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Interactionn between PcG proteins Enx1/EZH2 and EED 

Characterizatio nn of interaction s betwee n the mammalia n 
polycomb-grou pp protein s Enx1/EZH2 and EED suggest s the 
existenc ee of differen t mammalia n polycomb-grou p protei n 
complexe s s 

Inn  Drosophila melanogaster, the Polycomb-group (PcG) and trithorax-group (trxG) genes 
havee been identifie d as repressor s and activators , respectively , of gene expression . Bot h 
group ss of genes are require d for the stabl e transmissio n of gene expressio n pattern s to 
progen yy cell s throughou t development . Severa l line s of evidenc e sugges t a functiona l 
interactio nn betwee n the PcG and trx G proteins . For example , geneti c evidenc e indicate s 
thatt  the enhancer ofzeste[E(z)] gene can be considere d bot h a PcG and a trxG gene. To 
bette rr  understan d the molecula r interaction s in whic h the E(z) protei n is involved , we 
performe dd a two-hybri d scree n wit h Enx1/EZH2, a mammalia n homolo g of E(z), as the 
target .. We repor t the identificatio n of the huma n EED protein , whic h interact s wit h 
Enx1/EZH2.. EED is the huma n homolo g of eed, a murin e PcG gene whic h has extensiv e 
homolog yy wit h the Drosophila PcG gene extra sex combs (esc) . Enx1/EZH2 and EED 
coimmunoprecipitate ,, indicatin g that  they also interac t in vivo . However , Enx1/EZH2 and 
EEDD do not coimmunoprecipitat e wit h othe r huma n PcG proteins , suc h as HPC2 and 
BMI1.. Furthermore , unlik e HPC2 and BMI1, whic h colocaliz e in nuclea r domain s of U-2 OS 
osteosarcom aa cells , Enx1/EZH2 and EED do not colocaliz e wit h HPC2 or BMI1. Our 
finding ss indicat e that  Enx1/EZH2 and EED are member s of a clas s of PcG protein s that is 
distinc tt  fro m previousl y describe d huma n PcG proteins . 

Inn Drosophila melanogaster, the genes of the 
PolycombPolycomb group (PcG) and trithorax group 
(trxG)(trxG) are part of a cellular memory system, 
whichh is responsible for the stable inheritance 
off gene activity. The PcG and trxG genes 
havee been identified in Drosophila as 
repressorss (PcG) (18, 22, 27, 28, 38) and 
activatorss (trxG) (20, 21), respectively, of 
homeoticc gene activity. PcG and trxG genes 
weree originally found in Drosophila, but 
mammaliann homologs have also been 
identifiedd and appear to function like their 
DrosophilaDrosophila homologs (reviewed in reference 
37).. It has been proposed that PcG proteins 
represss gene expression through the 
formationn of multimeric protein complexes. 
Wee have recently shown that the human PcG 
proteinss HPH1 and HPH2 
coimmunoprecipitate,, cofractionate, and 
colocalizee in nuclear domains with the human 
PcGG proteins BMI1 (2, 12, 33) and HPC2, a 
recentlyy identified, novel human Polycomb 
proteinn (33, 34). Furthermore, we have found 
thatt the human RING1 protein 
coimmunoprecipitatess and colocalizes with 
HPC22 and other PcG proteins, indicating that 

RING11 is associated with, or is part of, the 
mammaliann PcG complex (33, 35). These 
resultss indicate that mammalian PcG proteins 
formm a multimeric protein complex. This 
observationn is in agreement with 
observationss that different PcG proteins, 
includingg Pc, bind in overlapping patterns on 
polytenee chromosomes in Drosophila salivary 
glandd cells (4,10,29). 

Interestingly,, also the trithorax gene 
productt trx colocalizes with Drosophila PcG 
proteinss at many sites on polytene 
chromosomess (6, 24). Even more strikingly, 
bindingg of the trx protein has been mapped to 
smalll DNA fragments that also contain 
bindingg sites for PcG proteins, the Polycomb 
responsee elements (5, 6). This finding is 
furtherr substantiated by the observation that 
GAGAA factor, the gene product of the trxG 
genee trithorax-like (Trf) (13), colocalizes with 
Pcc protein within the close vicinity of a 
Polycombb response element (41). 
Furthermore,, the PcG gene Enhancer of 
zestezeste [E(z)] contains a domain with sequence 
homologyy with the activator protein trx (17). 
Thiss observation is in agreement with genetic 
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GALA-TAD D 
fusionn (aa) 

EEDD (1-535) 
HPC22 (1-558) 
BMI11 (1-326) 
XbmMM (1-326) 
RING11 (1-377) 
HPH11 (1-676) 
HPH11 (713-1013) 
HPH22 (137^32) 
Enx11 (1-746) 
HPC22 (1-558) 
BMI11 (1-326) 
Xbmill (1-326) 
RING11 (1-377) 
HPH11 (1-676) 
HPH11 (713-1013) 
HPH22 (137-432) 

Colony y 
color3 3 

Blue e 
White e 
White e 
White e 
White e 
White e 
White e 
White e 
Blue e 
White e 
White e 
White e 
White e 
White e 
White e 
White e 

Relativee (3-
galactosidase e 
activity" " 

100 0 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 
100 0 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 

TABL EE 1. p-Galactosidase activities of Enx1 and EED 
interactionss in the two-hybrid system. 
aWhitee colonies were obtained on medium lacking both 
histidinee and 3-AT. Blue colonies were obtained on 
mediumm lacking histidine but in the presence of 3-AT. 
bThee average f5-galactosidase activity in a triplicate 
experimentt was 135 U. This activity was set at 100%. 

dataa which indicate that E(z) can be 
consideredd both a PcG gene and a trxG gene 
(26).. Double mutations of E(z) and trxG 
geness result in homeotic phenotypes which 
aree similar to the homeotic phenotypes which 
aree also observed in double mutants of trxG 
geness (26). Finally, polytene chromosome 
bindingg of the trx protein is strongly reduced 
inn homozygous E(z) mutants (4), and vice 
versa,, polytene chromosome binding of the 
E(z)) protein is reduced in trx mutants (24). 
Thesee data suggest functional interactions 
betweenn activators (trxG proteins) and 
repressorss (PcG proteins) that are important 
forr their mode of action. 

Too start to investigate these puzzling 
featuress of the E(z) gene product, we used 
thee two-hybrid system (8, 9) in order to 
identifyy proteins that interact with a 
mammaliann homolog of E(z), the Enx1/EZH2 
proteinn (15, 16). Here, we report the 
identificationn of the human EED protein, 
whichh interacts with Enx1/EZH2. EED is the 
humann homolog of eed, a murine PcG gene 
(7,, 36) which has extensive homology with 
thee Drosophila PcG gene extra sex combs 
(esc)(esc) (14, 32, 39). Whereas Enx1/EZH2and 
EEDD coimmunoprecipitate, they neither 

coimmunoprecipitatee nor colocalize with other 
humann PcG proteins, such as HPC2 and 
BMI1.. Our findings indicate that both 
Enx1/EZH22 and EED form a class of 
mammaliann PcG proteins that is distinct from 
previouslyy described human PcG proteins. 

MATERIAL SS AND METHODS 

Yeastt two-hybrid screen. The full-length 
codingg region of Enx1 (15, 16) was cloned 
intoo the pAS2 vector (8) (Clontech, Palo Alto, 
Calif.)) and used as the target to screen for 
interactingg proteins in a two-hybrid screen (8, 
9).. Plasmid pAS2-Enx1 was cotransformed 
withh a human fetal brain Matchmaker two-
hybridd library (Clontech) into Saccharomyces 
cerevisiaecerevisiae Y190. The transformants were 
platedd on selective medium lacking the 
leucine,, tryptophan, and histidine amino acid 
butt containing 30 mM 3-amino-1,2,4-triazole 
(3-AT)) (8, 12, 33). Approximately 5 * 105 

independentt clones were obtained; 
500 growing colonies were obtained, of which 
100 were p-galactosidase positive. After DNA 
isolationn and rescreening, three colonies 
remainedd histidine and B-galactosidase 
positive.. These clones were further 
characterizedd by sequencing and analyzed 
onn gene homology by using the BLAST 
database.. Two of these clones were the 
humann homolog of the vertebrate PcG gene 
eedeed (36) and it was therefore named EED. 
Thee entire EED cDNA insert was used to 
screenn a A-ACT human lymphocyte cDNA 
libraryy (Clontech). Filters were hybridized 
overnightt at C in 0.25* SSC ( 1 * SSC is 
0.155 M NaCI plus 0.015 M sodium citrate)-
10** Denhardt's solution-10% dextran sulfate-
0.1%% sodium dodecyl sulfate (SDS)-100 ug of 
denaturedd herring sperm DNA per ml-[a-
32P]ATP-labeledd probe (5 x 105 cpm/ml). 
Afterr being washed three times for 45 min at 

CC in 0.25* SSC-0.1% SDS, the filters 
weree autoradiographed with intensifying 
screenss for 2 days at . This led to the 
isolationn of the full-length EED cDNA. 
Potentiall interactions between Enx1 and EED 
andd other vertebrate PcG proteins were 
tested.. The transformants were plated on 
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mediumm lacking the leucine, tryptophan, and 
histidinee amino acids, with or without 30 mM 
3-AT.. Interactions that were scored negative 
failedd to grow in the presence of 30 mM 3-
AT.. Due to residual HIS3 promoter activity 
theyy are able, however, to grow on medium 
thatt does not contain 3-AT (8, 12, 33). Under 
thesee nonselective conditions, negative 
interactionss were B-galactosidase negative 
andd the colony color was indicated as white 
(Tablee 1). Positive interactions are 
characterizedd by growth in the presence of 
300 mM 3-AT and by being B-galactosidase 
positive.. To exclude the possibility that the 
negativee interactors did not produce either 
onee of the fusion proteins, we Western 
blottedd equal amounts of protein and 
incubatedd the blots with monoclonal 
antibodiess that specifically recognize the 
GAL44 DNA-binding domain (GAL4-DBD) or 
thee GAL4 transactivation domain (GAL4-
TAD)) protein (Clontech). All positive and 
negativee interactors expressed both GAL4-
DBDD fusions and the GAL4-TAD fusions at 
approximatelyy the same levels (data not 
shown). . 

RNAA analysis . Multitissue Northern blots 
containingg approximately 2 ug of poly(A)* 
RNAA from different human tissues or human 
celll lines per lane were obtained 
commerciallyy (Clontech). The U-2 OS 
osteosarcomaa cell line was not present on the 
commerciall Northern blot. Poly(A)+ RNA of U-
22 OS was isolated and blotted, and the 
expressionn pattern of EED was analyzed. To 
alloww a comparison with the commercial 
Northernn blot, we blotted poly(A)+ RNA of 
SW4800 cells, which is represented on the 
commerciall blot and in which the EED gene 
iss strongly expressed. The blots were 
hybridizedd with [a-32P]dATP-labeled DNA 
probes,, and the blots were autoradiographed 
withh intensifying screens at , using X-
rayy films. 

Productio nn of the Enx1/EZH2 and EED 
polyclona ll  rabbi t antibodies . Fusion 
proteinss were made of the N-terminal region 
off Enx1 (amino acids [aa] 1 to 286) and EED 
(aaa 95 to 283). cDNAs were cloned into pET-

233 expression vectors (Novagen, Madison, 
Wis.).. Fusion proteins were produced in 
EscherichiaEscherichia coli BL21(DE), and the purified 
fusionn proteins were injected into a rabbit. 
Serumm was affinity purified over an antigen-
coupledd CNBr-Sepharose column 
(Pharmacia,, Uppsala, Sweden). 

IPss and Wester n blotting . U-2 OS 
osteosarcomaa cells, which were grown to 
confluence,, were lysed in ELB lysis buffer 
(2500 mM NaCI, 0.1% Nonidet P-40, 50 mM 
HEPESS [pH 7.0], 5mM EDTA) containing 
0.55 mM dithiothreitol, 1 mM 
phenylmethylsulfonyll fluoride, and the 
proteasee inhibitors leupeptin, benzamidine, 
pepstatinn and aprotinin. The cell lysate was 
sonicatedd three times with bursts of 15 s. The 
lysatee was centrifuged at 14,000 x g at C 
forr 10 min, and the supernatant (500 pi) was 
aliquotedd and stored at ; 25 pi of the 
supernatantt was subsequently incubated with 
thee indicated antibodies for 2 h at . Goat 
anti-rabbitt immunoglobulin G (IgG) antibodies 
(Jacksonn ImmunoResearch Laboratories) 
weree added to the mixture and incubated for 
11 h at . Protein A-Sepharose CL-4B 
(Pharmacia)) and ELB buffer were added to 
enlargee the volume of the mixture to 300 pi. 
Thee mixture was incubated for 1 h at C 
underr continuous mixing. The mixture was 
centrifugedd at 1,500 * g at C for 1 min, 
washedd with 1 ml of ice-cold ELB buffer 
withoutt protease inhibitors, and centrifuged at 
1,5000 x g at C for 1 min. This washing 
proceduree was repeated five times. After 
heatingg and centrifugation to remove the 
proteinn A-Sepharose beads, the proteins 
weree separated by SDS-polyacrylamide gel 
electrophoresiss (PAGE) and transferred to 
nitrocellulose.. The blots were probed with a 
1:1,0000 dilution of affinity-purified rabbit 
antibodiess against EED and Enx1/EZH2(Fig. 
6AA and B, respectively) or chicken anti-BMM 
antibodyy (Fig. 6C). The secondary alkaline 
phosphatasee goat anti-rabbit or donkey anti-
chickenn IgG (heavy plus light chain) 
antibodiess (Jackson ImmunoResearch 
Laboratories)) were diluted 1:10,000, and 
nitrobluee tetrazolium-5-bromo-4-chloro-3-
indolylphosphatee (Boehringer) was used as 
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substratee for detection. The heavy chains of 
thee rabbit immunoprecipitation (IP) antibodies 
(approximatelyy 50 kDa) were recognized by 
thee rabbit antibodies against EED and 
Enx1/EZH2.. This lower molecular weight 
rangee is, however, not shown in Fig. 4A and 
B.. To determine the relative molecular weight 
off the EED protein, T7-tagged EED cDNAs 
weree transfected to U-2 OS cells. These cells 
weree harvested, and the cell lysates were 
separatedd by SDS-PAGE and transferred to 
nitrocellulose.. The blots were probed with a 
1:10,0000 dilution of mouse monoclonal 
antibodyy against T7 (Novagen). 

Immunofluorescenc ee labelin g of tissu e 
cultur ee cells . Coverslips with attached U-2 
OSS cells were rinsed once with phosphate-
bufferedd saline (PBS) and incubated with 
freshlyy prepared 2% (wt/vol) 
paraformaldehydee in PBS for 15 min at room 
temperature.. After fixation, cells were rinsed 
twicee with PBS and permeabilized with 0.5% 
(wt/vol)) Triton X-100 (Sigma) for 5 min at 
roomm temperature. Cells were subsequently 
rinsedd twice with PBS, incubated in PBS 
containingg 100 mM glycine for 10 min, and 
incubatedd for 10 min in PBG (PBS containing 
0.5%% bovine serum albumin and 0.05% 
gelatinn from cold-water fish skin [Sigma]). 
Fixedd cells were incubated for 2 h at room 
temperaturee with primary antibodies diluted in 
PBG.. Subsequently, cells were washed four 
timess for 5 min in PBG and incubated with 
secondaryy antibodies diluted in PBG for 1.5 h 
att room temperature. Secondary antibodies 
usedd were donkey anti-rabbit IgG coupled to 
fluoresceinn isothiocyanate and donkey anti-
chickenn IgG-coupled Cy3 (both from Jackson 
ImmunoResearchh Laboratories). After 
labeling,, cells were washed four times for 
55 min in PBG and twice for 5 min in PBS. 
Imagess of labeled cells were produced on a 
Leicaa confocal laser scanning microscope 
withh a 100*/1.35oil immersion lens. Pairs of 
imagess were collected simultaneously in the 
greenn and red channels. Single optical 
sectionss are shown. The first two pictures of 
eachh row (Fig. 7) represent the two different 
scannedd channels for imaging the double 
labeling,, whereas the last picture represents 

thee reconstituted image. To determine 
potentiall colocalization between the 
Enx1/EZH22 and EED proteins, we transiently 
transfectedd U-2 OS cells with T7-tagged EED 
protein.. Double labeling was performed with a 
mousee monoclonal antibody against T7 
(Novagen)) and affinity-purified rabbit 
antibodyy against Enx1/EZH2. 

LexAA fusio n reporte r gene-targete d 
repressio nn assay . The LexA repression 
assayy was performed as described 
previouslyy (3, 33, 34). U-2 OS cells were 
culturedd in a 25-cm2 flask and cotransfected 
withh 2 ug of the heat shock factor (HSF)-
induciblee luciferase (LUC) reporter plasmid 
(33,, 34), 4 ug of the LexA-fusion constructs, 
andd 2 ug of the pSV/B-Gal construct 
(Promega),, using the calcium phosphate 
transfectionn method. The HSF-inducible LUC 
reporterr plasmid was activated by exposure 
off the cells at r 1 h, followed by a 6-h 
recoveryy at . LUC activity was 
normalizedd to B-galactosidase activity. The 
LUCC activity in cells transfected with the LUC 
reporterr plasmid only was therefore set at 
100%,, and LUC activities in cells 
cotransfectedd with the indicated plasmids 
weree expressed as percentage of this control. 
Thee degree of repression by LexA-fusion 
proteinss is expressed as mean  standard 
errorr of the mean. 

RESULTS S 

Identificatio nn of the huma n EED protei n 
whic hh interacts  wit h Enx1 . To identify 
geness encoding proteins that interact with 
Enx1,, the vertebrate homolog of the 
DrosophilaDrosophila PcG protein E(z), we performed a 
two-hybridd screen (8). The full-length coding 
regionn of Enx1 (16) was cloned into the pAS2 
vectorr (8). Plasmid pAS2-Enx1 was 
cotransformedd with a human fetal brain 
Matchmakerr two-hybrid library (Clontech) into 
thee yeast strain Y190. The transformants 
weree plated on selective medium lacking 
histidine,, tryptophan, and leucine (8, 12, 33). 
Off approximately 5 * 105 independent clones, 
500 colonies were His+; of these, 10 were 6-
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GTGTCKCGGACWCCCeGCCCC«XK3ÏGCACCAACCnxx»GGG«Ka33GAGGAATA ^ ^ 
V W B R P B P R R Q l P C G t R l l I I W S l l I v s T A P X a T D N P A A I K Q i : : 

CCTaATaJU^crrTTACAeTTGTGCATOTACCTAT^TAGCAATACGAGCCATCCTCTCCTK ^ ^ 
A 0 1 « r r T C A H T Y D S K T S H P L L A V A a 8 » a i I t i : i i P I T « a C C 

II  K H T V 

1TCW^ATCAATTCAAAGAGAATGATGAATGCAATTAAG<»ATCTTATGATTATAATCCAAATAAAACT ^ ^ 
W P I H S K H K K K A I K I G Y D Y H P M K r W K P F I S Q S I H P P D P S T X X 

ArTAAACCCAGTGAATCTAATtïTtïACTA7TCnTJ(3GC^TTTC»TTACAGCCAGTGT ^ ^ 
Z K F S I S M V T 3 L a B . r D T I Q C D X W T I I f t r S l l D r i t O K H l A L 0 * Q Q 

GTTG(3CAAACTTrATGTTTGffl̂ TTTAGAAGTAGAACATCCT<aTAAAGCCAAATGTACAACACTGACTCATCATA ^ ^ 
V 8 K L T V « O L S V g O P S K A I C T t L T H > K C a A A S B Q T f r i l D t t 

FIG.. 1. Nucleotide sequence of EED and its predicted amino acid sequence. The point mutations (bp 872 and 881) 
inn eed that are found in the mutant eed mice are boxed. The stop codon of the EED gene is indicated with an 
asterisk. . 

galactosidasee positive. After DNA isolation 
andd rescreening, three colonies remained 
histidinee and B-galactosidase positive. Two 
1,628-bp-longg cDNA clones were identical. 
Thee entire EED cDNA insert was used to 
screenn a AACT human fetal brain cDNA 
libraryy (Clontech). We isolated a 1,837-bp-
longg cDNA (Fig. 1). The predicted 535-aa-
longg protein is identical to the mouse eed 
proteinn (7) and we therefore name the novel 
humann protein EED. The eed (for embryonic 
ectodermectoderm development) gene (7, 36) has 
beenn identified as being a vertebrate 
homologg of the Drosophila PcG gene esc (14, 
32,, 39). Within the 1,605-bp-long coding 
region,, EED is 93% identical with eed at the 
nucleotidee level. The N-terminal region of the 
proteinn (from aa 115 to 147) is rich in proline 
(P),, glutamic acid (E), serine (S), and 
threoninee (T), a potential PEST sequence, 
whichh has been implicated in protein 

degradationn (31). Most important is the 
presencee of five WD-40 domains throughout 
thee protein. In these domains, the homology 
betweenn EED and esc is highest, ranging 
fromm 54% identity in WD-40 repeat 1 to 83% 
identityy in WD-40 repeat 4 (36) (Fig. 2). 

Inn conclusion, a two-hybrid screen with 
thee Enx1 protein as the target resulted in the 
isolationn of a human cDNA which encodes a 
proteinn that is identical with the mouse PcG 
proteinn eed. We name this human protein 
EED. . 

Mappin gg of the domain s of interactio n 
betwee nn Enx1 and EED. To define the 
domainss that are responsible for the 
interactionn between Enx1 and EED, we 
subclonedd different parts of Enx1 and EED in 
framee with the GAL4-DBD and tested 
whetherr these proteins could still interact with 
full-lengthh EED or full-length Enx1. Enx1 
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E E DD VSRGRRENRPPGPRDGKQPGS 
EEDD RAGGRARARPFFSSVAGSHARPPRRLGAICDSGGSGGGGGAGSFAAGSGRACLTAVWRRPRPRRQEPGGRRRN 

21 1 
94 4 

EEDD MSKREV.qTAP&GTnMPAAKKOKLSSDENSNPDLSGDENDDAVSIESGTNTERPDTPTNTPNAPGRKSWGKGKW 

ESCC M S -- - - D K-K GDE S T - R - - - P R - - - G 

1 67 7 

EED D 
ESCC KSKK K KE 

WD-400 #1 
KSKKCKYSFKCWNSLKEbHNQPLFGVQFNWHSKEGDPLVFATVGSNdVTLYECHSQGEIRLLQSYVDADADEN N 

-HH FGV-FN P-VFAT-GSNI VT-YEC- -QG L L - - Y - D - D - D E-

EEDD FYTCAWTYDSNTSHPLLAVAGSRGIIRI 
ESCC F Y T C A W - Y D - - T S - P L L A - A G - R G - I R - I-

NN F WD-40 #2 
INP1TMQCII  KHYVtSHGNAINELKFHPRDPNLLLS VSKDHALRLWN 

3HG-AINELKFHPP LLLS-SKDHA-RLWN 

EED D 
ESCC IQ A I 

WD-400 #3 
IQTDTLVAIFGGVE}3HRDEVLSADYDLLGEKIMSCGMDHSLKLWR|INSKRPIMNAIKESYDYNPNKTNRPFISQ Q 

GGVE3HRDEVLS-DD G--I-S-GMDHSLKLW-NN l - - s K- - -PF -

EED D 
ESC C 

WD-400 #4 
rflHFPDFSTRDIHRNYVDCVRWLGDLILSKSCENAIVCWldPGKMEDDIDKIKPSESNVTILGRFDYSQCDIWY rflHFPDFSTRDIHRNYVDCVRWLGDLILSKSCENAIVCWldPGKMEDDIDKIKPSESNVTILGRFDYSQCDIWY 

-HFPDFSTRDIHRNYVDCV-W-G---LSKSCENAIVCWKPGG - - K P S - S - - T I - - - F - Y - - C - I W-

WD-400 #5 
EEDD MRFSMDFWQKMIJUjGNQVGKLYVWDLEVEDPHKAKCTTLTHIÉCCGAAIRQTSFSRDSSILIAVCDDASIWRWEfeLR S 35 
ESCC - RF W O K - - A I X 3 N Q - G K - Y W - L - - - D P - - A - - T T L - - 4 - - - A - - R Q - - F S R P - S - L - - V C D D A - - W R W - fc 

FIG.. 2. Comparison of the EED/eed protein with the Drosophila PcG protein esc. Identical amino acids are shown; 
nonidenticall amino acids are indicated with a dash. The five WD-40 repeats are indicated with boxes. A putative 
PESTT sequence is underlined. The point mutations (aa 287 and 290) in eed that are found in the mutant eed mice 
aree shaded in the boxed WD-40 domain 2. 

comprisess two N-terminal domains which 
showw strong homology between Drosophila 
E(z)) and its mammalian homologs. These 
domainss have been designated domains I 
andd II (25). Furthermore, Enx1 contains a C-
terminall cysteine-rich domain and a SET 
domain.. This last domain is found in a 
numberr of different proteins such as the 
trithoraxx protein (17). We found that the 
regionn encompassing both the cysteine-rich 
domainn and the SET domain (aa 498 to 746) 
didd not interact with EED (Fig. 3A). Also a 
regionn extended toward the N terminus (aa 
2855 to 746) did not interact with EED. In 
contrast,, the region encompassing domain I 
andd a part of domain II (aa 1 to 285) did 
interactt with EED. To analyze this region in 
moree detail, we made two constructs, one 
containingg homology domain I (aa 1 to 195) 
andd the other containing homology domain II 
(aaa 172 to 335). Only the region of Enx1 

whichh contains homology domain I interacted 
withh the EED protein (Fig. 3A). We conclude 
thatt EED binds to the N-terminal region of 
Enx11 which encompasses homology domain 
I. . 

EEDD contains five WD-40 domains which 
aree thought to be involved in protein-protein 
interactionss (14). We tested the importance of 
thesee WD-40 domains for the interaction 
betweenn Enx1 and EED. We made truncated 
EEDD protein constructs that contain an 
increasingg number of WD-40 domains. We 
foundd that none of the truncated EED 
proteinss that contain up to four WD-40 
domainss interacted with Enx1 (Fig. 3B). Only 
whenn all five WD-40 domains were present 
wass this truncated EED protein (aa 184 to 
535)) able to interact with Enx1 (Fig. 3B). The 
mostt N-terminal region of EED (aa 1 to 184), 
whichh does not contain WD-40 domains, was 
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FIG.. 3. Mapping of interaction domains between Enx1 and EED. (A) Indicated portions of Enx1 were fused to the 
GAL4-DBDD (GAL4-DBD fusion protein). These Enx1 regions include homology domains I (aa 94 to 159), homology 
domainn II (aa 218 to 329), a cysteine-rich domain (aa 498 to 612), and the SET domain (aa 613 to 742). Constructs 
thatt encompass different portions of the Enx1 protein are indicated. The plasmids were cotransformed with full-length 
EEDD (aa 1 to 535), which is fused to the GAL4-TAD (GAL4-TAD fusion protein). Interactions were positive (+) when 
thee transformants were able to grow on selective medium lacking histidine and when they were also B-galactose 
positive.. (B) Full-length Enx1 (aa 1 to 746) fused to the GAL4-DBD was tested for interaction against indicated 
portionss of EED fused to the GAL4-TAD. (C) Indicated point mutations in the second WD-40 domain of EED were 
madee and tested against the full-length Enx1 protein. 
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nott important for mediating the interaction 
betweenn Enx1 and EED (Fig. 3B). 

Thiss last result implies that all WD-40 
domainss of EED are necessary for interaction 
withh Enx1. We tested this notion further by 
creatingg mutant EED proteins that contain 
pointt mutations in the second WD-40 domain. 
AA recessive embryonic-lethal eed mutation 
hass been shown to be due to point mutations 
thatt result in altered aa 287 or 290 (36). 
Thesee mutations represent a null or 
hypomorphicc allele, respectively. In the null 
mutant,, aa 287 is changed from isoleucine (I) 
too asparagine (N) by a change in the codon 
ATCC to AAC (Fig. 1 and 2). In the 
hypomorphicc mutant, aa 290 is changed from 
leucinee (L) to proline (P) by a change in the 
codonn CTG to CCG. We created these 
mutationss by using PCR primers which 
containedd the respective mutations and 
testedd whether the mutant EED proteins are 
stilll able to interact with Enx1 in the two-
hybridd system. We found that both point 
mutationss abolished the interaction with Enx1 
inn the two-hybrid system (Fig. 3C). This result 
underliness the importance of intact WD-40 
domainss of EED for the interaction with Enx1. 

Inn conclusion, we find that the N-terminal 
regionn of Enx1 that encompasses homology 
domainn I mediates the interaction between 
Enx11 and EED. For this interaction, all five 
WD-400 domains of EED are necessary. 
Furthermore,, the WD-40 domains need to be 
intactt since point mutations in the second 
WD-400 domain abolish the interaction 
betweenn Enx1 and EED. 

Noo interaction s betwee n Enx1 and EED 
andd other , previousl y identifie d PcG 
proteins .. We next tested whether we could 
identifyy interactions between Enx1 or EED 
withh other, previously identified PcG proteins. 
Thiss was done by cloning Enx~\ and EED in 
framee with either the GAL4-DBD or the 
GAL4-TAD.. Enx1 and EED interacted equally 
stronglyy with each other, no matter whether 
theyy were fused to GAL4-DBD or GAL4-TAD 
(Tablee 1). However, we found no interactions 
betweenn Enx1 or EED and the vertebrate 
PcGG proteins HPC2 (34), BMI1 (1), Xbmil 
(30),, RING1 (33), or HPH1 or HPH2 (12) 

(Tablee 1). We conclude that there are no 
interactionss between Enx1 and EED and 

1 2 3 4 5 6 7 88 9 10 

FIG.. 4. Expression patterns of EED in human tissues 
(A)) and in human cancer cell lines (B). (A) Expression 
levelss in spleen (lane 1), thymus (lane 2), prostate (lane 
3),, testis (lane 4), ovary (lane 5), small intestine (lane 
6),, colon (lane 7), and peripheral blood leukocytes (lane 
8).. (B) Expression levels in promyelocytic leukemia HL-
600 (lane 1), HeLa cell S3 (lane 2), chronic myelogenous 
leukemiaa K-562 (lane 3), lymphoblastic leukemia 
MOLT-44 (lane 4), Burkitt's lymphoma Raji (lane 5), 
colorectall adenocarcinoma SW480 (lane 6), lung 
carcinomaa A549 (lane 7), and melanoma G361 (lane 8) 
celll lines. Lanes 1 to 8 represent a commercially 
obtainedd Northern blot. We also isolated and blotted 
poly(A)** RNA from U-2 OS (lane 10). To allow 
comparisonn with the commercial multiple-tissue 
Northernn blot, we isolated and blotted poly(A)* RNA 
fromm SW480 cells (lane 9). The filters were rehybridized 
withh a probe for glyceraldehyde-3-phosphate 
dehydrogenasee (GAPDH) to verify the loading of RNA 
inn each lane. 

40 0 



Interactionn between PcG proteins Enx1/EZH2 and EED 

otherr human PcG proteins in the two-hybrid 
system. . 

Distributio nn of EED transcripts  in huma n 
tissue ss and cance r cel l lines . We next 
studiedd the expression level of the EED gene 
byy analyzing multiple-tissue Northern blots 
containingg poly(A)+ mRNA from different 
humann tissues or human cell lines 
(Clontech).. As the probe we used the entire 
EEDEED cDNA. We detected two transcripts of 
approximatelyy 1.5 and 2 kb in all the tissues 
andd cell lines tested (Fig. 4). In normal tissue 
alsoo higher transcripts were detected, but at a 
muchh weaker level (Fig. 4A). Only in 
peripherall blood leukocytes were these 
higherr transcripts of approximately 3 and 
3.55 kb expressed at a higher level (Fig. 4A, 
lanee 8). The significance of this observation is 
nott clear. One possibility is that these 
transcriptss selectively arise from different cell 
typess such as granulocytes or lymphocytes 
withinn the heterogeneous peripheral blood 
leukocytes.. In normal human tissues, the 
highestt level of EED expression is found in 
thee testis (Fig. 4A, lane 4). Expression levels 
aree still well pronounced in the spleen (lane 
1),, prostate (lane 3), ovary (lane 5), and 
smalll intestine (lane 6). The expression levels 
off EED are somewhat lower in the thymus 
(lanee 2), colon (lane 7), and peripheral blood 
leukocytess (lane 8). The differences in 
abundancee of EED transcripts are more 
pronouncedd in human cell lines than in 
normall human tissues (Fig. 4B). Highest 
expressionn levels are observed in the 
colorectall adenocarcinoma SW480 (lane 
66 and 9), K-562 (lane 3), and U-2 OS 
osteosarcomaa (lane 10) cells. In Burkitt's 
lymphomaa Raji (Fig. 4B, lane 5), lung 
carcinomaa (lane 7), and melanoma G361 
(lanee 8) cells, EED is expressed at a lower 
level. . 

Compariso nn betwee n differen t EED 
proteins .. The first published eed cDNA 
encodess a 441-aa-long protein (36). 
However,, a more recent report describes a 
longerr version of the eed protein, which 
containss an additional 94 N-terminal amino 
acidss (7). This longer protein starts from a 
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FIG.. 5. Comparison between different EED proteins. 
Twoo T7-tagged EED constructs which potentially 
encodee the EED441 protein and EED535 protein were 
made.. U-2 OS cells were transfected with T7-EED441 

(lanee 1) and T7-EED535 (lane 2) cDNAs, and the 
respectivee cell lysates were analyzed by Western 
blotting.. Blots were probed with a mouse monoclonal 
antibodyy against T7 («T7; lanes 1 and 2). The 
endogenouss EED protein was detected in a cell lysate 
off U-2 OS cells (lane 3), using an affinity-purified 
antibodyy against EED (rxEED). Molecular weights are 
indicatedd in thousands. 

codonn that encodes valine (7). For 
convenience,, we will call the smaller eed 
proteinn eed441 and the larger protein eed535. 
Thee cDNA clone that we isolated potentially 
encodess the EED535 protein (Fig. 1 and 2). To 
testt this notion, we created two EED 
constructss which contain a T7 tag at the N 
terminus.. One construct contains the EED 
cDNAA starting from the GTG, thus potentially 
encodingg the EED535 protein. The other 
constructt contains the EED cDNA starting 
fromm the ATG (at putative aa position 94), 
thuss encoding the EED441 protein. Both 
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FIG.. 6. Enx1/EZH2 and EED coimmunoprecipitate 
fromm extracts of U-2 OS cells. IP experiments were 
performedd with extracts of U-2 OS human 
osteosarcomaa cells. (A) IP performed with polyclonal 
rabbitt antibodies against Enx1/EZH2 (Enx1/EZH2 IP), 
HPC22 (HPC2 IP), and BMI1 (BMI1 IP) or with 
preimmunee serum (Mock IP). The resulting IPs were 
Westernn blotted and incubated with rabbit anti-EED 
antibody.. The 68-kDa EED protein was detected in the 
U-22 OS cell extract (Input) and in the Enx1/EZH2 IP but 
nott in the HPC2 IP and BMI1 IP. (B) IP performed with 
polyclonall rabbit antibodies against EED (EED IP), 
HPC22 (HPC2 IP), and BMI1 (BMI1 IP) or with 
preimmunee serum (Mock IP). The resulting IPs were 
Westernn blotted and incubated with rabbit anti-Enxl 
antibody.. The approximately 90-kDa Enx1/EZH2 
proteinn was detected in the U-2 OS cell extract (Input) 
andd in the EED IP, but not in the HPC2 IP and BMI1 IP. 
(C)) IP performed using polyclonal rabbit antibodies 
againstt Enx1/EZH2 (Enx1/EZH2 IP), EED (EED IP), 
andd HPC2 (HPC2 IP) or with preimmune serum (Mock 
IP).. The resulting IPs were Western blotted and 
incubatedd with chicken anti-BMI1 antibody. The 
approximatelyy 44- to 47-kDa BMI1 protein was detected 
inn the U-2 OS cell extract (Input) and in the HPC2 IP, 
butt not in the Enx1/EZH2 IP and the EED IP. Molecular 
weightss are indicated in thousands. 

constructss were transiently transfected to U-2 
OSS cells to determine the relative molecular 
weightss of the T7-tagged EED proteins. The 
cellss were harvested, and the cell lysates 
weree separated by SDS-PAGE and 
transferredd to nitrocellulose. The blots were 
probedd with a mouse monoclonal antibody 
againstt T7 (Fig. 5, lane 1 and 2). A 53-kDa 
proteinn was recognized in extracts from 17-
EED^-transfectedd U-2 OS cells (Fig. 5, lane 
1),, and a 65-kDa protein was recognized in 
extractss from T7-EED535-transfected cells 
(Fig.. 5, lane 2). It being taken into account 
thatt the T7 tag encodes an approximately 2-
kDaa protein fragment, this finding indicates 
molecularr masses of 51 kDa for the EED441 

proteinn and 63 kDa for the EED535 protein. On 
Westernn blots, an affinity-purified antibody 
againstt EED recognizes a protein of 68 kDa 
(Fig.. 5, lane 3). This result suggests that the 
endogenouss 68-kDa EED protein is encoded 
bytheEED535cDNA. . 

Enx1/EZH22 and EED coimmunoprecipitat e 
fro mm extract s of U-2 OS cells . To test 
whetherr Enx1 and EED exist in vivo as part 
off a protein complex, we performed IP 
experimentss using antibodies raised against 
thee EED and Enx1 proteins. We used 
extractss from U-2 OS cells in which PcG 
proteinss are expressed at a high level (2, 12, 
33,, 34) and in which a high expression level 
off the EED gene is found (Fig. 3). On 
Westernn blots, the affinity-purified antibody 
againstt EED recognizes a protein of 68 kDa 
(Fig.. 6A). 

Differentt splicing variants of the human 
Em\Em\ homolog result in proteins of different 
sizess (15, 25), and there is confusion in the 
literaturee concerning the nomenclature of 
thesee genes and their corresponding 
proteins.. The human homolog of Enx1 has 
beenn named EA/X1, but it encodes a protein 
thatt is 133 aa shorter than the Enx1 protein 
(15).. Recently another Enx1 homolog, called 
EZH2,, has been isolated (25). The EZH2 
cDNAA encodes a protein that is 98.3% 
identicall with the Enx1 protein and contains 
thee 133 N-terminal aa which are lacking from 
thee ENX1 protein (25). The C-terminal part of 
thee EZH2 protein from aa 133 to 746 is 100% 
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identicall with the ENX1 protein, supporting 
thee idea that the two proteins arise from 
differentiall splicing (25). We raised antibodies 
againstt the first 286 N-terminal aa of the 
Enx11 protein, which includes the 133 N-
terminall aa that are missing from the ENX1 
protein.. Within these 133 N-terminal aa, the 
Enx11 and EZH2 proteins are 97% identical. In 
humann cells, the antibodies raised against 
Enx11 (aa 1 to 286) are therefore more likely 
too recognize the larger EZH2 protein than the 
smallerr ENX1 protein. We found that the 
affinity-purifiedd antibody recognizes a protein 
off approximately 90 kDa (Fig. 6A), which is 
closee to the predicted 85 kDa of the EZH2 
proteinn (7, 25). We will therefore refer to this 
humann protein, which is recognized by the 
antibodyy against the mouse Enx1 protein, as 
Enx1/EZH2. . 

Wee found that EED was present in the 
Enx1/EZH22 IP (Fig. 6A) and that Enx1/EZH2 
waswas present in the EED IP (Fig. 6B). In 
contrast,, in IPs with the HPC2 and BMI1 
antibodies,, we did not detect the presence of 
EEDD (Fig. 6A) or Enx1/EZH2 (Fig. 6B). In the 
reciprocall experiment, we did not detect BMI1 
inn the Enx1/EZH2 and EED IPs (Fig. 6C). In 
thiss experiment we did, as observed 
previouslyy (33), detect BMI1 in the IP with the 
HPC22 antibody (Fig. 6C). Finally, no antigens 
weree detected when the specific IP 
antibodiesantibodies were replaced by preimmune sera 
(Fig.. 6, Mock IP) or unrelated antibodies or 
whenn the first antibody was merely omitted 
fromm the IPs (data not shown). This result 
underliness the specificity of the IPs. 

Inn conclusion, we show that Enx1/EZH2 
andd EED coimmunoprecipitate from extracts 
off U-2 OS human osteosarcoma cells. The 
resultss indicate that Enx1/EZH2 and EED are 
inn vivo part of a protein complex, but that they 
aree not included in complexes which contain 
thee human PcG proteins HPC2 and BMI1. 

Enx1/EZH22 and EED do not colocaliz e 
wit hh HPC2 in nucle i of U-2 OS cells . We 
nextt analyzed the subcellular localization of 
thee Enx1/EZH2 and EED proteins in relation 
too the PcG protein HPC2 by performing 
immunofluorescencee labeling experiments. 
Wee used U-2 OS cells, in which we found that 

Enx1/EZH22 and EED coimmunoprecipitate 
(Fig.. 6). The use of chicken anti-HPC2 (33) 
andd rabbit anti-Enx1/EZH2 and anti-EED 
allowss double-labeling experiments. Both 
Enx1/EZH22 and EED proteins were found in 
thee nuclei of U-2 OS, throughout the 
nucleoplasmm in a fine granular pattern (Fig. 
7AA and D, respectively). In striking contrast, 
thee HPC2 protein is found in a punctate, fine 
granularr pattern, but also in large, brightly 
labeledd domains (Fig. 7B, E, and H). In these 
largee domains, we and others observed 
completee colocalization between the human 
PcGG proteins HPC2 and BMI1 (Fig. 7G to I) 
ass well as between HPC2, BMI1, RING1, 
HPH1,, and HPH2 (2, 12, 33-35). No 
colocalizationn between Enx1/EZH2 or EED 
andd HPC2 or other human PcG proteins 
(dataa not shown) in these large domains was 
found,, since neither Enx1/EZH2 nor EED is 
localizedd in large domains. 

Sincee both antibodies against Enx1/EZH2 
andd EED are rabbit derived, it is not possible 
too directly test for potential colocalization 
betweenn those two proteins. However, to 
determinee potential colocalization between 
thee Enx1/EZH2 and EED proteins, we 
transientlyy transfected U-2 OS cells with the 
T7-taggedd EED535 protein. Double labeling 
wass performed with a mouse monoclonal 
antibodyy against T7 (Fig. 7J) and the affinity-
purifiedd rabbit antibody against Enx1/EZH2 
(Fig.. 7K). We observed complete 
colocalizationn between T7-EED535 and 
Enx1/EZH22 (Fig. 7L), which indicates that 
endogenouss EED and Enx1/EZH2 also 
colocalizee with each other. 

Wee conclude that Enx1/EZH2 and EED 
doo not colocalize with known human PcG 
proteinss in large nuclear domains of U-2 OS 
cells.. This is in striking contrast with previous 
observationss which showed that the human 
PcGG proteins HPC2, BMI1, RING1, HPH1, 
andd HPH2 all colocalize in these domains. 
Thesee results are in agreement with the 
observationn that Enx1/EZH2 and EED do not 
coimmunoprecipitatee with the other human 
PcGG proteins, and they strengthen the notion 
thatt Enx1/EZH2 and EED form a distinct 
proteinn complex. 
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FIG.. 7. Enx1/EZH2 and EED do not colocalize with the PcG protein HPC2 in nuclear domains of U-2 OS cells. 
Confocall single optical sections of double-labeled cells are presented. (A to C) Rabbit anti-Enx1/EZH2 and chicken 
anti-HPC22 double labeling. Enx1/EZH2 (A), like HPC2 (B), is homogeneously distributed in the nucleus, but unlike 
HPC2,, Enx1/EZH2 is not concentrated in large, brightly labeled domains (B and C). (D to F) Rabbit anti-EED and 
chickenn anti-HPC2 double labeling. EED (D), like HPC2 (E), is homogeneously distributed in the nucleus, but unlike 
HPC2,, EED is not concentrated in large, brightly labeled domains (E and F). Rabbit anti-BMI1 (G) and chicken anti-
HPC22 (H) double labeling demonstrates colocalization of HPC2 and BMI1 in the large bright domains (I) (indicated by 
yellow).. We transiently transfected U-2 OS cells with the T7-tagged EED535 protein. Double labeling was performed 
withh a mouse monoclonal antibody against T7 (J) and the affinity-purified rabbit antibody against Enx1/EZH2 (K). We 
observedd complete colocalization between T7-EED535 and Enx1/EZH2 (L). 

Repressio nn of HSF-induce d LUC gene the PcG proteins have been identified as 
activit yy  by Enx1 and EED. In Drosophila, repressors of gene activity. So far, no PcG 
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proteinn has been found to bind directly to 
DNA.. Nevertheless, the ability of PcG 
proteinss to repress gene activity can be 
testedd by targeting LexA fusion proteins to 
reporterr genes (3). Previously, we have 
foundd that a LexA-HPC2 as well as LexA-
RING11 fusion proteins repress gene activity 
whenn targeted to a reporter gene (33, 34). 
Wee therefore analyzed the ability of LexA-
Enx1,, LexA-EED441, and LexA-EED535 fusion 
proteinss to repress gene activity when 
targetedd to a reporter gene. 

U-22 OS human osteosarcoma cells were 
transfectedd with a construct containing a 
tandemm of four LexA operators, binding sites 
forr the HSF transcriptional activator, and the 
hsp70hsp70 TATA promoter region, immediately 
upstreamm of the LUC reporter gene (3, 33, 
34).. As a transcriptional activator, the 
endogenouss HSF was used. In the absence 
off HSF, no LUC activity was observed (data 
nott shown). Maximum LUC activity in the 
presencee of HSF was set at 100%. 
Cotransfectionn of LexA alone had no 
significantt influence on HSF-induced LUC 
activityy (Fig. 8; 96%  6% [n = 3]). We found 
thatt LexA-Enx1 was not able to repress LUC 
expressionn significantly (Fig. 8; 93%  3% 
[n[n = 3]). We also found that whereas LexA-
EED5355 was able to significantly repress LUC 
expressionn (Fig. 8; 25%  4% [n = 3]), LexA-
EED4411 was not able to repress LUC 
expressionn (78%  5% [n = 3]). In the same 
experiments,, LexA-HPC2 repressed LUC 
expressionn most efficiently (Fig. 8; 10%  5% 
[n[n = 3]). This degree of repression has been 
observedd previously (3, 33, 34). 

Thesee results are in agreement with the 
previouss report in which the eed535 protein 
butt not the eed441 protein was able to repress 
genee activity when targeted to a reporter 
genee (7). We conclude that the EED535 

proteinn but not the Enx1 protein is able to 
represss gene activity when targeted to a 
reporterr gene. 

DISCUSSION N 

Identificatio nn of an interactio n betwee n 
Enx1/EZH22 and EED. In this report, we 
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FIG.. 8. Repression of HSF-induced LUC gene activity 
byy Enx1 and EED. Activation of LUC reporter 
expressionn is maximally induced by endogenous HSF 
inn the absence of any LexA fusion protein and was set 
att 100%. LUC activities in cells cotransfected with other 
plasmidss were expressed as a percentage of this 
controll value. Bars represent the average degree of 
repressionn by LexA, LexA-Enx1, LexA-EED535, LexA-
EED441,, or LexA-HPC2 in three independent 
experimentss (mean  standard error of the mean). 

describee the identification of an interaction 
betweenn Enx1/EZH2 and EED, mammalian 
homologss of, respectively, the Drosophila 
PcGG proteins E(z) and esc. Our interest in 
searchingg for proteins that interact with 
Enx1/EZH22 is inspired by observations that in 
Drosophila,Drosophila, E(z) can be considered to be a 
PcGPcG and a trxG gene. Double mutations of 
E(z)E(z) and a trxG gene result in homeotic 
phenotypess which are similar to the homeotic 
phenotypess which are also observed in 
doublee mutants of trxG genes (26). Also, 
withinn imaginal discs of larvae hemizygous 
forr certain mutant alleles of E(z) there is no 
accumulationn of homeotic proteins such as 
Antennapediaa and Ultrabithorax (26). Lack of 
accumulationn of these homeotic proteins is a 
hallmarkk for trxG mutations. Another line of 
evidencee that points toward a functional 
convergencee between PcG and trxG proteins 
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iss the observation that E(z) contains the SET 
domain,, a stretch of 114 aa in the C-terminal 
regionn of the E(z) protein, which is 48% 
identicall and 68% similar with the 
correspondingg region in the trx protein (17). 
Finally,, polytene chromosome binding of the 
trxx protein is strongly reduced in homozygous 
E(z)E(z) mutants (4), and vice versa, polytene 
chromosomee binding of the E{z) protein is 
reducedd in trx mutants (24). These data 
suggestt a role for the E(z) which may differ 
considerablyy from other PcG proteins, 
providingg an important rationale to perform a 
two-hybridd screen with a mouse homolog of 
E(z)) as the target. 

Here,, we report the identification of EED, 
thee human homolog of the murine eed 
protein,, a homolog of the Drosophila esc 
protein.. EED interacts with the Enx1 protein, 
bothh in the two-hybrid assay and in vivo, esc 
iss a PcG protein which also stands apart from 
otherr PcG proteins. PcG genes play a crucial 
roiee in the maintenance of homeotic gene 
activityy during later phases of embryonic 
development,, but for esc an earlier role has 
beenn proposed (14, 32, 39,40). First, the esc 
genee is expressed only during a limited, very 
earlyy developmental phase of Drosophila 
developmentt (39). Absence of the esc gene 
productt during this short period results in 
homeoticc transformations which are very 
similarr to those of other PcG mutations. 
However,, when the esc protein is missing 
duringg earlier or, most importantly, during 
laterr phases in development, no phenotypical 
defectss are observed (39, 40). This finding 
indicatess a role for esc which is different from 
thesee other PcG genes. It may be significant 
thatt the two atypical PcG proteins Enx1 and 
EEDD interact with each other and not with 
otherr PcG proteins. 

Doo Enx1/EZH2 and EED for m a clas s of 
PcGG protein s that diffe r fro m other , 
previousl yy  identifie d mammalia n PcG 
proteins ??  We found that Enx1/EZH2 and 
EEDD interact in vivo but not with other, 
previouslyy identified human PcG proteins. 
Wee base this conclusion on the observations 
thatt Enx1/EZH2 and EED do not interact with 
otherr human PcG proteins in the two-hybrid 

systemm and that they do not 
coimmunoprecipitatee or colocalize in 
interphasee nuclei with any of these other 
humann proteins. This is in striking contrast 
withh the other, previously identified human 
PcGG proteins HPC2, BMI1, RING1, HPH1, 
andd HPH2, which all coimmunoprecipitate 
withh each other and colocalize in large 
nuclearr domains of several human cell lines 
(2,, 12, 33-35). 

Itt is important to point out that the E(z) 
proteinn colocalizes with other PcG proteins 
onn only a subset of PcG binding sites on 
polytenee chromosomes. Whereas the 
DrosophilaDrosophila PcG proteins Pc, Psc, Su(z)2, and 
Phh are found at 80 to 90 specific cytological 
sites,, E(z) is found at only 42 of these sites 
(4).. Only two additional E(z) binding sites do 
nott overlap with PcG sites. The localization of 
thee esc protein has not been reported as yet. 
Althoughh E(z) and other PcG proteins bind to 
422 common cytological sites, this does not 
automaticallyy imply that E(z) is part of a 
commonn PcG protein complex. Also the trx 
proteinn has cytological binding sites in 
commonn with PcG proteins (6), but a direct, 
physicall interaction between trx and PcG 
proteinn has not been established. Even within 
thee resolution of Polycom b response 
elementss (24, 41), there is probably still room 
forr distinct protein complexes that have no 
physicall interactions. Taken together, our 
currentt data and those from previous reports 
suggestt that both the E(z) homolog 
Enx1/EZH22 and the esc homologs eed/EED 
behavee differently from other PcG proteins. 

Functiona ll  significanc e of the Enx1/EZH2 
andd EED interaction . It has been proposed 
thatt esc interacts with the transcriptional 
machineryy through the WD-40 domains (14). 
Thiss model is based on the homology that is 
foundd between esc and Tup1, a yeast protein 
whichh also contains seven WD-40 domains. 
Thesee WD-40 domains are important for the 
involvementt of the Tup1 protein in the 
repressionn of gene activity and in its binding 
too the DNA-binding homeodomain protein a2 
(19,, 23). Also, in several esc mutants point 
mutationss in the WD-40 domains have been 
foundd (32). We find that either one of two 
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pointt mutations in the second WD-40 domain 
completelyy abolishes the interaction in the 
two-hybridd system between Enx1 and EED. 
Preciselyy these two point mutations are 
responsiblee for the severe developmental 
defectss in eed mutant mice (36). It is 
significantt that the ability of the eed535 protein 
too repress gene activity is also completely 
abolishedd by these point mutations (7). It is 
thereforee tempting to speculate that both the 
interferencee with the binding capacity and the 
repressingg abilities of the eed/EED protein 
throughh these point mutations contribute to 
thee developmental defects in eed mutant 
mice.. One immediate consequence of these 
pointt mutations can be that the Enx1 protein 
iss no longer able to bind to eed with the 
subsequentt loss of integrity of the protein 
complexx of which Enx1/EZH2 and eed are 
part. . 
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