maps to the iab-7 PRE nuclease-hypersen-
sitive site. Shown in Fig. 1 is a map of the Fab-7 boundary and
iab-7 PRE DNA segment from BX-C. Previous studies indi-
cate that the Fab-7 boundary is defined by the three proximal

nuclease-hypersensitive regions, HS*, HS1, and HS2, while the
iab-7 PRE maps to an 860-bp Apal-Xbal fragment just distal to
the boundary (23, 24, 35). This 860-bp fragment functions as a
Pc-G-dependent silencer in two different assays, a mini-white
silencing assay and a bxd-Ubx maintenance assay (23). One of
the notable features of the 860-bp iab-7 PRE fragment is the
~230-bp nuclease-hypersensitive region, HS3. Although chro-
matin-based silencing mechanisms are generally thought to be
associated with decreased rather than increased accessibility,
we have found that PREs from elsewhere in the Abd-B cis-
regulatory region also map to restriction fragments which con-
tain nuclease-hypersensitive regions in chromatin digests (1,
28; unpublished data). This correlation suggested that HS3
may contain target sites for proteins that function to recruit
Pc-G proteins and hence might be essential for establishing
and maintaining Pc-G-dependent silencing.

To explore this possibility, we asked whether sequences
spanning HS3 are sufficient to recapitulate the silencing activ-
ity of the 860-bp iab-7 PRE fragment. We first tested a 410-bp
fragment which extends from the Apal site to near the middle
of the 860-bp fragment and which includes HS3. The 410-bp
fragment was placed in the same white,, ;. ,,,..,-mini-white vector
as that used previously to test the silencing activity of the
full-length fragment (23). As indicated in Fig. 1, the frequency
Oof W, pance,-Mini-white transformants exhibiting pairing-depen-
dent silencing for the 410-bp fragment is close to that for the
full-length fragment. (An example of pairing-sensitive silenc-
ing for another iab-7 PRE mini-white transgene is shown in Fig.
4. Note that the eye color of flies hemizygous for this transgene
insert is dark orange, while the eye color of flies homozygous
for this transgene is white.) Since the precise endpoints of HS3
are not known (+/— 30 to 40 bp), we next tested a 260-bp
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TABLE 1. Interaction of the iab-7 PRE with
Pc-G and trxG mutations”

Interaction with:

Gene tested” Allele Pairing-sensitive line Non-pairing-
sensitive line
410.1 410.2 260.1 260.2 410.3 260.3
Polycomb Pc! 0 + + + 0 0
Sex Combs Midleg Scm®™°  + +  + + 0 0
ScmSuz,?()Z + + + + 0 0
Trithorax-like Trl’3e + 0

“ Interactions of homozygous 410- and 260-bp iab-7 transgenic lines with
Polycomb, Sex Combs Midleg, and Trithorax-like alleles. +, increased mini-white
expression; 0, no change in expression.

b Polycomb and Sex Combs Midleg are PcG genes; Trithorax-like is a trxG gene.

fragment that is estimated to be slightly larger than the nu-
cleosome-free region and that should extend only slightly be-
yond its likely limits (Fig. 1). As with the 410-bp fragment, the
frequency of W, ,unce-Mini-white transformants exhibiting
pairing-dependent silencing with the 260-bp fragment is close
to that of the intact Apal-Xbal fragment.

To confirm that the silencing activity of the 410- and 260-bp
fragments is mediated by Pc-G proteins, we tested the effects
of mutations in Pc-G genes. As observed for the full-length
iab-7 PRE fragment (23), the silencing of mini-white by the two
smaller fragments is suppressed by mutations in the Pc-G
group genes (Table 1 and data not shown). The results for
Polycomb and Sex combs midleg are shown in Table 1. These
findings provided further evidence that HS3 contains target
sites for proteins that function to establish and maintain Pc-
G-silencing complexes.

The silencing activity of the HS3 fragment requires the
GAGA protein. Chromatin immunoprecipitation experiments
by Strutt et al. (55) indicate that the GAGA factor interacts
with sequences from the iab-7 PRE DNA segment in vivo.
They found that DNA fragments spanning the iab-7 PRE re-
gion could be immunoprecipitated from formaldehyde-cross-
linked chromatin with antibodies directed against the GAGA
protein. There are two sequences in the 860-bp Apal-Xbal
iab-7 PRE fragment that closely match the consensus GAGA
protein binding site. These potential binding sites are located
near the middle of HS3 (Fig. 1). They are arranged in opposite
orientations and are separated by 12 bp (see Fig. 3).

We have previously shown that the silencing activity of the
860-bp iab-7 PRE fragment is reduced by mutations in the
gene encoding the GAGA factor, Trl. Since the GAGA bind-
ing sites in the 860-bp iab-7 fragment map to HS3, one would
predict that the silencing activity of the small 260-bp HS3
fragment would also require the GAGA factor. This seems to
be the case. As shown in Table 1, mini-white silencing by the
260-bp fragment is suppressed by a Trl mutation.

GAGA protein interacts with target sites in HS3. To dem-
onstrate that the GAGA factor interacts with the two recog-
nition sequences in HS3, we incubated nuclear extracts with
magnetic beads containing the 260-bp HS3 fragment. After the
beads were washed, bound protein was eluted from them with
increasing concentrations of salt and analyzed by Western blot-
ting. As a positive control we linked a fragment from the Ubx
promoter, which is known to interact with GAGA protein in
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vitro, to the magnetic beads. As a negative control we used a
fragment from a region of the Fab-7 boundary that has no
consensus GAGA binding sites. As shown for the 0.4 M salt
fraction in Fig. 2A, the GAGA protein is bound to beads
containing the HS3 and Ubx promoter fragments but is not
bound to the control Fab-7 beads. To confirm that GAGA
binding to HS3 depends on the two consensus sites, we mu-
tated the two sites. As shown in Fig. 2B, when nuclear extracts
are incubated with magnetic beads containing the mutant HS3
fragment, the GAGA protein is not detected in the salt-eluted
fractions.

The GAGA binding sites in HS3 are important for PRE
function in vive. The experiments described in the previous
section indicate that the binding of the GAGA protein in
nuclear extracts to HS3 requires the two consensus recognition
sequences. Since mutations in 77/ disrupt the silencing activity
of the 260-bp iab-7 PRE fragment (23), we predicted that the
two GAGA recognition sequences are essential for the in vivo
function of this PRE. This prediction is correct. As indicated in
Fig. 1, when the GAGA binding sites in the 260-bp HS3 frag-
ment are mutated, HS3 is unable to silence the w,,,;,,,,ce,-Mini-
white transgene.

Interaction of Pho with the iab-7 PRE. In addition to the
GAGA protein binding sites, the iab-7 PRE contains two cop-
ies of a 14-bp sequence motif. These two motifs are located in
the distal half of HS3, just beyond the two GAGA binding sites
(see Fig. 3). They are arranged in opposite orientations and are
separated from each other by 32 bp. A similar motif has been
found in PREs from elsewhere in BX-C and in other Drosoph-
ila genes (34). As indicated in Fig. 3, this conserved motif
consists of an 8-bp central core sequence, CRGCCATY. In
addition there is a conserved G at position +9. Studies by
Brown et al. (6) have shown that this motif is a binding site for
the Pho protein in an en PRE. However, since the noncore
sequences in the iab-7 PRE motifs are quite different from
those in the en PRE (34), an important question is whether
Pho can actually bind to the iab-7 PRE sequences.

To address this problem, we asked whether the Pho protein
expressed in bacteria would gel shift a short double-stranded
oligonucleotide probe spanning the proximal motif. As shown
in Fig. 2C, the Pho protein expressed in bacteria binds to the
oligonucleotide probe. To determine whether this interaction
depends on the 8-bp core motif, the CRGCCATY core se-
quence was changed from CGGCCATC to CGGCACGC (mu-
tated bases are in boldface). As shown in Fig. 2C, little or no
shifting of the mutant probe is observed with the bacterial Pho
protein. We also tested the effects of mutation in the G residue
(G—T) at position +9. This mutation causes a small but re-
producible reduction in the yield of the shifted probe. These
findings indicate that the Pho protein can interact with the
conserved sequence motif in the iab-7 PRE.

We also used the same set of oligonucleotide probes to assay
for DNA binding activity in nuclear extracts. As shown in Fig.
2C, the wild-type probe gives a gel shift with nuclear extract
similar to that observed for the bacterial Pho protein. More-
over, as was observed for bacterial Pho, the core sequence
mutations essentially eliminate the shift with the nuclear ex-
tract, while the yield of the shifted probe is reduced by the
G—T mutation at position +9. These results suggest that Pho
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FIG. 2. GAGA and Pho proteins bind to recognition sequences in
HS3. (A) Binding of GAGA protein to the iab-7 PRE. In this exper-
iment nuclear extract was incubated with matrix containing different
DNA sequences. The first was a control sequence from a region of
Fab-7 that does not contain any consensus GAGA protein recognition
sequences. The second was a fragment from the Ubx promoter, which
contains four consensus GAGA recognition sequences. The third was
the 260-bp iab-7 PRE fragment spanning HS3 (see text and Fig. 1). It
contains two consensus GAGA recognition sequences. Proteins bound
to each matrix were eluted with increasing salt concentrations. Shown
is the 0.4 M KCI wash. The protein samples eluted from each matrix
were separated by SDS-10% PAGE and transferred on a PVDF mem-
brane for Western analysis with an anti-GAGA antibody. Similar
quantities of nuclear extract and affinity matrix were used in order to
compare the relative abundances of protein in each fraction. While
multiple isoforms of GAGA (plus presumptive breakdown products)
are detected by the antibody in nuclear extracts, only a subset of these
bind to the matrix. For the HS3 matrix, the major species is the lowest
band, which corresponds to the 70-kDa isoform, while larger isoforms
are generally present in lower yield. Note that little or no GAGA
protein appears to be bound to the Fab-7 matrix, which does not
contain consensus GAGA binding sites. M-Fab-7, matrix containing
Fab-7 DNA; M-Ubx, matrix containing Ubx promoter DNA; M-HS3,
matrix containing HS3 DNA. (B) Binding of GAGA protein to the
iab-7 PRE depends on the two consensus GAGA binding sites. We
compared the binding of the GAGA factor to an affinity matrix con-
taining the wild-type HS3 sequence and a matrix containing the HS3
sequence with mutations in the two consensus GAGA binding sites
(see text and Fig. 1). The 70-kDa isoform binds to the matrix contain-
ing the wild-type HS3 sequence (M-HS3) but does not bind to the
matrix containing the HS3 sequence with GAGA binding site muta-
tions (M-HS3#%). (C) Labeled double-stranded oligonucleotide probes
(see Materials and Methods). wt, wild type; m9, mutated at position 9
(G to T); mc, mutated at core positions 2, 3, and 4 (CAT to ACG).
Two to five micrograms of protein extract (NE, nuclear extract; BE,
bacterial extract expressing Pho) was incubated with the labeled DNA
and cold carrier (poly[dI-dC] and tRNA) in binding buffer at room
temperature for 30 min. The mixture was then analyzed on a 4%
acrylamide-bisacrylamide (80:1) gel in 0.5X TBE containing 2.5% glyc-
erol. Specificity was confirmed by competition experiments in which a
100-fold molar excess of either wild-type or mutant oligonucleotides
was included in the binding mixture. The core mutant was found to be
a much weaker competitor than the wild-type sequence. To a lesser
extent this was also true of the +9 mutant (data not shown).

protein in nuclear extracts (or a protein with similar sequence
specificity) binds to the conserved iab-7 PRE sequence motif.

The conserved sequence motif is required for silencing ac-
tivity in vivo. If Pho protein binding to the conserved sequence
motifs in the iab-7 PRE is important in vivo, then mutations in
either one or both of the motifs should disrupt silencing activ-
ity. To address this question, we generated a number of mu-
tations in the Pho protein binding sites. Since we expected that
some of these mutations might have only a small effect on
silencing activity, we tested the mutant PREs in a mini-white
vector that does not have white As can be seen in Fig.

enhancer*
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3, about two-thirds of the mini-white lines containing the con-
trol 860-bp iab-7 PRE fragment are pairing sensitive. This
figure is higher than the frequency observed with the mini-
white vector containing white,,,,,,cer (Fig. 1).

In the first set of mutations, we deleted sequences spanning
either one or both of the conserved Pho motifs. Removal of a
26-bp sequence spanning the proximal motif reduced the fre-
quency of pairing-sensitive silencing from more than two-
thirds of the lines to less than one-fourth. When both Pho
motifs plus the intervening sequences were deleted (Fig. 3), the
frequency of pairing-sensitive lines was less than 10%. Since
these two deletions remove sequences besides the putative Pho
binding sites, we generated an iab-7 PRE in which point mu-
tations were introduced into seven of the eight bases in the
core sequence of each motif (Fig. 3). As for the larger double
deletion, there is dramatic reduction in the frequency of pair-
ing-sensitive lines, and less than 5% of inserts containing the
mutant PRE exhibit silencing activity. We also tested the effect
of mutating the conserved G residue at position +9 in both
motifs. Consistent with the in vitro gel shift assays, changing
the conserved G residue has at most only a minor effect on
silencing activity.

Pho is required for pairing-sensitive silencing in vivo. The
experiments described in the previous section show that both
of the Pho binding sites in the iab-7 PRE are required for full
silencing activity. If the binding of the Pho protein to these
sites in vivo is critical for establishing and maintaining a silenc-
ing complex, then the silencing activity of the wild-type iab-7
PRE should depend on the pho gene. To test this prediction,
we compared the eye color of a pairing-sensitive iab-7 PRE
line of wild-type flies with that of flies carrying a semiviable pho
mutant combination. As can be seen in Fig. 4, the silencing
activity of the iab-7 PRE is abrogated when the pho function is
compromised. When there is only a single copy of the P24
transgene insert, the eye colors of wild-type and pho mutant
flies are very similar. However, the nearly complete repression
of mini-white expression observed in wild-type flies carrying
two copies of the P24 transgene insert is alleviated in pho
mutant flies, and the eye color is red instead of pale yellow or
white. These results provide strong support for the idea that
the Pho protein is directly involved in the establishment and
maintenance of functional silencing complexes at the iab-7
PRE.

DISCUSSION

Polycomb-dependent silencing plays a central role in Dro-
sophila development (22, 38, 49, 50). For the homeotic genes of
the ANT-C and BX-C complexes, Pc-G silencing provides the
mechanism for remembering segmental identity and conse-
quently is critical for maintaining a commitment to the deter-
mined state. Pc-G silencing also plays a key role in the regu-
lation of genes that function in other aspects of development
including neurogenesis, oogenesis, and stem cell lineages.
While the importance of Pc-G silencing in many developmen-
tal pathways has been amply documented, it is not yet under-
stood how Pc-G proteins are recruited to appropriate target
genes, how silencing complexes are established at these targets,
and how the complexes are faithfully propagated from mother
to daughter cell.
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Apal

]
Xbal

mini-white
silencing

A CGAACGAGAG AGGCGAAGAG CACGCTCTCT TTCACATCCA TGATGGCTGC CGCTGTCTCG CCTCTTCTTC TTCATTTTCA GCTCGGCCAT CATGGGGCTC 20/29

B CGAACGAGAG AGGCGAAGAG CACGCTCTCT TTCAC

C  CGAACGAGAG AGGCGAAGAG CACGCTCTCT TTCAC

ATATCT

D CGAACGAGAG AGGCGAAGAG CACGCTCTCT TTCACATCCA TGATGGCTGC CGCTGTCTCG CCTCTTCTTC TTCATTTTCA GCTCGGCCAT CATGGGGCTC

A

CGCTGTCTCG CCTCTTCTTC TTCATTTTCA GCTCGGCCAT CATGGGGCTC 6/26

GGCTC 2/25

TTCTAGA
1/29

T

E CGAACGAGAG AGGCGAAGAG CACGCTCTCT TTCACATCCA TGATGGCTGC CGCTGTCTCG CCTCTTCTTC TTCATTTTCA GCTCGGCCAT CATGGGGCTC 20/29

FIG. 3. Mutations in Pho consensus binding sites. Black bar, 860-bp iab-7 PRE Apal-Xbal fragment; large box, hypersensitive site 3; stars and
small boxes, GAGA and Pho consensus binding sites, respectively. The 860-bp iab-7 PRE fragment was inserted into an enhancer-less mini-white
transgene. Portions of the sequence for each of the fragments tested are shown. The number of pairing-sensitive lines out of the total number of
transgenic lines is shown for each construct. (A) Wild-type sequence; (B) 15-bp deletion that removes the proximal Pho consensus binding site;
(C) 60-bp deletion that removes both Pho consensus binding sites and the intervening sequence; (D) point mutations generated in the Pho core
consensus sequence; (E) point mutations generated in both of the +9 conserved residues. Boldface, conserved sequences within the Pho consensus
binding site; italics, GAGA consensus sites. For the point mutations (D and E), the mutated sequence is shown in boldface above the residues that

were mutated.

One approach for addressing these questions is the charac-
terization of cis-acting elements, PREs, that can establish and
maintain Pc-G silencing complexes. In the work presented
here, we have defined the sequences important for iab-7 PRE
function. We have also presented evidence indicating that two
proteins, the GAGA factor and Pho, interact directly with this
PRE and are required for its silencing activity in vivo.

The iab-7 PRE was initially identified in transgene assays

PS 241 pho'

FIG. 4. Pho is required for the silencing activity of the iab-7 PRE.
Shown is the eye color phenotype of one of the 860-bp iab-7 PRE
mini-white transgenic lines, P24, in different genetic backgrounds. As a
hemizygote in a wild-type background, this insert produces a light
orange eye color phenotype. When the transgene is homozygous, mini-
white expression is repressed, and the eye color of the P24/P24 animals
is almost white. The pho gene is required for the iab-7 PRE-dependent
silencing of mini-white. This can be seen by comparing the eye color of
P24/P24; pho jpho®” animals with that of wild-type P24/P24 animals.

using fragments from the iab-6 to -7 region of BX-C. These
studies showed that an 860-bp iab-7 fragment can establish and
maintain Pc-G-dependent silencing complexes in two different
assays: the pairing-sensitive silencing of mini-white and the
maintenance of parasegmentally restricted patterns of Ubx:
LacZ expression (23). At the proximal end of this 860-bp
fragment is the ~230-bp nuclease-hypersensitive region, HS3.
Since Pc-G-dependent silencing is generally believed to involve
a marked reduction in DNA accessibility, not enhanced acces-
sibility, it is important to determine whether this nucleosome-
free region of chromatin plays any role in the silencing activity
of the iab-7 PRE. Two lines of evidence argue that sequences
in HS3 are critical for silencing activity. First, we have shown
that a small 260-bp fragment spanning HS3 is sufficient to
mediate Pc-G-dependent silencing activity in the mini-white
assay. Second, site-directed mutagenesis experiments indicate
that sequences essential for silencing activity map to HS3.
An attractive hypothesis is that HS3 provides accessible tar-
get sequences for one or more sequence-specific DNA binding
proteins. In this model, these DNA binding proteins would
interact with their cognate sequences in HS3 and nucleate the
assembly of Pc-G silencing complexes by recruiting Pc-G pro-
teins. It seems likely that nucleosome-free regions of chroma-
tin play a similar role in the functioning of other PREs. For
example, the three other known PREs in the Abd-B cis-regu-
latory region, the iab-8 PRE (1), the iab-6 PRE (unpublished
data), and Mcp (8, 28, 37), all map to small DNA fragments
that contain one or more prominent nuclease-hypersensitive
sites. Of these, the Mcp PRE has been characterized in the
most detail. Like the iab-7 PRE, the nuclease-hypersensitive
region of Mcp is essential for its silencing activity. However, it
is not sufficient on its own to direct the assembly of functional
silencing complexes, and adjacent proximal or distal flanking
sequences are required (37). The chromatin structure of the
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Mecp element at ectopic sites has also been examined. (A fiz-
LacZ transgene was used in this analysis. Unfortunately, the
mini-white transgenes are not suitable for examining the chro-
matin structure of the iab-7 PRE fragments.) The transgene
Mcp element has a nuclease-hypersensitive region of approxi-
mately the same size and position as that of the endogenous
element (37).

Our experiments also indicate that two DNA binding pro-
teins, the GAGA factor and Pho, interact with target sites in
HS3 and play a critical role in the silencing activity of the iab-7
PRE. The GAGA factor was initially identified as a potent
activator of transcription in nuclear extracts (4, 53, 54) and has
generally been thought to be involved in the activation rather
than the repression of gene expression. The stimulatory activity
of the GAGA factor appears to be due to its ability to prevent
histones and other repressive proteins from associating with
promoters that have GAGA binding sites (12). In in vitro
chromatin assembly experiments the GAGA factor facilitates
the formation of a nucleosome-free region of chromatin across
the Asp70 promoter (56). In vivo, mutations in the GAGA
binding sites of heat shock promoters reduce promoter acces-
sibility and suppress transcription (18, 21, 33). Further support
for a role in transcriptional activation comes from genetic
studies on mutations in 77/, the gene encoding the GAGA
protein. 77l mutations exhibit genetic interactions with ho-
meotic genes in BX-C that are hallmarks of the #x-G genes,
not the Pc-G genes (14). Additionally, the expression of several
pair rule genes which have GAGA binding sites in their pro-
moters is severely reduced in embryos from 77/ mutant moth-
ers (3).

Although it is now well established that the GAGA factor
promotes the transcription of many different genes, our results
argue that this protein must also play an essential role in the
silencing activity of the iab-7 PRE. Several lines of evidence
support this conclusion. First, the silencing activity of the iab-7
PRE is impaired by 77/ mutations. Second, the GAGA protein
binds to the iab-7 PRE both in vivo (55) and in vitro. Third,
mutations in the GAGA binding sites of the iab-7 PRE elim-
inate GAGA protein binding in nuclear extracts and abrogate
silencing activity in vivo.

What role does the GAGA factor play in the silencing ac-
tivity of the iab-7 PRE? At this point the most plausible hy-
pothesis is that the GAGA factor is required to generate a
nucleosome-free region over HS3. In this view, the function of
the GAGA factor would be analogous to its presumed role in
gene activation, namely, to ensure that sequences in HS3 are
accessible for the assembly of large multicomponent protein
complexes. When the GAGA protein is reduced as in 77/
mutants or when the GAGA binding sites are mutant, the HS3
nucleosome-free region would not be formed properly. As a
consequence, target sequences for the DNA binding proteins
(such as possibly Pho) that are actually responsible for recruit-
ing the large Pc-G silencing complexes to the PRE would be
unavailable. While this hypothesis is consistent with the well-
documented activities of the GAGA factor at promoters both
in vitro and in vivo, we cannot exclude the possibility that
GAGA is not only required for the formation of HS3 but also
plays a more active role in recruiting Pc-G proteins to the iab-7
PRE. Supporting this hypothesis, Horard et al. (26) found that

iab-7 PRE REQUIRES GAGA AND Pho FOR SILENCING ACTIVITY 1317

GAGA binding is required for the in vitro association of Pc-G
complexes with fragments from the bxd PRE.

The other protein that is critical for the silencing activity of
the iab-7 PRE is Pho. Like the GAGA factor, Pho appears to
function by directly interacting with target sequences in HS3.
Several lines of evidence support this conclusion. First, the
silencing activity of the iab-7 PRE in vivo depends on pho
function and is eliminated by mutations in the pho gene. Sec-
ond, the Pho protein binds to two conserved target sequences
in the iab-7 PRE. Third, mutations in these two sites not only
eliminate binding in vitro but also compromise silencing activ-
ity in vivo. Pho has also been directly implicated in the silenc-
ing activity of three other PREs, one from the en gene (6) and
two from BX-C (15, 47). The Pho protein has been shown to
bind to these PREs in vitro, while mutations in either the Pho
binding sites or in the pho gene itself reduce or eliminate
silencing.

Unlike that of 77/, the phenotypes of pho mutants are similar
to those seen for other Pc-G genes (17, 20). Animals homozy-
gous for loss-of-function alleles die at the pupal stage and
exhibit homeotic transformations of legs and abdomen. The
late lethal phase is due to a substantial maternal contribution,
and mutant embryos lacking a maternal source of wild-type
Pho die with severe homeotic transformations and other de-
velopmental defects. The homeotic transformations evident in
mutant animals indicate that pho is likely to have a direct role
in Pc-G silencing. For the iab-7 PRE, our results argue that
silencing activity depends on the binding of the Pho protein to
the two target sites in HS3. Both seem to be important, as
silencing activity is compromised when one is deleted. Whereas
we suppose that the major function of the GAGA factor is to
ensure that sequences in HS3 are accessible to other proteins,
the phenotypic effects of pho mutations suggest that it plays a
more active role in silencing. A plausible hypothesis is that it
functions (perhaps together with as yet unidentified factors) to
recruit components of the silencing machinery to the PRE,
such as Polycomb or Sex Combs Midleg, which do not appear
to interact directly with DNA. Supporting the possibility that
other factors besides Pho play a critical role in recruiting Poly-
comb group complexes, Shimell et al. (47) have found that a
PRE fragment from iab-2, which contains Pho binding sites
and which is able to silence mini-white, is not sufficient to
confer full Pc-G maintenance activity. Moreover, we have
found that mutations in the two Pho binding sites have only a
minor effect on the maintenance activity of the 860-bp iab-7
PRE fragment in an iab-7 Ubx-LacZ assay system (unpublished
data). Clearly it will be of interest to identify these other
factors.
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