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pygopus encodes a nuclear protein essential for Wingless/Wnt signaling
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SUMMARY

The Wingless (Wg)/Wnt signal transduction pathway with Arm in vivo and possesses a transcription activation
regulates many developmental processes through a domain(s). Finally, we have isolated Zenopushomolog of
complex of Armadillo(Arm)/B-catenin and the HMG-box  pygo (Xpyg9g. Depletion of maternal Xpygo by antisense
transcription factors of the Tcf family. We report the  deoxyoligonucleotides leads to ventralized embryonic
identification of a new component, Pygopus (Pygo), that defects and a reduction of the expression of Wnt target
plays an essential role in the Wg/Wnt signal transduction genes. Together, these findings demonstrate that Pygo is an
pathway. We show that Wg signaling is diminished during essential component in the Wg/Wnt signal transduction
embryogenesis and imaginal disc development in the pathway and is likely to act as a transcription co-activator
absence ofpygo activity. Pygo acts downstream or in required for the nuclear function of Arm/(-catenin.
parallel with Arm to regulate the nuclear function of Arm

protein. pygoencodes a novel and evolutionarily conserved

nuclear protein bearing a PHD finger that is essential for Key words:Drosophila Xenopus, pygopusyingless, Wnt,

its activity. We further show that Pygo can form a complex  Signaling

INTRODUCTION Drosophilaor Lef-1/TCF (Behrens et al., 1996; Molenaar et al.,
1996), activating expression of Wg/Wnt target genes.
Wingless (Wg)/Wnt proteins are secreted glycoproteins that Although the importance of the Pan/Arm and Befatenin
have diverse and profound roles in animal development. Thegomplexes in the activation of Wg/Wnt target genes is well
exert their biological roles by activating a conserved signa¢stablished, their mechanism(s) of action is poorly understood.
transduction pathway to regulate the expression of downstreafrm/B-catenin is composed of 12 imperfect repeats (Arm
target genes (reviewed by Wodarz and Nusse, 1998). Genet&peats) flanked by unique N- and C-terminal domains (Peifer
and biochemical studies in bofbrosophila and vertebrates et al., 1994a; Peifer et al., 1992). Afwwatenin interacts with
have identified many conserved components of this pathway. Yarious molecules that regulate its nuclear activity. The central
key effector in the pathway BrosophilaArmadillo (Arm) and ~ Arm repeats in Arnfi-catenin can interact with Pan/Tcf. In the
its vertebrate homolo@-catenin. In the absence of Wg/Wnt absence of Wg/Wnt signaling, Pan/Tcf functions as a repressor
signaling, the cytosolic Arrfcatenin is maintained at low to suppress the expression of many Wg/Wnt target genes.
levels through a degradation complex consisting of thé&tudies inDrosophilaand Xenopusndicate that repression is
serine/threonine kinase Shaggy/Zeste-white 3 (Siegfried et amediated by Groucho (Gro) co-repressors (Cavallo et al., 1998;
1992) or its vertebrate homolog GSR-Grost et al., 1996), the Roose et al., 1998) and Osa-containing Brahma chromatin
scaffold protein Axin (Hamada et al., 1999; Zeng et al., 1997yemodeling complexes (Collins and Treisman, 2000). In this
the tumor suppressor gene product adenomatous polyposis a@gard, Wg/Wnt signaling permits accumulated A4zétenin
[APC (McCartney et al., 1999; Rubinfeld et al., 1996)] andto translocate to the nucleus to relieve the repression mediated
CKla (Liu et al., 2002). Binding of Wg/Wnt to cell surface by Gro and Osa/Brm complexes. Afi¥@atenin can also
receptors of the Frizzled (Bhanot et al., 1996; Yang-Snyder étteract with various factors that positively regulate its nuclear
al., 1996) and LRP families (Pinson et al., 2000; Tamai et alactivity. It has been proposed that the C-terminal region of
2000; Wehrli et al., 2000), as well as to cell-surfaceArm/B-catenin serves as a transcription activation domain. This
proteoglycans (Lin and Perrimon, 2000), leads to amomain can function as a transcriptional activator when fused
accumulation of Arnfl-catenin (Larabell et al., 1997; Peifer et to a DNA-binding domain (van de Wetering et al., 1997), and
al., 1994b; Riggleman et al., 1990). The accumulated Bxrm/ a mutant Arm lacking this domain is defective in Wg signaling
catenin translocates into the nucleus where it binds to the HMGEox et al., 1999; van de Wetering et al., 1997PDiosophila,
box transcription factor protein Pangolin(Pan)/dTcf (Brunner ethe zinc-finger protein Teashirt can bind to the C-terminal
al.,, 1997; Riese et al., 1997; van de Wetering et al., 1997) momain of Arm and acts as a regionalized factor in the trunk of
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the embryo, which is required for the specification of the latéhem to the stocks of genotype vg Q1206-Gal4, UAS-flp; FRF
Wg-signaling events (Gallet et al., 1999). However, othefTM3 or with w; vg Q1206-Gal4 UAS-flp; FRT?E /TM3.
experiments suggest that Afrtatenin can recruit the Approximately 100,000 F1 flies were screened, leading to the
transcriptional machinery via multiple contact sites. Fordentification of fivepygoalleles _ _
example, it has been reported fatatenin can interact directly ~__ The locations opygomutations were determined on the right arm

in vitro with the TATA-binding protein (TBP) (Hecht et al., of third chromosome as described above. These alleles were then

1999) through both its N-terminal and Arm repeat regions. It ié\;ouped by a complementation test. In an epistasis experiment as

h - ) . escribed in Fig. 3, we determined tipggowas located neaaxin.
also reported that Pontin52, a protein that interacts with TBRye further mapped theygolocus within 0.6 cytological units to the

can bind to N-terminal Arm repeats (Bauer et al., 1998). TakeRft or one unit to the right adixin by a standard genetic method. In
together, these results suggest that regulation of gene expressigis region, we identified a total of 30 genes that are putative nuclear
by Arm/B-catenin is likely to be mediated by multiple protein proteins. Two of them have P-element insertions. In a complementation
complexes. Identification of molecule(s) required for the in vivdest, EP(3)1076 was identified as a candidate for a gene encoding Pygo.
function of Armp-catenin will be essential to elucidate the To identify molecular lesions associated wiflgoalleles, genomic

molecular mechanism(s) by which the Afavatenin-Tcf DNA was prepared from larvae homozygous fiygo alleles and
complex activates Wg/Wnt target gene expression. amplified by PCR using synthetic oligonucleotide primers against the

In a genetic screen to identify genes involved in Wg{)ygogene. Mutations were identified by sequencing the PCR products

. ; : n, both directions.
signaling, we have isolated a novel gene that was named

pygopus(pygd. We show that loss gdygofunction leads t0  Generation of clones for phenotypic analysis

defects associated with Wg signaling in both embryogenesjsmales with germline clones were generated using the autosomal
and imaginal disc development. Pygo acts downstream or iRLP-DFS’ technique (Chou and Perrimon, 1996) as described
parallel with Arm to regulate the nuclear function of Arm (Hacker et al., 1997). Imaginal disc clonepgfo, axin or pygo-axin
protein. Consistent with our genetic analysis, we have showmnutant cells marked by the absence ofutbiguitin-GFPmarker gene
that pygo encodes a novel nuclear protein containing a PHDvere generated using the FLP/FRT method (Xu and Rubin, 1993) as
(plant homology domain) finger, a domain shared by manfpllows: y w hsflzpB; FR%2B ubiquitin-GFP /TM6Cfemales were
proteins that play roles in chromatin remodeling andossed WitFRT®28 pygo (or axin or pygo-axir) /TM6B. Lar"aez‘)f
transcription co-activation. The PHD finger of Pygo is cruciale 9enotyps w hsfip; FR¥2% pygd(or axin or pygo-axin) / FRT®2E

for its functi int tation in the PHD fi di tublqumn-GFPwer_e heat shocked for3hoqrs at 38°C during the first
or its function, as a point mutation in the FHD Tinger diISTUptSyqiar or second instar larval stage. Imaginal discs from non-Tubby
Wg signaling. We provide further biochemical evidence toirq instar larvae were dissected and stained.

demonstrate that Pygo can form a complex with Arm in vivo

and contains a transcription activation domain(s). Finally, wéntibody staining and in situ hybridization

have isolated &enopushomolog ofpygo (XpygQ. Depletion  Fixation of embryos and imaginal discs and antibody staining
of maternalXpygoby antisense deoxyoligonucleotides leads taprocedures were performed as described (Hacker et al., 1997).
ventralized embryonic defects and a reduction in Wnt targéntibody dilutions were as follows: rabbit anti-Wg at 1:500 (a gift
gene expression. Together, our results provide both genetic afi@m S. Cumberledge), rabbit anti-Labial at 1:200 (a gift from T.
molecular evidence for a role of Pygo in Wnt/Wg signaling. Ouf@ufman), rabbit anti-GFP (Clontech) at 1:500, monoclonal anti-DIl
independent findings in this work are consistent with and furthe}® 1:200 (@ gift from I. Duncan), monoclonal anti-Engrailed 4D9 at

d th t studies by oth ip K :500 (lowa Developmental Studies Hybridoma Bank; IDSHB),
advance the recent studies by other groups of Pygo ( rampsS fbnoclonal anti-Ac at 1:1 (IDSHB), monoclonal anti-Even-skipped

al.,, 2002; Parker et al., 2002; Thompson et al., 2002). 2B8 at 1:10 (IDSHB) and monoclonal anti-Arm N27A1 at 1:5
(IDSHB). Fluorescent-conjugated secondary antibodies are from
Jackson ImmunoResearch Laboratories.

MATERIALS AND METHODS In situ hybridization of whole-mount embryos was carried out with

) ) ) o a digoxigenin-labeled RNA probe as described previously (Héacker et
Genetic screen, mapping and identification of pygo al., 1997).
mutations

We devised a genetic screen that used the ‘direct mosaic’ systeplecular cloning

(Duffy et al., 1998) by using the Gal4/UAS system (Brand andA Drosophila pygocDNA containing the entire coding region was
Perrimon, 1993) to control the expression of the yeast recombinasehtained from a 0- to 4-hour-olRrosophilaembryonic cDNA library
Flipase (FIp). A wing-specific Gal4 lineg Q1206-Gal4Simmonds  (Brown and Kafatos, 1988) by PCR using synthetic oligonucleotide
et al., 1995) was used to drive high level expression of Flp in thprimers. To isolatXenopus pygeDNA, we designed RACE PCR
dorsoventral compartment boundary of the wing imaginal disc. Maleprimers based on the sequence information in the EST database
of the genotypev; FRT2A FRT82B e /TM3were mutagenized with (GenBank at NCBI, Accession Number, BF427056), encoding the
EMS and crossed to females of the genotypeg Q1206-Gal4 UAS- putative Xenopus Pygo protein. These primers were used in
flp; FRT2A FRT82B/TM3. F flies of the genotypev; vg Q1206-Gal4  conjunction with the Clontech SMART RACE kit, which generated a
UAS-flp/+; FRPAFRT82Be /| FRPAFRT82B express Flp primarily in 5 and a 3 RACE fragment, which were shown to overlap and to
wing imaginal cells undevg Q1206-Gal4control. This Flp activity contain a complete open reading frame by sequence analysis
mediates a high frequency of mitotic recombination, generatingGenBank Accession Number, AF521655).

clones of cells homozygous for the mutageni&Rii?A FRT82B e A Myc-tagged Pygo construct was made by cloning the coding
chromosome. The wings of the resulting F1 flies were screened foegion intoNcd-EcaRl site in frame with five Myc-epitope tags in
wing notches and ectopic margin bristles. Thenfale flies with  pCS2+MT vector (Rupp et al., 1994). A GAL4 DB-Pygo construct
interesting wing phenotypes were further crossed with females of thgas made by cloning the coding region of Pygo from amino acids 105
genotypew, Dr/TM3. The resulting Fflies with genotype oFRT2A to 815 intoEcaRI-Xbd site in PM1 vector (Sadowski et al., 1992).
FRT82B ¢/TM3were isolated based on the ebony marker. We furtheAn Arm-HA construct contains HA-tagged Arm (amino acid 128 to
determined the chromosome arm of interesting mutations by crossirg#4) cloned in pCS2 vector (Rupp et al., 1994).
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Table 1. PCR primer pairs and PCR cycling conditions used with the LightCycler™

Anneal Extension  Acquisition
temp°C/ temp°C/ temp°C/

PCR primer Denat. time time time

pair Reference Sequence temp°C (sec) (sec) (sec)

Bmp4 New U: 5-ACC CAT AGC TGC AAATGG AC-3 95 55/5 72/12 81/3
D: 5-CAT GCT TCC CCT GAT GAG TT-3

Chordin XMMR U: 5-AAC TGC CAG GAC TGG ATG GT-3 95 55/5 72/12 81/3
D: 5-GGC AGG ATT TAG AGT TGC TTC-3

Goosecoid New U: 5- TTC ACC GAT GAA CAA CTG GA-3 95 55/5 72/11 82/3
D:5-TTCCACTTTTGG GCATTT TC-3

oDC Heasman et al., 2000 U: 5-GCC ATT GTG AAG ACT CTC TCC ATT C-3 95 55/5 72/12 83/3
D: 5-TTC GGG TGATTC CTT GCC AC-3

Siamois Heasman et al., 2000 U: 5-CTG TCC TAC AAG AGA CTC TG-3 95 55/5 72/16 81/3
D: 5-TGT TGA CTG CAG ACT GTT GA-3

Xbra Sun et al., 1999 U: 5-TTC TGA AGG TGA GCA TGT CG-3 95 55/5 7218 75/3
D: 5-GTT TGA CTT TGC TAA AAG AGA CAG G-3

Xnr3 Kofron et al., 1999 U: 5-CTT CTG CAC TAG ATT CTG-3 95 57/5 72/10 79/3
D: 5-CAG CTT CTG GCC AAG ACT-3

Xpygo New U: 5-CAA TGG GAA CCA ACC AAACT-3 95 55/5 72/12 90/3
D: 5-ACG ATG CCT CAC ACA AGA TG-3

Xsox17a Xanthos et al., 2001 U: 5-GCA AGA TGC TTG GCA AGT CG-3 95 58/5 72/8 85/3
D: 5-GCT GAA GTT CTC TAG ACA CA-3

Xwnt8 Ding et al., 1998 U: 5-CTG ATG CCT TCAGTT CTG TGG-3 95 58/6 72/14 85/3
D: 5-CTACCT GTT TGC ATT GCT CGC-3

D, downstream primer; U, upstream primer.
Cell culture, transient transfections and reporter gene medium (OCM), colored with vital dyes and fertilized using the host
assays transfer technique as described previously (Zuck et al., 1998). The

Human 293T cells (610F) were seeded into 35 mm tissue culture antisense Xpygo oligo was an HPLC-purified chimeric
dishes and transiently transfected withpg pG5Elb-luciferase Phosphorothioate/phosphodiester oligo with the base composition
reporter and 2ig plasmids expressing Gal4 DB domain or its fusion® T*T*T*GCGCCGTTTCTT*C*T*C 3', where * indicates a
proteins using polyfect transfection reagent (Qiagen). A@.EMV- phosphorothioate bond (Gibco). The oligo was resuspended in sterile
B-Gal plasmid was co-transfected as an internal control. Cells wefétered water and injected vegetally in doses of 2-2.5 ng. Eggs were
harvested after 36 hours and lysed in 1% Triton X-100, 100 mM Tri§tripped and fertilized using a sperm suspension and the embryos were
(pH 7.8), 2 mM EDTA, 2 mM DTT, ug/ml Aprotinin, 2ug /ml cultured in 0.¥xMMR.

Leupeptin, 2ug /ml Pepstatin and 10Qg/ml PMSF. Luciferase

activity was determined on Monolight 3010 (PharMingen). Analysis of gene expression using real-time RT-PCR

Total RNA was prepared from oocytes and embryos and cDNA
Immunoprecipitation and western blotting synthesized as described elsewhere (Kofron et al., 2001). Real-time
293 T cells (210°) were transfected with g of expression vector RT-PCR and quantitation using the LightCycler™ System (Roche)
for Myc-tagged Pygo and IAg of expression p|asm|d for HA_tagged was carried out as described (Kofron et al., 2001) The PCR primer
Arm. Cells were harvested 36 hours later and lysed in 1 ml of 50 mMairs and cycling conditions are listed in Table 1. Relative expression
Tris-HCI pH 7.6, 150 mM NaCl, 5 mM Mgg 0.1% Nonidet P-40, values were calculated by comparison to a standard curve generated
1 mM dithiothreitol, 0.1 mM sodium orthovanadate, 1 mM PMSF anddy serial dilution of uninjected control cDNA. Samples were
10 ml/ proteinase inhibitor tablet (Roche Molecular Biochemicals) orfformalized to levels obrnithine decarboxylas€ODC), which was
ice for 30 minutes. After clearance, one half of each lysate was usétped as a loading control. Samples of water alone or controls lacking
for immunoprecipitation with 1.Qug of anti-Myc antibody (9E10, reverse transcriptase in the cDNA synthesis failed to give specific
Roche Molecular Biochemicals) for 3 hours at 4°C in the presence diroducts in all cases.
a 12.5pl bed volume of protein-Sepharose (Amersham Pharmacia)
preincubated in cell lysates from non-transfected cells supplemented
with 1% bovine serum albumin. Immunoprecipitates were washefRESULTS
once with 1 ml of lysis buffer and three times with 1 ml of 20 mM
Tris-HCI pH 7.6, 100 mM NacCl, 1 mM EDTA and 0.1% Nonidet P- Identification of pygo as a new segment polarity
40 for 10 minutes at 4°C. Material bound to the beads was eluted gene required for Wg signaling
SDS-loading buffer, resolved by SDS-PAGE on 10% gels, transferreﬁio |dent|fy genes involved in Wg Signaling, we devised a
82};’ I?]/ 5 ECTe(;Teﬂt’é;?g n(SI(;tRe?T?)( :rr:l rzag%ZSﬂ a?%;‘g;;em blotting o netic screen that used the ‘direct mosaic’ system (Duffy et

g 4 ' al., 1998). We used a wing specific Gal4 lng,Q1206-Gal4

Xenopus oocyte and embryo manipulation to drive a high level expression of UAS-flipase that induces
Oocytes were manually defolliculated and cultured as describegnitotic recombination with very high frequency in a
(Kofron et al., 1999). They were injected with the antisensedeveloping wing. Wg is expressed in a narrow strip of cells at
oligodeoxynucleotide (oligo), cultured at 18°C in oocyte culturethe dorsoventral (DV) compartment boundary in the wing
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Fig. 1. ldentification ofpygoas a new segment polarity gene required for Wg signaling. Wings are oriented proximal towards the left and
anterior upwards (A-C). A wild-type wing is shown in A. A wing with somatic clongs/gf ¢ is shown in B. The enlarged parts of the wing

in B are shown in C. Clones p§gd 6 (B) cause wing notching and the formation of ectopic bristles in nearby tissues. The wing phenotypes
associated witlpygd®6 are fully penetrant. Virtually identical results were obtained from qigoalleles. The cuticle phenotypes of wild-

type (D) andpygomutant embryos (E-H) are shown. All embryos are oriented anterior towards the left and dorsal upwandgmbeant
embryos in E-H were derived from homozyg@ygomutant germline clones (see Materials and Methods). The wild-type embryo (D) forms a
segmented larval cuticle decorated with denticles spaced by naked @ygenutant embryos (E-H) form unsegmented cuticles that produce
‘lawn’ of denticle hairs. Homozygous mutant embryos derived from germline clones are showgdd? (E), pygd©® (F) andpygd107(H).

A pygomutant embryo shown in G was derived from a homozygyggs 1®> mutant germline clone and paternally mutantapgd 6.

imaginal disc. Wg signaling directs the formation of wingthat pygois a novel segment-polarity gene involved in Wg
margin bristles and controls the growth and patterning isignaling.
surrounding cells of the presumptive wing blade (Neumann Among three independent alleles that we examined, both
and Cohen, 1997; Zecca et al., 1996). Wg also plays a role iygd®6 and pygd 1> are relatively strong and are likely
downregulating its own expression in cells immediatelyto represent null alleles (Fig. 1E-G). The cuticle defects
adjacent to the DV boundary (Rulifson et al., 1996). Henceassociated witlpygd 197 are somewhat weaker (Fig. 1H). The
mutations that block Wg signaling cause a loss of wing margimaternal effects associated withygd207 are completely
bristles and deletions of nearby portions of the wing. Irpaternally rescuable. However, zygotically wild-type embryos
addition, a reduction of Wg signaling in cells adjacent to thelerived from females lacking maternal materialgofggd 56 or
DV boundary induces the expression of Wg that leads to theygd° develop pair-rule like phenotypes that exhibit denticle
formation of ectopic bristles in nearby wild-type tissue. Frondeletions (data not shown). These results suggegiythetio?
this genetic screen, we recovered five recessive alleles ofima unique allele specific to Wg signaling and that maternal
locus on the third chromosome. We named this novel gengygois also likely to be involved in developmental processes
pygopugpygo. pygomutant clones in wing exhibit wing nicks other than Wg signaling.
with ectopic margin bristles in nearby wild-type tissue (Fig. ) ) ) o )
1A-C). The wing phenotypes associated vagfgomutations ~ Pygo is required for Wg signaling in various
resemble those associated with mutationdishevelleddsh) ~ embryonic developmental processes
(Rulifson et al., 1996) and tliezzled-frizzled Zfz-fz2)double  Wg signaling is required for various developmental processes
mutant (Chen and Struhl, 1999), suggesting that Pygo playsdairing embryogenesis. To further determine the possible roles
role in Wg signaling. of Pygo in Wg signaling during embryogenesis, we examined
To confirm that Pygo is required for Wg signaling, weseveral well-defined Wg signaling events in embryos mutant
examined the embryonic cuticle patterning associated witfor pyga Owing to the complication of additional defects
pygomutations. Animals zygotically mutant fpygoappear associated with thpygonull allelespygd 6 andpygd 15 we
to have normal cuticle patterning (data not shown) andenerated embryos maternally mutant foygd07 and
survive until the third instar larval or early pupal stagespaternally mutant fopygd®6. Thesepygo mutant embryos,
However, homozygous mutant embryos derived from femalesferred to aspygd107lc/ pygd™®6, were used for all the
lacking maternalpygo activity die with a strong segment- analyses of Wg signaling events during embryogenesis
polarity phenotype (Fig. 1E-H). Instead of the wild-typedescribed below. We found thpygo mutant embryos fail to
segmentally repeated pattern of denticle belts interspersed njansduce Wgq signaling. However, no other defects have been
naked cuticle, such embryos display a lawn of denticle beltglentified inpygd197glc/ pygd®® embryos.
and fail to secrete naked ventral cuticle. The cuticle First, we examined the expression eh and wg in
phenotype ofpygo is reminiscent of those associated with pygd197qlc/ pygd®® embryos. In the ventral embryonic
mutations in essential Wg signaling components (Nussleirepidermis, the expressionwfjandenis initiated by pair-rule
Volhard and Wieschaus, 1980), providing genetic evidencand gap genes. At stage 10, Wg signaling is required for
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wit pPygo

A
Ectoderm Sl
En

Fig. 2. Pygo is required for Wg signaling in various embryonigetoderm
developmental processes. Wild-type (wt) @gdomutant Wg
embryos are shown for expression of En (A,B), Wg (C,D),

Labial (E,F) and Eve (G-J). All thigygomutant embryos were

derived from homozygoysygd 197 mutant germline clones

and paternally mutant farygd 6. En is normally expressed in

stripes in the ectoderm of the thorax and abdomen during staggidgut
10 (A). Wg is also expressed in stripes in the ectoderm of the Lab
thorax and abdomen (C) during stage 10. Both Wg and En

stripes are strikingly reduced frygomutant embryos at stage

10 (B,D). The endoderm is normally subdivided into discrete
domains by constrictions imposed by the visceral mesoderm Som.
and Labial is expressed in one of these domains (E). Labial Mesoderm
expression is diminished inpygomutant embryo (F). Eve is Eve
normally expressed in specific subsets of cells derived from

the somatic mesoderm that will form the heart (G) and also
expressed in specific neurons in the central nervous system

(CNS), including the RP2 neurons (arrow) (). (H,Jpygo C.N.S.
mutant embryos, the expression of Eve-positive cells is absent Eve
in the somatic mesoderm cells (H) and in the RP2 neurons (J),
respectively.

maintenance oéntranscription. Subsequently, En, through a1996; Chen and Struhl, 1999; Chu-LaGraff and Doe, 1993).
signaling pathway mediated by Hh, is also required for th&hese neurons can be easily visualized because they express
maintenance ofwg transcription. In awg mutant, the Eve protein (Fig. 2l). These Eve-positive neurons are not
expression ofvg andeninitiates correctly, but fades at stage present in wg or fz-fz2 mutant embryos (Bhanot et al., 1999;
10 (DiNardo et al., 1988; Martinez Arias et al., 1988)pyigo ~ Chen and Struhl, 1999). In pyd87lc/ pygd®® embryos,
mutant embryos, the En expression began to fade by stage th@se Eve-expressing neurons are also missing (Fig. 2J).
(Fig. 2B). Similarly, the expression of Wg protein is greatly In summary, the observation ofig-like phenotypes in
reduced (Fig. 2D). These results are consistent with a role fearious developmental processes gygo mutant embryos
Pygo in Wg signaling. provide strong evidence thaygois involved in Wg signaling
Second, the development of the midgut requires Waluring embryogenesis.
signaling. In wild-type embryos, Wg signaling from the ) ) ) o ) _
visceral mesoderm up-regulates expression of the homeotitydo is required for Wg signaling in imaginal disc
gene labial (lab) in the endoderm. The expression of Lab is néevelopment
induced to the wild-type level in embryos mutant for wg, dshWe further examined the role of Pygo in Wg signaling during
arm and fz-fz2 (Bhanot et al., 1999; Chen and Struhl, 1999maginal disc development. In the wing disc, Wg acts both as a
Hoppler and Bienz, 1995; Immergluck et al., 1990; Yu et al.short-range inducer and as a long-range morphogen (Neumann
1996). In pygb97gic/ pygd6embryos, the expression of Lab and Cohen, 1997; Zecca et al., 1996). In the DV boundary, Wg
is also strikingly reduced (Fig. 2F), resembling the phenotypacts at short range to specify the expression ad¢haete scute
produced by loss of Wg signaling. complex (asg, which can be detected by antibody against
Third, Wg signaling is required to specify cardiac precursoAchaete (Ac) protein (Couso et al., 199%) pattern the entire
cells by maintaining the expression of the homeobox geneing, Wg functions as a long-range morphogen (up to 20-30 cell
tinman(tin) in the cardiac mesoderm (Park et al., 1996). Evendiameters away from its site of synthesis) to trigger a graded
skipped (Eve) protein is expressed in a subset of myoblasts thednscriptional response of target genes, includisigllesqdll)
will give rise to the heart at stage 10/11 (Fig. 2G). The presenead vestigial (vg) (Neumann and Cohen, 1997; Zecca et al.,
of these Eve-expressing cells is strictly dependent on W#996). We examined the expression of Ac, DIl and Vg in wing
signaling (Lawrence et al., 1995; Wu et al.,, 1995). Indiscs. As shown in Fig. 3, in mosaic clones mutanpyod 15,
pygd197glc/ pygd®® mutant embryos, these eve-expressinghe expression of Ac is completely abolished (Fig. 3B &d
cells are also absent (Fig. 2H), suggestingkigbis required DIl expression is also markedly diminished (Fig. 3D,[Pygo
for Wg signaling in specifying cardiac precursor cells. is likely to function cell-autonomously in Wg signaling as the
Finally, in the embryonic central nervous system, Wgexpression of both Ac and DIl are diminished in all of the cells
signaling is required to specify the neuroblasts that produce tmeutant forpygd 1. These results argue that Pygo is required for
RP2 motoneurons in each segment (Bhanot et al., 1999; Bhapth Wg short- and long-range activities in wing patterning.
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imaginal disc development. In these images,
anterior is towards the left, dorsal is upwards.
All the discs were derived from third instar
larvae. Somatic clones mutant fiygd1>are
marked by the absence of GFP shown in gree
A complex pattern of Achaete (Ac) expression
is shown in a wing disc from a wild-type third

instar larva (A). Wg acts at short range to
induce the expression of Ac at the DV
boundary of anterior wing pouch (A). In a
mosaic clone mutant faygd1®, which is
marked by absence of GFP, the expression of
Ac protein is abolished (B,B Note that a
patch of Ac-positive cells within the clone is
W(g independent. Therefore the expression of
Ac in these cells is not diminished. In responsg
to Wg signaling, DIl is expressed in a graded
manner with highest expression in DV
boundary in a wild-type wing disc (C). DIl
expression is diminished autonomously in a
pygd1>mosaic clone (D,D. In a wild-type leg
disc, DppfacZ expression is repressed by Wg
signaling in the ventral anterior quadrant (E).
In apygd1>mosaic clone of the leg disc, Dpp-
lacZ expression is de-repressed (J,h a
wild-type wing disc, Dpp-lacZ expression is
induced by Hh signaling at the AP boundary.
The expression of DplacZis not altered in
mosaic clones mutant fpygd1° (H,H').

Although the expression of Ac is completely abolished (Figcells mutant fodsh(Heslip et al., 1997) arar (Wehrli et al.,
3B,B'), the mutant clones still express some DIl and they see2000), dpp expression is de-repressed and patterning is
to be surviving better thaarrow (arr) andFz-fz2(Chen and disrupted. Similarlydpp expression is de-repressed in clones
Struhl, 1999; Wehrli et al., 2000). Furthermore, we observed nof cells mutant fopygoin the ventral anterior quadrant (Fig.
obvious reduction in the expression of Vg in clones mutant foBF,F). Taken together with the results from wing imaginal disc,
pygd 15 (data not shown). Agygd1®is a null allele, this result these findings indicate that Pygo is necessary in cells
suggests that Pygo is likely required for high threshold activityesponding to Wg input, for both positive and negative gene
of Wg signaling. Alternatively, the residual activity of Wg regulation.
signaling may be due to remaining Pygo protein in mutant In contrast to the multiple functions of Pygo during
clones. embryogenesis, its activity is very specific to Wg signaling in
We also examined the activity of Pygo in Wg signaling inwing patterning. Both Hedgehog (Hh) and Dpp signaling
the leg disc. The patterning of the leg is controlled by Wg andvents are unaffected by null mutaygd1°. In the wing disc,
Decapentaplegic (Dpp). The expressiondpp and wg are  Hh is expressed in the posterior (P) compartment from which
maintained by mutual repression: Dpp signaling bloaks it emanates to activate expression dgp at the anterior/
transcription, whereas Wg signaling attenuatelpp  posterior boundary (Basler and Struhl, 1994; Tabata and
transcription (Brook and Cohen, 1996; Jiang and Struhl, 199&ornberg, 1994). The expressiondmpis not altered in mosaic
Penton and Hoffmann, 1996\g is expressed in a ventral clones mutant fopygd1° (Fig. 3H,H). We also observed no
quadrant where the expressiondppis repressed (Brook and alteration of Dpp signaling in mosaic clones mutant for
Cohen, 1996; Jiang and Struhl, 1996; Penton and Hoffmanpygd®, as analyzed by anti-phosphorylated MAD antibody
1996). If Wg signal transduction is blocked, as in clones o$taining (Tanimoto et al., 2000) (data not shown).

Fig. 3.Pygo is required for Wg signaling in .
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Fig. 4. Pygo acts downstream or in parallel with Arm to regulate nuclear Arm activity. An embryo lacking both maternal anéxwpgotic
exhibits the characteristic naked cuticle phenotype associated with constitutive Wg signaling @jntpyayd15double null embryo, the
naked cuticle phenotype is reversed and exhibits a ‘lawn’ of denticles phenotype (B). A wing bearing somatic aimpsodficed byg
Q1206-Gal4UAS flipase, is shown in C. Numerous bristles were produced by clones mutaxinf@E). A wing withaxin-pygd&1i5somatic
clones (D) exhibits no bristle within the wing and produces notching and the formation of ectopic bristles in nearbyhisbusssimilar to
the wing bearingygd15clones (see Fig. 1B,C). &insomatic clone in the wing disc produces autonomously the expression of Ac E,E
aaxin-pygdl®somatic clone, no induction of Ac expression is observed)(FpFa wild-type embryo, Arm protein levels are upregulated in a
segmentally repeated fashion in the ventral ectoderm (G). The expression of Arm protein remains in a segmentally repeatedrfashids
mutant forpygo(H). In a wing disc, Arm protein is strikingly upregulated in a clone mutargbdior(l,1’,1"). This upregulated Arm protein is
not diminished in clones mutant faxin-pygo(J,J,J'). There is no difference in the subcellular localization of Arm protein in clon@sof
andaxin-pygo(compare I11" with J3,3,J").

Pygo acts downstream or in parallel with Arm to embryos mutant for nuthxin develop a ‘naked cuticle’ that
regulate nuclear Arm activity lacks ventral denticles (Fig. 4A). By contrast, embryos that are
Having established the requirement of Pygo for Wg signalinglouble mutant for bottaxin and pygo exhibit ‘a lawn of

in both embryogenesis and disc development, we nextenticles’ phenotype (Fig. 4B), resemblimggoembryos. We
analyzed the position of Pygo action along the Wg signajenerated mosaic clones mutant &in or axin-pygo using
transduction pathway. We first used tBgosophila axin the ‘direct mosaic system’ byg Q1206-Gal4/UAS-FIp.
mutant for an epistasis analysis. Axin is a scaffold proteitMosaic clones ofaxin produce numerous ectopic bristles
required for efficient Arm degradation in the cytoplasm bywithin the wing (Fig. 4C) and induce high level expression of
facilitating the formation of the cytoplasmic destructionAc protein cell-autonomously (Fig. 4E)EBy contrast, clones
complex (Hamada et al., 1999; Salic et al., 2000; Willert ebf axin-pygo cause wing notching phenotypes and the
al., 1999a; Willert et al., 1999h). Loss of functionafin  formation of ectopic margin bristles nearby wing notching
causes a constitutive activation of Wg signaling and thu§Fig. 4D), resembling the phenotypes associated with clones
results in phenotypes opposite to thosengfand pyga If of pygomutant cells (Fig. 1B). No induction of Ac expression
Pygo acts downstream of Axin, then a reductionpyigo  was observed iaxin-pygomutant clones (Fig. 4FF These
should suppress a constitutively activated Wg signalingesults place Pygo downstream of Axin in the Wg signal
associated with thaxin mutant. We used axin null mutant  transduction pathway.

to make a doublgygo-axinmutant. As shown in Fig. 4, We next examined the levels of Arm protein in thao
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mutant. In response to Wg signaling, Arm protein levels argvhich is the conserved cysteine in the PHD finger, suggesting
upregulated in a segmentally repeated fashion in the ventrtidat the PHD finger in Pygo is essential for its function in Wg
ectoderm (Peifer et al., 1994b; Riggleman et al., 1990) (Figignaling.

4G). This expression pattern of Arm protein is disrupteddn ] ) o

embryos (Peifer et al., 1994b; Riggleman et al., 1990). Bf’Ygo protein forms a complex with Arm in vivo and

contrast, Arm protein expression remains in a segmentall§ontains a transactivation domain(s)

repeated fashion in embryos mutant foygo (Fig. 4H).

We have presented evidence that Pygo is a nuclear protein

Furthermore, Arm protein is strikingly upregulated in clonesacting downstream or in parallel with Arm to regulate the
mutant foraxin (Fig. 41,I',1"). This upregulated Arm protein is nuclear function of Arm protein. One possible role of Pygo

not diminished in clones mutant faxin-pygo(Fig. 4J,3J").

is to function as a co-activator that may further link Arm

We also observed no difference in subcellular localization oprotein to the basal transcription machinery and/or to a

Arm protein in clones oéxin andaxin-pygo Fig. 41,I',1" and

chromatin remodeling complex(es). To test this possibility, we

Fig. 4J,3J"). These results further suggest that Pygo is noperformed two experiments. First, we conducted a co-

involved in the post-translation control or
localization of Arm protein.
In summary, from the experimental res

described in Fig. 4, we conclude that Pygo
downstream or in parallel with nuclear Arm prot

pygo encodes a novel nuclear protein
bearing a PHD finger

The mosaic clonal analyses and genetic epis
studies place the Pygo activity downstream c
parallel with Arm protein, suggesting thaygois
likely to encode a nuclear protein. We mappec
pygogene to cytological position 100 C6 nein
(see Material and Methods). Searches of anna
genome databases in this region identified se
candidates bearing a nuclear localization si
(NLS). In a complementation test with available
element insertions, we identified EP (3)1076 .
candidate for the gene encodimygga The following
lines of evidence support our conclusion. First,
EP(3)1076 line fails to complement with any of
five pygo alleles. Second, The P-element
EP(3)1076 line is inserted 500 base pair
upstream of a putative start codon of gene CG1
that contains an open reading frame (ORF) encc
a putative protein of 815 amino acids (Fig. 5A).
identified point mutations in this ORF for all th
pygo alleles characterized (Fig. 5Bpygd®6 and
pygd1® are nonsense mutations predicted to ¢
termination of translation at amino acid residue
and 104, respectively. Finally, a Pygo-GFP fu:
protein is localized to the nucleus when expre
in human 293T cells (data not shown).

Pygo is a novel nuclear protein bearing a put:
nuclear localization signal (NLS) in the N-termi
region (Fig. 5A). Searches of genome datak
identified two homologs in both human and mc
(Fig. 5B). The most striking homology region
located in the C-terminal domain that contains
amino acids exhibiting high homologies to the F
(plant homology domain) finger (Aasland et
1995). This domain contains the Cys4-His-C
sequence of a PHD finger that has been four
an increasing number of proteins with roles
regulating transcription via modification
chromosome structure (Aasland et al., 19
Interestingly, pygd197 is a point mutation th:
converts amino acid 802 cysteine into tyros

subcellularimmunoprecipitation experiment to examine whether Arm and

MTHELGMAPYRLPGPAGGLCPPDFEPPPPTDIISAPSHNPKKRRKTSSAARS
AAAVAARAAAAAAANSMOQQQAPPTPQDLLPPPPHGGFGDTIIASHPEDDS
PQVSAMSSSAAARAMAAMEQOMGGGPGGGHFGGGGPGGHPHWEDRMGMGGGE P
PPPHMHPHMHPHHPGGPMGHPHGPHPHMGGPPPMRGMSPMHPHQMGPGPGV
GLPPHMNHGRPGGPGGPGGPVPMGSPMGGIAGHMGGMSPMGGMGGPSISPHH
MGMGGLSPHGGGPNGPNPRAMOGSPMGGPGONSPMNSLPHGS PHGRNPIGS P
LGPPSGPGPGHPGNTGGPQQQQQQPPQPPMNNGQHMGPPPLHSPLGENGEPTGH
GSHMPGGPIPGPGPGPGGLVGPGGISPAHGHNPGGSGNNMLGGNPGGGHSH
HEEGSHTSHASHNNQNPHLSPAAGRLGVPTSMQSHNGPSVSSVASSSVPSPAT
PTLTPTSTATSMSTSVPTSSPAPPAMSPHHSLENSAGPSPGMPNSGPSPLQS
PAGPNGPNNNNSENNHNGPMMGOMIPNAVPMOHQOHMGGGPPGHGPGPMPGH
GMEQMLPPQOQPSHLGPPHPFMMEHPHHPHHHPGGPPPHMMGGPGMHGGPAG
MPPHMGGGPNPHMMGGPHGHNAGPHMGHGHMGGVPGPGPGPGGMNGPPHPHM
SPHHGHPHHHHEPMGGPGPEMFGGGGGGPMGPGGPMGHMGPMGGGPHMGGPH
GVGPKPMTMGGGKMYPPGQPMVFNPQNPNAPPIYPCGMCHKEVNDNDEAVF
CESGCHFFFHRTCVGLTEAAFQMLENKEVFAEWCCDKCVSSKHIPMVEFKC

CHT 1 Bl Pygo 815
l L socy Pygo®!07
104Q-STOP Pygof®
69Q-STOP Pygo™
I | I | mPygol 417aa
M W] mPygo2 33laa
EI =] xPygo 389aa
B NLS B PHD domain | Mutation
MJNinap?IY!EGQ}&K@?HhHBELvrﬁzsnlnrrrgxlchLTgpwo
3040 P PPCLIINPEGACEREYHDD OPMILEEASEIEVFHRREDTENTE xPygo
334 - -SSDP[VY¥PCGICTNEYNDD ODAILCEASCOQRUFHRICTSNTE nPygel
246[0PPPGLVYPEGACRSEVNUD ODAILCEASCOKUFHRRECTEMNTE nPygoZ
74 ABFoNENREY FRENc Wy s sWuTp uVR FR- - - - - - - - - — - C Pygo
7 EAV|[SIWTIREV[SAVEACD YELKTRD I05 VY IRGJANGQLYVARLND G xPygo
375 TAYGLALTAERS AV GEDT t.‘nanaunzn F DD A mbygel
289 EAYGLATITEASAVUACDLECLKTREIOS VY IRE[GIMGOLVARAND G| mPygo?

Fig. 5.pygoencodes a novel putative nuclear protein with a PHD finger domain.
The amino acid sequence®fosophilaPygo is shown in (A). A putative nuclear
localization signal (NLS) is found in the N-terminal region (blue) and a PHD
finger is found in C-terminal region (red). Thgomutants were sequenced

and the mutations (green bars) are shown in B. Homologs of Pygo are also found
in XenopusandMus musculu¢B). They all have a NLS (blue box) at the N
terminus and a PHD domain (red box) at the C terminus. The C-terminal regions
of the four proteins are very conserved, and the alignment is show in C, which
includes the PHD domains and the flanking sequences. The identical residues
among four proteins are shown in pink and the similar residues are boxed (C).
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Fig. 6. Pygo protein forms a complex with Arm in A

vivo and contains a transactivation domain(s).

(A) Co-immunoprecipitation of Pygo and Arm. 293T

cells were transfected with plasmids expressing eitherm-HA B 200 1
Myc-tagged Pygo (amino acid 105 to 815) or HA-  pygq \ye + B
tagged Arm (amino acid 128 to 844) alone and 180
together as indicated. Whole-cell lysates were -
prepared 36 hours after transfection. Lysates were [p:anti-Myc 8« Am 160
immunoprecipitated with mouse monoclonal anti- IB: anti-HA 140 4
Myc antibody. Immunoprecipitated materials and a = 2t

fraction of each lysate were resolved by SDS-PAGE

and analyzed by western blotting with antibodies as , . . « Ig
shown. IP, immunoprecipitation; 1B, immunoblot. »|

(B) Analysis of the transcription activation domain(s)

in Pygo. Cells were transfected with the pG5E1b-

luciferase reporter construct (Hsu et al., 1994) and

with vectors expressing GAL4 DNA-binding domain IP:anti-Myc - <o
alone (pM1) (Sadowski et al., 1992) or with GAL4-  IB:anti-Myc

Pygo fusion protein. A GAL4-Jun AC-containing Jun 20
activation domain (amino acids 5 to 89) fused with

GAL4 was used as a positive control. Luciferase Lysates

acitivities are expressed as relative activities e «— : :

compared with cells transfected with the plasmid ~ 15- anti-HA - < A Gals " Gald = fali_c
containing the GAL4 DNA-binding domain alone. DB  Pygo cunAl

120

100 4

80

60 <

Relative Activity

40 4

Pygo proteins are present in a complex(es). HA-tagged Arirdenopusembryonic development through the activation of
and Myc-tagged Pygo were either expressed individually or inesponse genes (Harland and Gerhart, 1997). To examine the
combination in human 293T cells. Upon immunoprecipitatiorrole of Xpygo in earlyXenopusdevelopment, we designed
of Myc-tagged Pygo from cellular lysates of transfected cellsantisense deoxyoligonucleotides for injection iXenopus
the Arm protein could be detected by western blotting in theocytes, to deplete the maternal storeXpfygomRNA. The
immunoprecipitate (Fig. 6A), suggesting that Arm and Pygwmligo that gave the best depletion, as assayed by real-time RT-
proteins are present in a complex(es). Second, we want®LCR, was prepared in a modified chimeric phosphorothioate/
to determine whether Pygo contains any transactivatiophosphodiester version, and injected vegetally into oocytes.
domain(s), by fusing a nearly full-length Pygo protein to arhis oligo (2 ng) depleted materna{pygo mRNA to
GAL4 DNA-binding domain. The Gal4-Pygo fusion protein approximately 25% of control levels (Fig. 7A). Although
strongly activated the transcription from a promoter containindpigher doses gave better depletion, they were also more toxic
Gal4 binding sites, suggesting that Pygo contains ance the oocytes were fertilized. Embryos obtained via the host
transactivation domain(s) (Fig. 6B). Together, these findinggansfer procedure from oligo-injected oocytes showed a
demonstrate that Pygo protein forms a complex with Arm andentralized phenotype at the tailbud stage, lacking head and tail
possesses transactivation domain(s), two important propertisgructures, with both the anteroposterior and dorsoventral axes
characteristic of a co-activator (Maniatis et al., 1987; Tjian andffected by loss okpygo(Fig. 7B). This ventralized phenotype
Maniatis, 1994). was also seen by molecular analysis of sibling embryos at the
Kramps et al. have shown that Pygo interacts with Arm vidate blastula and early gastrula stages, as expression of the
Legless, an adaptor protein that links Pygo to Arm (Kramps atorsal markerschordin Xnr3, siamois and goosecoidwas
al., 2002). As the human homologs of Legless, BCL9 and itseeduced in injected embryos at stages 9.5 and 10.5, relative to
related protein are likely to be present in 293T cells, it i<ontrol uninjected embryos (Fig. 7C). We note tkat3 was
possible that the Arm-Pygo complex we observed may contaimore affected by loss dfpygothansiamois even though both

BCL9 and its related protein (Kramps et al., 2002). genes are known to be direct targets of the Wnt dorsalization
) ) ) ) pathway (Brannon et al., 1997; McKendry et al., 1997). We did
Xenopus Pygo is required for Wnt signaling not observe a significant change in the expression of the pan-

The Wg/Wnt signal transduction pathway is conserved in botmesodermal markeKbra, the ventral markersXwnt8 and

vertebrates and invertebrates (reviewed by Wodarz and Nus®&mp4 or the endodermal marker Xsoxil@t these stages (Fig.

1998). We thus examined whether Pygo is required for WniC).

signaling inXenopusUsing available databases, we identified

aXenopuocyte EST with homology to humaggoover the

PHD domain, likely to be th€enopushomologue opyga We  DISCUSSION

obtained a full-length cDNA oKenopus pyg@Xpygqg using

a RACE cDNA amplification strategy. Sequence comparisorosophilaArm and its vertebrate homoldcatenin are key

showed that XPygo has 40% and 70% similarities to the mousmmponents in the Wg/Wnt signal transduction pathway that

Pygol and mouse Pygo2 respectively, particularly over thplays essential roles in numerous developmental processes. In

PHD domain terminus (Fig. 5C). response to Wg/Wnt signaling, up-regulated Adwétenin
Whnt signaling is required for dorsal axis formation duringenters the nucleus to form a bipartite transcription factor
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100

A B Fig. 7. Xpygo depletion results in a ventralized
80 phenotype. (A) Maternaenopus pygéXpygg

80 mMRNA transcripts are depleted in a dose-
70 dependent manner upon injection of an antisense
60 Xpygooligo into oocytes. mRNA levels were
50 assayed 24 hours after oligo injection.
40 (B) Uninjected control embryo (above; blue) at
30 stage 36, and embryos derived from sibling
20 oocytes injected with antisenx@ygo(below;
T8 mauve) Xpygo embryos are ventralized.

4 (C) Relative expression of markers normalized to

ralative exprassion (%)

— £ ODC in wild type andXpygo embryos at late
e blastula (9.5) and gastrula (10.5) stages.
C 120 120 Expression of dorsal markers is reducedpygo
chordin goosecoid embryos.
F 100 ) 100
% B0 -§ 80
g 60 § 8o As we were preparing this manuscript for
£ w0 2 a0 publication, the molecular and phenotypic
L o analysis oflegless(Kramps et al., 2002) and
- ._ pygoby others (Kramps et al., 2002; Parker et
V=W e Wt e Ll e o it o al., 2002; Thompson et al.,, 2002) were
160 siage D E Hage 10 i Saga WA 10N reported. In this report, we have provided
e o N — more substantial analysis gfygo in Wg
oo [ ] £ signaling in Drosophila We have also
£ 6o g% provided the first evidence for a role of a
B g % Xenopus pygoin Wnt signaling during
2 80 5 o8 Xenopus embryogenesis. Our results are
8 40 B 40 consistent with and complement others for a
20 20 role of Pygo in Wg/Wnt signaling. Our results
‘ | y9 g g g
0 . l 0 | (e are also in agreement with a model that Pygo
it - wi b 0 - 1 X o - t X - H . . .
T mErY  mmmee “mErY  mmmre functions as a transcription co-activator
128 20 required for the nuclear activity of Arfly/
& 100 =100 catenin (Kramps et al., 2002).
E‘ Xwntg s BMP4
2 Bo £ 8o . . . .
2 g Pygo is required for Wg/Wnt signaling
g s0 g s0 in animal development
£ 40 £ w0 Our detailed functional analyses of thggo
o T g mutant strongly argue that Pygo is an essential
. . | component in the Wg signal transduction
wh Xpygo - wt Xpygo - wh Xpygo - wt Xpyao - pathway and is likely to be required
40 TR S 120 Wese s universally for all the Wg signaling events in
- i embryogenesis and imaginal disc
g Xbra £ 100 Xsox17a ; ;
s e development. Two lines of evidence support
g i 7 B0 this conclusion. First, Wg signaling jmygo
8 g 60 mutants is defective in all the embryonic
e % g developmental processes examined, including
3 40 2 ventral cuticle patterning, midgut
20 J = constriction, embryonic central nervous
0 - . 0 system and specification of cardiac precursor
pygo - wi Xpygo - wi Xpygo - wt Xpygo - . R
5iage 0.5 siage 105 T eagess T smgeios cells. Second, Pygo is required for cells to

respond to Wg input, for both positive and
complex with TCF, which activates transcription of Wg/Wntnegative gene regulation in imaginal disc development. This is
target genes. However, the mechanisms of how the fArm/ in contrast to other genes sucheashirt which is specifically
catenin-TCF complex promotes target gene activation anequired for a subset of late Wg-dependent functions in the
poorly understood. In this report, we used a genetic screen @mbryonic trunk segments where thashirtgene is expressed
Drosophilato identify pygoencoding an essential component (Gallet et al., 1999). So far, we are not aware of any tissue in
of the Wg signal transduction pathway. We further isolatedvhich Wg transduces its signaling in the absence of Pygo
Xenopus pygoand examined its role duringKenopus activity.
embryogenesis. Our findings provide strong genetic and The Wg/Wnt signal transduction pathway is conserved in
molecular evidence that Pygo is an essential component in theth vertebrate and invertebrate (reviewed by Wodarz and
Wg/Wnt signal transduction pathway. Nusse, 1998). Our loss-of-function studiexXanopugprovide
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strong evidence that Pygo is also required for Wnt signaling ipygd1® and pygd™®® null alleles (data not shown). Similar
vertebrate development. Th¥enopushomolog of Pygo, results have also been observed by Parker et al. (Parker et al.,
XPygo, shares a significant degree of homology with2002), suggesting that the remaining portion of Pygo has an
DrosophilaPygo, particularly in the PHD finger domain at theadditional role in embryonic development. We are currently
C-terminal region. Depletion of maternZpygo mRNA by investigating the role of Pygo in regulating pair-rule gene
antisense oligos led to ventralized embryonic defects and expression in embryonic development.
reduction in the expression of various Wnt target genes. These ) ) o )
results are consistent with the role of PygoDrosophila ~ Mechanism(s) by which Pygo is involved in Wg
suggesting that XPygo is crucial for Wnt signaling insignaling
embryonic development irXenopus Consistent with our To understand the molecular mechanism(s) by which Pygo
results, Thompson et al. have shown that a disruption gfarticipates in Wg signaling, we have carried out detailed
human PYGO1 and PYGO2 by double-stranded (ds) RNAyenetic epistasis analysis and molecular studies. Our results
interference (RNAI) led to a reduction of the expressioffi-of support a model in which Pygo acts as a transcription co-
catenin/TCF target gene expression in colorectal cancer cebstivator required for activation of Wg/Wnt target genes. The
(Thompson et al., 2002). Transfection of PYGO1 can enhandellowing evidence supports this conclusion. First, our genetic
the TCF-mediated transcription in transient transfection assagpistasis analysis in both embryos and wing disc placed Pygo
(Kramps et al., 2002). Together, these results strongly suggesiwnstream of Axin. Further experiments have demonstrated
that Pygo is essential for Wnt signaling in vertebrates as welthat Pygo is not involved in the post-translation control and
] ) ) ) ) o subcellular localization of Arm protein. These results thus
The PHD finger in Pygo is crucial for its function in provide strong evidence that Pygo acts downstream or in
Wg/Wnt signaling parallel with Arm to regulate the nuclear function of Arm
pygo encodes a novel and evolutionarily conserved proteimactivity. Second, consistent with genetic epistasis analysis, we
The most strikingly homologous domain is located in the Cfound that Pygo contains a nuclear localization signal and is
terminal region that contains a PHD finger domain. The PHOocalized in the nuclei when Pygo-GFP fusion protein is
finger is a domain of 60 amino acids characteristically defineexpressed in 293T cells (data not shown). The co-
by seven cysteines and a histidine that are spatially arrangedimmunoprecipitation experiment provided molecular evidence
a consensus of C4HC3 of varying lengths and compositiothat Arm and Pygo proteins are present in vivo in a multi-
(Aasland et al., 1995). This evolutionarily conserved domaiprotein complex. Finally, like many other co-activators that can
is predicted to chelate two zinc ions and is similar to, buactivate transcription when fused to a DNA binding domain(s)
distinct from, other zinc-binding motifs such as the RING(Maniatis et al., 1987; Tjian and Maniatis, 1994), we have also
finger (Cys3-His-Cys4) and LIM domain (Cys2-His-Cys5)observed that Pygo has an intrinsic activation function when
(Aasland et al., 1995; Borden, 1998; Capili et al., 2001; Wu etxamined as a GAL4 fusion protein. Our results in this report
al., 1996). PHD finger domains have been found in mangre in agreement with the model proposed by Kramps et al., in
different proteins, including transcription factors and are thavhich Pygo is linked to Arm protein via Legless and acts as a
targets of histone acetyltransferases (HATs) and historganscription co-activator required for the activity of Agm/
deacetylases (HDACs) (Aasland et al., 1995; Capili et algatenin-Tcf complex. It remains to be determined whether
2001). In many cases, they serve as protein-protein interacti®ygo recruits the Arrfifcatenin-Tcf complex to the basal
motifs involved in the formation of multi-protein complexes. transcriptional machinery or to chromatin remodeling
Our genetic analyses provide strong evidence that the PH&mplexes.
finger in Pygo plays a crucial and specific role in Wg signaling.
We have found that Wg Signa”ng is defective in both We thank S. Cu_mberled_ge, I. Duncan, T.. Ka_ufman and the
embryogenesis and imaginal disc development imyige07 Developmental Stqdles Hybridoma Bank for antlbodles;‘ T. Akiyama,
mutant.pygd 207 contains a point mutation that converts aminoS: Cohen, N. Perrimon, S. Artavanis-Tsakonas, J. Treisman and the

acid 802 cysteine into tyrosine, which is the last conserve loomington Stock Center fdbrosophilastocks. We thank Jun Ma

oo . L r invaluable comments on the manuscript. This work was supported
cysteine in the PHD finger. Both structural determination angartially by a NIH grant GM63891-01, a grant from Ohio Cancer

mutational analysis suggest this is a critical residue for thResearch Associates and a start-up fund from Cincinnati Childrens
function of the PHD finger domain (Capili et al., 2001).Hospital Research Fundation to X. L.
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