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Polycomb group (PcG) proteins function as high
molecular weight complexes that maintain transcrip-
tional repression patterns during embryogenesis. The
vertebrate DNA binding protein and transcriptional
repressor, YY1, shows sequence homology with the
Drosophila PcG protein, pleiohomeotic (PHO). YY1
might therefore be a vertebrate PcG protein. We used
Drosophila embryo and larval/imaginal disc transcrip-
tional repression systems to determine whether YY1
repressed transcription in a manner consistent with
PcG function in vivo. YY1 repressed transcription in
Drosophila, and this repression was stable on a
PcG-responsive promoter, but not on a PcG-non-
responsive promoter. PcG mutants ablated YY1
repression, and YY1 could substitute for PHO in
repressing transcription in wing imaginal discs. YY1
functionally compensated for loss of PHO in pho
mutant ¯ies and partially corrected mutant pheno-
types. Taken together, these results indicate that YY1
functions as a PcG protein. Finally, we found that
YY1, as well as Polycomb, required the co-repressor
protein CtBP for repression in vivo. These results pro-
vide a mechanism for recruitment of vertebrate PcG
complexes to DNA and demonstrate new functions for
YY1.
Keywords: development/Polycomb group/repression/
transcription/YY1

Introduction

Polycomb group (PcG) proteins were ®rst identi®ed in
Drosophila as proteins required to maintain repression of
homeotic genes necessary for anterior±posterior develop-
ment (McKeon and Brock, 1991; Simon et al., 1992).
Homeotic gene expression patterns are initiated early in
development by the maternal and segmentation genes such
as the gap and pair-rule genes (Beinz and Muller, 1995).
The gap and pair-rule genes are expressed transiently, but
homeotic gene expression must be continuous for proper
development. Two additional families of regulatory
proteins are necessary for the maintenance of homeotic
gene expression. These are the trithorax group proteins,
which maintain active homeotic gene expression where

the genes were originally expressed (Kennison, 1993), and
the PcG proteins, which maintain the repressed state where
homeotic gene expression was originally inactive (Paro,
1993; Pirrotta, 1997a,b; Schumacher and Magnuson,
1997). In PcG loss-of-function mutants, homeotic gene
expression is correctly initiated, but as expression of
maternal and segmentation genes decays, the anterior
boundaries of homeotic gene expression are not properly
maintained but are shifted toward the anterior (Duncan and
Lewis, 1982). This results in posterior homeotic trans-
formation where ectopic expression of homeotic genes
takes place.

A number of vertebrate proteins homologous to
Drosophila PcG proteins have been identi®ed. These
mammalian PcG proteins can regulate hox gene expres-
sion and are important for skeletal development and
hematopoiesis (van der Lugt et al., 1994; Akasaka et al.,
1997, 2001; Bel et al., 1998). Like their Drosophila
counterparts, mammalian PcG gene mutants result in
segmentation defects characterized by posterior trans-
formations of various skeletal structures (van der Lugt
et al., 1994; Alkema et al., 1995; Akasaka et al., 1996; Bel
et al., 1998). A subset of mammalian and Drosophila PcG
mutants result in lethality very early in embryogenesis,
indicating important functions in both early and late
developmental stages (van der Lugt et al., 1994; O'Carroll
et al., 2001). Although mammalian and Drosophila PcG
proteins are generally believed to mediate similar func-
tions, only a single mammalian PcG protein has been
shown to function in Drosophila to correct a PcG mutant
phenotype (Muller et al., 1995).

PcG proteins function as high molecular weight com-
plexes that, in Drosophila, bind to regulatory elements
termed Polycomb (Pc) response elements (PRE)
(Pirrotta, 1997a,b, 1999; Satijn and Otte, 1999; Brock
and van Lohuizen, 2001; Francis and Kingston, 2001). No
mammalian PREs have been identi®ed, partly because
hardly any PcG proteins individually bind to DNA
speci®cally. A single Drosophila PcG protein, pleioho-
meotic (PHO), has been shown to bind to DNA speci®cally
(Brown et al., 1998), and therefore may function to
nucleate PcG complexes on DNA. PHO can bind to
speci®c sites in many PRE sequences, and mutation of
either PHO DNA binding site or the PHO protein itself
can reduce PcG silencing (Girton and Jeon, 1994;
Brown et al., 1998; Fritsch et al., 1999; Busturia et al.,
2001; Mishra et al., 2001). PHO can physically interact
with some PcG proteins and can generate ternary
complexes on DNA with the Pc protein (Mohd-Sarip
et al., 2002). Therefore, PHO appears to be an important
component of at least some PcG repression systems.
Interestingly, PHO has sequence homology to the
well-characterized vertebrate transcription repressor,
YY1.

YY1 is a 414 amino acid, multifunctional transcription
factor that can either activate or repress transcription,
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depending upon promoter contextual differences, or spe-
ci®c protein interactions (reviewed in Shrivastava and
Calame, 1994; Shi et al., 1997; Thomas and Seto, 1999).
Some of the domains responsible for YY1 function have
been mapped, with most studies showing that sequences
near the C-terminus (which overlap the YY1 zinc ®ngers)
can repress transcription (Bushmeyer and Atchison, 1998;
Thomas and Seto, 1999). However, some studies indicate
that other sequences are also involved in transcriptional
repression (Yang et al., 1996). YY1 sequences important
for transcriptional activation reside near the N-terminus
(Lee et al., 1994, 1995; Bushmeyer et al., 1995; Austen
et al., 1997). The mechanism by which YY1 activates or
represses transcription is presently unclear. A number of
repression mechanisms have been proposed, but nearly all
of the transcriptional properties of YY1 have been de®ned
by transient expression assays. Although mouse knock-out
studies show that YY1 homozygous mutants die peri-
implantation (Donohoe et al., 1999), little is know about
the function of YY1 in vivo.

The homology between YY1 and Drosophila PHO
resides in two YY1 domains: sequences 298±414 consti-
tuting the four zinc ®ngers (95% identical) and a short
segment between residues 205±226 (82% identity) with no
de®ned function. Although the remainder of YY1 shows no
similarity to PHO, the above homologies suggest that YY1
might be a vertebrate counterpart of PHO and thus function
as a PcG protein. If so, the ®nding would provide a
mechanism for nucleating mammalian PcG complexes to
DNA and assist in the identi®cation of mammalian PREs,
since the YY1 DNA binding site is well characterized
(Hyde-DeRuyscher et al., 1995). Although YY1 has not
been observed as a component of the known PcG
complexes, it can physically interact with the vertebrate
PcG protein, EED (Satijn et al., 2001). As described above,
YY1 knock-out mutants are embryonic lethal (Donohoe
et al., 1999), similar to some PcG genes (Schumacher et al.,
1996; O'Carroll et al., 2001). However, YY1 has never
been tested in an in vivo system that would reveal PcG
function. We therefore set out to address the mechanism of
YY1 transcriptional repression in vivo, using a system that
would enable us to test its potential PcG function.

We show here that YY1 can repress transcription in
developing Drosophila embryos and in larval imaginal
discs. Similar to known PcG proteins, stable repression by
YY1 was observed with a promoter responsive to PcG
function, but not with a PcG-non-responsive promoter.
Using various PcG mutant backgrounds, we found that
YY1 transcriptional repression was dependent on PcG
function. We also found that human YY1 could function-
ally compensate for PHO to correct phenotypic defects in
pho mutant ¯ies. Taken together, our results demonstrate
that YY1 functions like a PcG protein. Finally, we have
identi®ed the co-repressor protein, CtBP, as a possible link
between YY1 and the PcG complex.

Results

YY1 can repress transcription in developing
Drosophila embryos
We wished to study YY1 function in a developing
organism where its role in transcription and potential
PcG function could be assessed in vivo. PcG function is

well studied in Drosophila, and transgenic reporters are
available that are repressed in a PcG-dependent fashion.
Previously, it was shown that chimeric GAL-PcG proteins
can nucleate PcG complexes to DNA and repress
endogenous or ectopic reporter genes by a PcG-dependent
mechanism (Muller, 1995). One known PcG-responsive
construct consists of a LacZ gene under the control of the
Ultrabithorax (Ubx) BXD enhancer and the Ubx promoter
adjacent to GAL4 binding sites (BXDGALUbxLacZ;
abbreviated to BGUZ; see Figure 1B) (Muller, 1995).
This reporter gene is expressed ubiquitously during
embryogenesis but is selectively repressed in a PcG-
dependent fashion by the Pc protein linked to the GAL4
DNA binding domain (Muller, 1995). Therefore, we
prepared transgenic Drosophila lines expressing a
GALYY1 fusion construct driven by the hunchback
promoter (hbGALYY1; Figure 1A). This construct delivers
a pulse of GALYY1 in the anterior ends of developing
Drosophila embryos. We crossed hbGALYY1 transgenic
lines with the BGUZ reporter line and assayed the resulting
embryos for LacZ expression. If GALYY1 can repress the
BGUZ reporter transgene, one would expect LacZ expres-
sion only in the posterior ends where hbGALYY1 is not
expressed (see Figure 1B for strategy). Indeed, two
independent hbGALYY1 transgenic lines repressed LacZ
expression in the embryonic anterior ends (Figure 1C),
while no repression was observed with the GAL DNA
binding domain alone (Figure 1D). The GALYY1 repres-
sion is similar to the repression previously observed with
the hb driven GAL-Pc gene (Muller, 1995).

YY1 repression is stable in vivo
One hallmark of PcG proteins is their ability to generate
stable transcriptional repression. Our results shown in
Figure 1C suggest that stable repression was observed
because repression persisted at the 16 h time point, long
after YY1 expression had ceased. To further de®ne the
stability of YY1 repression, we placed the GALYY1
sequence under control of the heat shock protein 70
(hsp70) promoter (Figure 1A). The hsp70GALYY1 trans-
gene was crossed with the BGUZ reporter line and
embryos were heat shocked at various times after laying.
All embryos were then harvested at 16 h and processed for
LacZ expression. Interestingly, if embryos were heat
shocked at 2 h, transcriptional repression persisted for 16 h
(Figure 2). Likewise, a single heat shock treatment at
either 3 or 4 h resulted in stable repression out to 16 h. Low
levels of LacZ expression were observed when embryos
were heat shocked at either 5 or 6 h, while somewhat
higher expression was observed with the 10 h sample
(Figure 2). Since the BGUZ reporter ®rst becomes active
~4 h post-laying, these levels of expression may be
indicative of the LacZ expressed prior to GALYY1
expression. Even the 10 h heat shock sample showed
less LacZ expression than the untreated control, suggest-
ing that subsequent LacZ expression was repressed after
the appearance of GALYY1. In summary, the above
results indicate that YY1 can stably repress transcription
similar to a PcG protein, and that YY1 appears to repress
previously active genes. This feature of YY1 will be
elaborated on in the Discussion.

We next tested YY1 repression with a distinct LacZ
reporter gene system that does not exhibit stable repression
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dependent upon PcG function. This LacZ transgene
contains GAL4 binding sites adjacent to a synthetic NP6
enhancer and yields expression in late embryonic devel-
opment (Muller, 1995). The GAL4-NP6 reporter does not
respond to stable PcG-dependent repression, but can be
repressed transiently by the GAL-Pc protein if expressed
shortly before GAL4-NP6 expression (Muller, 1995). We
®rst crossed the hbGALYY1 line with the GAL4-NP6
reporter transgene line. Transient GALYY1 expression
from the hunchback promoter did not lead to stable
repression (Figure 3A and B), similar to results with the
GAL-Pc protein (Muller, 1995). To determine whether
GALYY1 could repress GAL4-NP6 expression if GALYY1
was expressed later, we used the hsp70GALYY1 transgene.

Fig. 1. (A) Transgenic constructs. The top construct shows the YY1
cDNA (Park and Atchison, 1991) (black rectangle) under control of the
armadillo promoter at the 5¢ side, with the hsp70 poly(A) site on the 3¢
side (Muller et al., 1995). The same expression plasmid was also used
for making the arm-pho transgene (Brown et al., 1998) (second
construct). The third and fourth constructs show the YY1 cDNA (black
rectangle) fused to the GAL4 DNA binding domain (sequences 1±147,
cross hatched rectangle) (Bushmeyer et al., 1995) under control of
either the hunchback promoter or the hsp70 promoter on the 5¢ side and
the hsp70 poly(A) site on the 3¢ side (Muller, 1995). (B) Strategy for
crosses to determine the repression activity of GALYY1 in transgenic
¯ies. The reporter construct (Muller, 1995) in transgenic ¯y strain
BGUZ is shown at top. The expression pattern of this gene in embryos
(i.e. throughout the embryo) is shown at the right, with the `A'
denoting anterior, and the `P' posterior ends of the embryo. The
GALYY1 effector plasmid expression pattern in the anterior half of
embryos is shown at the right by black shading. Anticipated pattern of
expression of embros from a cross between the reporter and effector
transgenic lines (should repression occur), is shown at the bottom.
LacZ expression will only be observed in the posterior ends of the
embryos. (C) YY1 represses transcription in Drosophila embryos. LacZ
expression in embryos (blue color) is shown in the parental reporter
line (BGUZ; left panel) and embryos derived from crosses with two
independent hbGALYY1 transgenic lines (middle and right panels). In
each cross, LacZ expression is observed to be repressed in the anterior
half of the embryo in either 10 h (middle panel) or 6 h (right panel)
embryos. (D) The GAL DNA binding domain alone does not repress
the BGUZ reporter. LacZ expression is shown in embryos of a cross
between transgene lines hbGAL and BGUZ.

Fig. 2. Transcriptional repression by YY1 is stable. The BGUZ reporter
line was crossed with the hsp70GALYY1 line. Embryos were either
untreated, or heat shocked at 37°C for 45 min at various times, and
embryos were processed for staining 16 h after laying.
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Embryos from GAL4-NP6 3 hsp70GALYY1 crosses were
heat shocked at various times after laying and embryos
were harvested at 18 h. In this case, GALYY1 only
repressed expression if heat shock occurred just prior to
GAL4-NP6 expression (heat shock at 15 h post-laying;
Figure 4). From these experiments we conclude that
GALYY1 expressed prior to 15 h is not able to establish
a stable repression mechanism on the GAL4-NP6 construct.
Apparently, as GALYY1 levels decay after the heat shock,
insuf®cient protein is available to mediate repression.
However, if GALYY1 is expressed just prior to GAL4-NP6
expression, suf®cient GALYY1 is present to repress the
promoter. Therefore, YY1 repression showed speci®city
between the two reporter constructs (BGUZ and GAL4-
NP6). This speci®city is identical to that previously
observed with GAL-Pc when it was assayed with the
same reporter lines (Muller, 1995). Therefore, YY1
behaves in the same fashion as a known PcG protein with
these reporter constructs.

YY1 repression requires PcG function
The YY1 repression patterns observed above were the
same as those obtained previously with a known PcG
protein. Therefore, we asked whether YY1 repression

required PcG function. To determine this, we prepared an
hbGALYY1 BGUZ recombinant chromosome line and
crossed this chromosome into various homozygous PcG
mutant backgrounds. Since PcG proteins function as
complexes, mutation of a single PcG gene often abrogates

Fig. 5. YY1 transcriptional repression requires PcG function and can occur at both embryonic and larval stages. Embryos were collected from the
BGUZ parent (A), the BGUZ hbGALYY1 recombinant chromosome line (B and C), and the recombinant chromosome line in various PcG homozygous
mutant backgrounds (D±J). Embryos were collected at 16 h [or 6 h; (C)] and processed for LacZ staining. Blue staining indicates LacZ expression and
light colored areas indicate repression of LacZ expression by GALYY1. The source of each embryo is shown at the right. (K) GALYY1 can
compensate for PHO in wing imaginal discs. A diagram of the recombinant chromosome containing the hsp70GALYY1 and PBX-PRE-IDE-LacZ
transgenes is shown at the top. This recombinant chromosome was crossed into either a wild type or a pho±/± (pho1/pho1) mutant background and
developing larvae were either untreated or heat shocked twice daily. In the pho±/± crosses 18% of larvae are expected to contain the recombinant
chromosome and the pho1/pho1 alleles to yield derepression of the reporter gene and resultant LacZ expression. As expected, 13 out of 75 larvae
(17%) yielded wing imaginal discs that expressed LacZ (a representative positive wing disc is shown in the middle panel). The half of the larvae from
the same cross that were heat shocked to induce GALYY1 expression showed dramatically different results. Only a single larvae out of 83 (1%)
yielded wing discs staining positive for LacZ (a representative of the 82 negative imaginal discs is shown). The single positive larvae likely represents
an organism in which the two transgenes became unlinked during the second cross due to absence of the balancer chromosome.

Fig. 3. Early embryonic YY1 expression cannot repress the GAL4-NP6
gene. (A) Strategy for potential repression using the GAL4-NP6 repor-
ter line. A synthetic NP6 enhancer and minimal heat shock promoter
yields the expression pattern shown at the right. Anticipated potential
repression with hbGALYY1 is shown at the bottom. (B) Transient YY1
expression from the hb promoter does not lead to repression of the
GAL4-NP6 reporter. Similar staining patterns were observed either in
the absence (left) or presence (right) of hbGALYY1.

Fig. 4. YY1 expressed late in embryonic development can repress
GAL4-NP6 expression. Embryos from hsp70GALYY1 X GAL4-NP6
crosses were heat shocked at various times, harvested at 18 h after
laying, then processed for LacZ staining. Only YY1 induced at 15 h
was able to strongly repress GAL4-NP6 activity.
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PcG-dependent repression (Jurgens, 1985; Muller, 1995).
Strikingly, homozygous mutant Polycomb (Pc),
Polycomb-like (Pcl) or Sex combs on midleg (Scm)
backgrounds led to complete derepression of YY1 func-
tion (Figure 5D±F) compared with controls (Figure 5A±C).
Even heterozygous Pc and Pcl mutants abolished YY1
repression (data not shown). Homozygous mutant Sex
combs extra (Sce), Additional sex combs (Asx) or
Suppressor of zeste [Su(Z)2] plus Posterior sex combs
(Psc) backgrounds yielded partial derepression of YY1
activity, perhaps due to maternal effects (Figure 5G±I).
Therefore, YY1 repression in vivo required PcG function.

Two distinct PcG complexes have been identi®ed. The
®rst complex, termed the PRC1 complex, contains Pc,
Scm, Polyhomeotic (Ph) and Psc proteins (Shao et al.,
1999). This complex is clearly necessary for YY1
repression since Pc and Scm mutants abolished YY1
function (Figure 5D and F). The second complex contains
Esc and E(z) (Jones et al., 1998; Tie et al., 1998, 2001; Ng
et al., 2000). As mentioned above, YY1 physically
interacts with EED, the vertebrate homolog of
Drosophila Esc (Satijn et al., 2001). Therefore, we tested
the necessity of Esc for YY1 repression in vivo.
Homozygous mutation of the esc gene caused partial
loss of YY1 repression (Figure 5J). Thus, both complexes
are needed for maximal YY1 repression, although muta-
tions of proteins in the PRC1 complex cause more
dramatic loss of YY1 repression.

YY1 can repress transcription in larval
imaginal discs
The above results demonstrated that GALYY1 can repress
transcription in a PcG-dependent fashion in embryos
through synthetic GAL4 DNA binding sites. We wanted to
test YY1 function at a later developmental stage using a
reporter with native regulatory elements. Therefore, we
obtained the PBX-PRE-IDE-LacZ reporter developed by
Fritsch et al. (1999), which contains the PBX and IDE
enhancers ¯anking the Ubx PRED element (see Figure 5K).
In the absence of the PRED sequence, the IDE enhancer
drives LacZ expression in larval wing imaginal discs,
while in the presence of the PRED sequence expression is
repressed. However, in a pho1/pho1 mutant background,
PHO no longer binds to the six PHO binding sites in the
PRE and repression is lost, resulting in LacZ expression
(Fritsch et al., 1999). Since YY1 can bind to PHO binding
sites (Brown et al., 1998), we sought to determine whether

YY1 could repress transcription in third instar larvae
through a native PRE sequence.

We prepared a ¯y line with a recombinant chromosome
containing the PBX-PRE-IDE-LacZ reporter and our
hsp70GALYY1 transgene. This recombinant chromosome
was crossed into a pho1/pho1 mutant background and
developing larvae were either untreated, or heat shocked
twice daily. Third instar larval wing discs were then
isolated and processed for LacZ expression. As expected,
wing discs for wild-type larvae showed no LacZ expres-
sion (Figure 5K, bottom left panel). In a pho1/pho1

background PRE activity was lost, resulting in activation
of the LacZ gene by the IDE enhancer (Figure 5K, middle
panel). However, LacZ expression was repressed in wing
discs isolated from larvae that were heat shocked to
express GALYY1 (Figure 5K, bottom right panel).
Therefore, GALYY1 can repress transcription through a
native PRE sequence at late developmental stages.

YY1 can correct phenotypic defects in pho
mutant ¯ies
Our results suggest that YY1 is a vertebrate PcG protein. If
true, YY1 might function in ¯y development to compen-
sate for loss of PHO function in a pho mutant background.
Drosophila mutants bearing the pho1/phocv alleles show a
number of homeotic defects including partial transform-
ation of antennal structures into legs, partial transform-
ation of mesothoracic and methathoracic legs into
prothoracic legs, and partial transformation of abdominal
segments into more posterior abdominal segments (Girton
and Jeon, 1994). We found that the Drosophila pho cDNA
driven by the ubiquitously expressed armadillo promoter
(arm-pho; Figure 1A) nearly completely corrected seg-
mentation, and antennal and leg defects (Figure 6A±C;
Table I). Only ectopic pigmentation on tergite 4 and
occasional extra sex combs or antennal defects distin-
guished these ¯ies from wild type.

We tested YY1 rescue of the pho mutant phenotype
using the same arm promoter system (arm-YY1;
Figure 1A), but initially found no correction. However,
these transgenes failed to express detectable YY1 protein
(data not shown). Therefore, we used the inducible hsp70
promoter to drive expression of a GALYY1 chimera
(hsp70GALYY1; Figure 1). Transgenic embryos bearing
the hsp70GALYY1 transgene produced GALYY1 protein
after heat shock (Figure 6D). This transgenic construct was
crossed into a pho1/phocv mutant background and devel-

Fig. 6. GALYY1 and PHO can partially correct phenotypic defects in pho1/phocv mutant ¯ies. (A) PHO and YY1 partially correct segmentation
defects. Wild-type, pho1/phocv mutant, arm-pho-bearing and hsp70GALYY1-bearing pho1/phocv ¯ies are shown. Wild-type male ¯ies are darkly
pigmented on the tergites of the last two posterior segments (segments 5 and 6, left panel). Mutant ¯ies show posterior transformation of the
segmentation pattern that results in pigmentation on tergite 4 (and sometimes tergites 3 and 2; see arrows pointing to extra pigment). In addition,
males lack segment A7 (the posterior-most segment) and transformation of A6 towards A7 can be detected as a smaller A6 which causes the male
genitalia to protrude more than in wild-type ¯ies (see mutant panel, smaller A6). In pho1/phocv ¯ies bearing the arm-pho transgene, the posterior-most
segment is wild type, although pigmentation is still abnormal on tergite number 4 (right panel). In pho1/phocv ¯ies bearing the hsp70GALYY1 trans-
gene, segmentation pattern is almost completely normal, although pigmentation is not complete. (B) The arm-pho and hsp70GALYY1 transgenes can
rescue antenna development. Head mount photographs of wild-type, pho1/phocv mutant, arm-pho-corrected and hsp70GALYY1-corrected ¯ies are
shown. The arrows point to arista structures. The arista (an appendage of the antenna) is normally bushy and branch like. In pho1/phocv mutants the
aristae are either absent, or are poorly developed and clumped (middle panel). In 85±90% of pho1/phocv mutant ¯ies bearing the arm-pho transgene
and 95% of ¯ies bearing the hsp70GALYY1 transgene, the aristae were of normal appearance, indicating substantial correction of the mutant phenotype
(right panel). (C) The arm-pho and hsp70GALYY1 transgenes can completely correct the sex comb and claw defects found in pho1/phocv mutant ¯ies.
Leg mounts are shown of wild-type, pho1/phocv mutant, arm-pho-corrected pho1/phocv mutant and hsp70GALYY1-corrected pho1/phocv mutant ¯ies.
Arrows point to sex comb and claw structures. (D) GALYY1 protein is expressed after heat shock of hspGALYY1 transgenic embryos. Embryos from
hsp70GALYY1 ¯ies were either untreated or heat shocked for 45 min at 37°C. Western blots of lysates were assayed with either GAL4 or YY1 speci®c
antibodies. The arrow points to the induced GALYY1 band.
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oping ¯ies were heat shocked twice daily. The results on
phenotypic correction were dramatic. GALYY1 expres-
sion nearly completely corrected the antennal and sex
comb defects in pho1/phocv mutant ¯ies (Figures 6A and
3B; Table I). Segmentation was largely normal, although
pigmentation on tergite 5 was not always complete.
Correction of claw structures was variable ranging from
complete to partial correction (Table I). Flies with partial
correction (three to four claws rather than six) appeared
normal, but were clumsy due to inability to grasp vial
walls ef®ciently.

We also tested the ability of GALYY1 to rescue the
more severe phenotype of pho1/pho1 mutants. Homo-
zygous pho1/pho1 mutants are pupal lethal and fail to
eclose, demonstrating a much earlier lethal phenotype that
the pho1/phocv mutant combination. GALYY1 expression
partially corrected the pho1/pho1 phenotype yielding ¯ies
that survived to adulthood, but which died shortly
thereafter.

The above results indicate that mammalian YY1 can
replace a mutant Drosophila PcG protein to phenotypi-
cally rescue pho mutant ¯ies. Coupled with the above
PcG-dependent transcriptional repression data in embryos
and larvae in vivo, we conclude that YY1 is very likely a
vertebrate PcG protein.

YY1 repression in vivo requires co-repressor
protein CtBP
We next used the embryo repression assay system to
identify other proteins needed for YY1 repression in vivo.
YY1 function can be altered in transient expression assays
by interaction with either histone deacetylase (HDAC), or
histone acetyltransferase (HAT) proteins, and its function
has been proposed to involve chromatin remodeling (Lee
et al., 1995; Yang et al., 1996; Thomas and Seto, 1999;
Yao et al., 2001). However, we found that mutation of
HDAC (rpd3), HAT (dCBP) or chromatin remodeling
(kismet) genes had no effect on YY1 repression in vivo
(data not shown). We then addressed whether either of two
well-characterized co-repressor proteins in Drosophila,
CtBP and Groucho, showed an interaction. Whereas
Groucho mutants had little effect, CtBP was absolutely
essential for YY1 repression (Figure 7A). Even hetero-
zygous loss of CtBP activity completely abolished YY1
repression (Figure 7A).

The striking genetic interaction between CtBP function
and YY1 activity led us to investigate whether there was a
physical interaction between CtBP and YY1. Indeed, GST
pull-down experiments revealed binding between CtBP
and YY1 (Figure 7B). CtBP can also be co-immuno-
precipitated with YY1 from transfected cells (Y.Shi,

Fig. 7. (A) Heterozygous CtBP mutants completely abolished YY1 repression. The GBUZ hbGALYY1 recombinant line was crossed into the either
ctbp or groucho mutant backgrounds. Heterozgous CtBP mutants completely abolished YY1 repression, whereas Groucho mutants showed little effect.
(B) YY1 physically interacts with CtBP. GST pull-down experiments were performed with recombinant YY1 prepared by in vitro translation, and
GST±CtBP prepared in bacteria. The arrow indicates full-length YY1. (C) Heterozygous CtBP mutation abolishes Pc repression. The hbGAL-Pc
BGUZ recombinant chromosome was crossed into a heterozygous ctbp mutant background, resulting in loss of Pc repression. (D) Potential mechanism
linking YY1, CtBP and the PcG complex. In this model, YY1 binds a homodimer of CtBP that interacts with the PcG complex to recruit the complex
to PRE sequences, thereby repressing transcription. Arrows show potential dual functions of CtBP in recruiting PcG proteins and repressing
transcription.
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personal communication). CtBP has previously been
shown to interact with Pc in vivo (Sewalt et al., 1999).
Therefore, the in vivo and in vitro interaction described
here of CtBP with YY1 suggests a potential mechanism by
which these proteins might complex with the PcG proteins
in vivo to mediate repression. For instance, CtBP might
tether the PcG complex to YY1 that is bound to DNA
(Figure 7D). Alternatively, CtBP might play a direct role
in the PcG repression mechanism. These two functions are
not necessarily mutually exclusive. If CtBP plays a
tethering role only, it would not be expected to in¯uence
repression by GAL-Pc, because GAL-Pc is already able to
directly bind DNA through the GAL4 DNA binding
domain. Therefore, we tested the effect of ctbp mutation
on GAL-Pc repression of the BGUZ reporter.
Interestingly, ctbp mutation abolished GAL-Pc repression
of BGUZ activity (Figure 7C), indicating a function for
CtBP distinct from merely tethering the PcG complex to
YY1 bound to DNA.

Discussion

Our results indicate that YY1 is a vertebrate PcG protein.
YY1 can generate stable transcriptional repression via a
PcG-dependent mechanism in vivo, and can functionally
compensate for the PcG protein, PHO, in pho mutant ¯ies.
Most biochemical studies have not revealed a physical
association of YY1 with the known PcG complexes
(reviewed in Satijn and Otte, 1999; Brock and van
Lohuizen, 2001; Francis and Kingston, 2001), although
substoichiometric levels are observed in human Pc com-
plexes (Levine et al., 2002), and some associations have
been documented for Drosophila PHO (Poux et al., 2001b;
Mohd-Sarip et al., 2002). The transient nature of the
Drosophila associations (Poux et al., 2001b) suggests that
an intermediary protein exists. Here we demonstrate
genetic and physical associations between YY1 and
CtBP, which link YY1 to PcG function and provide a
mechanism for the recruitment of vertebrate PcG com-
plexes to DNA. Since CtBP is able to homodimerize
(Sewalt et al., 1999), it may interact with Pc by one dimer
partner and with YY1 by the other dimer partner
(Figure 7D). These interactions could de®ne the mechan-
ism by which YY1 functions to repress transcription in
both a PcG- and CtBP-dependent fashion. On the other
hand, our CtBP and Pc experiments (Figure 7C) indicate
that CtBP plays a more direct role in PcG repression. Thus,
CtBP may perform more than one function in the
repression mechanism.

The PcG function of YY1 that we identify here extends
a list of YY1 functions including transcriptional activation

and repression via apparently non-PcG pathways. YY1
binds to numerous promoters and can mediate repression
by a variety of mechanisms including binding site
competition, DNA bending and interference with activator
interactions with the basal transcription machinery
(Gualberto et al., 1992; Nateson and Gilman, 1993; Lu
et al., 1994; Zhou et al., 1995; Ye et al., 1996; Galvin and
Shi, 1997; Shi et al., 1997). YY1 repression can be
in¯uenced by interactions with proteins such as adenoviral
E1A and the co-activator p300 (Shi et al., 1991; Lee et al.,
1995). YY1 can also interact with histone deacetylase
proteins (Yao et al., 2001) and is speculated to play a role
in chromatin remodeling (Thomas and Seto, 1999). Thus,
the PcG function of YY1 identi®ed here may be one of
numerous functions mediated by this complex transcrip-
tion factor. It may not be surprising that YY1 carries out
multiple functions, because diverse functions of other PcG
proteins are now being elucidated. For example, the PcG
proteins Bmi-1 and Mel-18 play roles in controlling the
cell cycle and their mutation leads to proliferative defects
that impact the hematopoietic system (van der Lugt et al.,
1994; Akasaka et al., 1997; Jacobs et al., 1999; Lessard
et al., 1999). Therefore, PcG proteins play roles in
multiple processes in addition to body axis formation.

We observed stable transcriptional repression by YY1,
but also found that YY1 appeared to repress expression of
a previously active gene (see Figure 2, 10 h heat shock).
Generally, PcG proteins are believed to be maintenance
repressors that do not initiate de novo repression.
However, YY1 has the feature that it can repress de novo
and may be able to repress transcription by multiple
mechanisms that include PcG-dependent and -independent
mechanisms. This is in agreement with the multiple YY1
repression mechanisms that have already been identi®ed
(Shi et al., 1997; Thomas and Seto, 1999).

The peri-implantation lethal phenotype of YY1 knock-
out mice (Donohoe et al., 1999) is similar to the phenotype
of eed±/± mice. In contrast, pho mutant Drosophila show a
phenotype much later in development, potentially indicat-
ing some differences between YY1 and PHO. Our
phenotypic rescue experiments demonstrate considerable
functional similarity between these proteins, but 75% of
vertebrate YY1 and Drosophila PHO protein sequences
contain no discernable homology, suggesting some dis-
tinct functions. PHO appears insuf®cient for repression at
early embryonic stages in Drosophila, since a LexA-Pho
chimeric protein is incapable of repressing transcription of
a LexA-Ubx-LacZ reporter (Poux et al., 2001a), and a
GAL-Pho chimeric protein is incapable of repressing the
identical BGUZ construct we used here in embryos
(Fritsch, 2002). Thus, unlike YY1, PHO does not repress

Table I. Correction of pho mutant ¯ies by the arm-pho and hsp70GALYY1 transgenes

Body structure Wild type pho1/phocv mutants arm-pho corrected hsp70GALYY1 corrected

Arista and antenna (% bushy) 100 0a 85±90 95
Average no. sex combs per ¯yb 2 6 0 5.1 6 1.3 2.7 6 1.4 (72% = 2.0) 2 6 0
Leg claws per ¯yb 6 6 0 0.07 6 0.4 6 6 0 4.4 6 1.6

Data were obtained using arm-pho transgene line 27a (18 ¯ies), hsp70GALYY1 line 44H (19 ¯ies) and pho mutant alleles pho1/phocv (28 ¯ies).
aOne hundred percent missing or clumped.
bNumbers represent averages 6 SD of the mean.
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transcription in early embryos. However, PHO is neces-
sary for repression at later stages of development, since
mutating PHO binding sites in the Ubx PRE results in loss
of silencing in wing imaginal discs (Fritsch et al., 1999).
Here we show that YY1 can clearly repress transcription at
both early embryonic stages, as well as at later larval
stages in wing imaginal discs. The early function of YY1 is
consistent with its early lethal phenotype in YY1 mutant
mice (Donohoe et al., 1999). This repression indicates that
YY1 can mediate embryonic functions lacking in the PHO
protein. Speci®cally, the association of YY1 with CtBP
may provide a bridging function not mediated by PHO.
Most proteins that bind to CtBP contain a canonical
PXDLS motif (reviewed in Chinnadurai, 2002). While
YY1 contains a similar sequence, this motif is absent from
PHO.

The precise role of CtBP in PcG repression is unclear.
CtBP mutants in ¯ies show segmentation defects
(Poortinga et al., 1998), but homeotic derepression has
not been observed. Similarly, mouse ctbp1 and ctbp2 null
mutants show a variety of defects including skeletal
abnormalities (Hildebrand and Soriano, 2002), but these
defects do not precisely match the skeletal posterior
transformations seen with mammalian PcG mutants
(Akasaka et al., 1996; Schumacher et al., 1996; Bel
et al., 1998). It is quite possible that YY1 and CtBP are
necessary for a subset of PcG functions. Similarly, it has
been proposed that multiple distinct PcG complexes exist
to regulate distinct genes (Satijn and Otte, 1999). An
additional potential link between YY1 and the PcG
complex is the protein RYBP. Similar to CtBP, RYBP
can physically interact with both YY1 and PcG proteins
(Garcia et al., 1999). The absence of a corresponding
mutant in Drosophila precluded our testing the necessity
of RYBP for YY1 repression.

Our demonstration that YY1 functions as a PcG protein
predicts that vertebrate PREs should contain YY1 binding
sites. YY1/PHO binding sites (CGCCATNTT) are indeed
present within many Drosophila PRE sequences (Mihaly
et al., 1998), and are required for function (Fritsch et al.,
1999). Since the YY1 binding motif is well characterized
(Hyde-DeRuyscher et al., 1995), our results should
facilitate the identi®cation of vertebrate PRE regions,
which thus far have proved elusive. Our experiments
linking YY1 to PcG function reveal mechanistic features
of YY1-mediated transcriptional repression, with impli-
cations for PcG activity in mammals. It will be very
interesting in the future to determine whether YY1
heterozygous mice augment mutant phenotypes in PcG
mutant heterozyotes.

Materials and methods

Transgene construction
DNA constructs (also bearing the ry+ gene as a selectable marker) were
co-injected with a transposase expressing plasmid (phsp) into the
posterior ends of dechorionated 30 min-old embryos from the ry506
strain to generate transgenics (Rubin and Spradling, 1982). Transgenes
were mapped with respect to chromosome insertion and were stabilized
by crosses with appropriate balancer lines.

Drosophila lines and crosses
The BGUZ, GAL4-NP6, hbGAL-Pc BGUZ and hbGAL transgene lines
were provided by J.Mueller (Muller, 1995). PcG mutant lines included

¯ies with the following mutant alleles: PcXT, PclD5, Sce1, AsxXF23,
Su(Z)2

1.68, Esc6 and ScmD1. Co-repressor mutants included CtBP03464,
GrouchoBX22 and GrouchoE48. To generate a line containing a
recombinant hbGALYY1 BGUZ chromosome, homozygous hbGALYY1
females were crossed with BGUZ males. The resulting females were
crossed with ry506 males to determine recombination frequency.
Individual male progeny were then crossed with an FM7c balancer strain
and the males were subsequently individually genotyped by PCR for the
two transgenes. Females from the recombinant hbGALYY1 BGUZ line
were crossed with males of each PcG mutant, and resulting males were
crossed with virgin females from the balanced PcG mutant stocks.
Embryos were collected from grape plates after either 6, 10 or 16 h. For
correction of the pho1/phocv or pho1/pho1 phenotypes with hspGALYY1,
organisms bearing the appropriate genes were heat shocked for 45 min at
37°C every 12 h throughout development. To generate a line containing
a recombinant hsp70GALYY1 PBX-PRE-IDE-LacZ chromosome,
hsp70GALYY1/CyO males were crossed with homozygous PBX-PRE-
IDE-LacZ females. Resulting females were crossed with ry506 males to
determine recombination frequency. Individual male progeny were
crossed with a BcE1p/CyO balancer line and males were subsequently
individually genotyped by PCR for the two transgenes. Balanced females
from the recombinant chromosome line were crossed with pho1/CID
males and resulting Cyo± CID± males and virgin females were crossed to
generate larvae with the recombinant chromosome in a pho1/pho1

background.

LacZ staining of embryos and imaginal discs
Embryos were dechorionated with chlorox, ®xed for 15 min in phosphate-
buffered saline (PBS) containing 4% formaldehyde, then incubated at
37°C in 0.01 M NaPO4 pH 7.2, 0.15 M NaCl, 0.1 mM MgCl2, 11 mM
K4Fe(CN)6, 11 mM K4Fe(CN)6, 0.03% Triton X-100 and 0.1% X-gal
(O'Kane and Gehring, 1987). Imaginal discs from larvae were dissected
and ®xed for 30 min in PBS containing 1% glutaraldehyde, washed four
times in 100 mM Tris pH 7.5, 130 mM NaCl, 3 mM KCl, 5 mM sodium
azide and 1 mM EGTA, and incubated in X-gal solution as described
above.

GST pull-down assays
Reactions consisted of GST fusion protein, or an equivalent amount of
GST protein alone, incubated with 5±15 ml of 35S-labeled YY1 prepared
by in vitro transcription and translation in a 100 ml reaction containing
20 mM Tris±HCl pH 8, 100 mM NaCl, 1 mM EDTA and 0.5% NP-40
(NETN). Samples were rocked for 2 h at 4°C and washed at least ®ve
times with 450 ml NETN. Samples were electrophoresed on 10%
SDS±polyacrylamide gels for 1 h at 160 V, dried and subjected to
autoradiography.

Western blots
Embryos were collected for 2 h on grape plates, cured for 1 h at room
temperature, and then either left untreated or heated for 45 min at 37°C.
Embryos were harvested, dechorionated with chlorox and then lysed in
SDS sample buffer. After boiling for 5 min, samples were fractionated by
SDS±PAGE and then subjected to the western blot procedure with either
anti-GAL4 (Santa Cruz Biotechnologies) or anti-YY1 antibodies
(Geneka).
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