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CtBPP interacts with vertebrate Polycomb homologs 

C-termina ll  Bindin g Protei n is a transcriptiona l represso r that 
interact ss wit h a specifi c clas s of vertebrat e Polycom b 
protein s s 

Polycom bb (Pc) is part of a Pc grou p (PcG) protei n comple x that  is involve d in repressio n 
off  gene activit y durin g Drosophila  and vertebrat e development . To identif y protein s that 
interac tt  wit h vertebrat e Pc homologs , we performe d two-hybri d screen s wit h Xenopus  Pc 
(XPc)) and huma n Pc 2(HPC2). We fin d tha t the C-termina l bindin g protei n (CtBP) 
interact ss wit h XPc and HPC2, that CtBP and HPC2 coimmunoprecipitate , and that CtBP 
andd HPC2 partiall y colocaliz e in larg e PcG domain s in interphas e nuclei . CtBP is a protei n 
wit hh unknow n functio n that  bind s to a conserve d 6-amino-aci d moti f in the C terminu s of 
thee adenoviru s E1A protein . Also , the Drosophila  CtBP homolo g interacts , throug h thi s 
conserve dd amin o acid motif , wit h severa l segmentatio n protein s that act as repressors . 
Similarly ,, we fin d that CtBP bind s wit h HPC2 and XPc throug h the conserve d 6-amino -
acidd motif . Importantly , CtBP does not interac t wit h anothe r vertebrat e Pc homolog , M33, 
whic hh lack s thi s amin o acid motif , indicatin g specificit y amon g vertebrat e Pc homologs . 
Finally ,, we sho w that CtBP is a transcriptiona l repressor . The result s are discusse d in 
term ss of a mode l that bring s togethe r PcG-mediate d repressio n and repressio n system s 
thatthat  requir e compressor s suc h as CtBP. 

Inn Drosophila the Polycomb (Pc) group (PcG) 
geness have been identified as being part of a 
cellularr memory system that is responsible for 
thee stable and heritable repression of gene 
expressionn (3, 16). The PcG genes are 
requiredd for maintenance of the repressed 
statee of certain homeotic genes. Mutations in 
PcGG genes result in derepression of these 
homeoticc genes, which leads to homeotic 
transformations.. In recent years vertebrate 
homologss of PcG genes have been identified 
andd characterized. Mutations in these 
vertebratee PcG genes also lead to homeotic 
transformations,, indicating that the vertebrate 
PcGG genes have a function similar to that of 
theirr Drosophila homologs (reviewed in 
referencess 8 and 24). 

Despitee the extensive knowledge 
concerningg the identity of Drosophila and 
vertebratee PcG genes, the molecular 
mechanismm of how PcG proteins achieve 
inheritablyy stable transcriptional repression of 
targett genes is not understood. Several 
modelss in which the PcG proteins can 
packagee target genes in a heterochromatin-
likee conformation or induce modifications of 
thee nucleosomal organization have been 
consideredd (16). It also is not understood 
howw PcG proteins interfere with transcription 
regulation.. In theory, the PcG proteins might 
directlyy interact with enhancer proteins, with 

proteinss of the basal transcription machinery, 
orr with proteins that modify chromatin 
structure,, such as histonedeacetylases. 

Insightt into the molecular mechanisms 
underlyingg PcG action comes from 
observationss indicating that PcG proteins 
functionn as large multimeric complexes. In 
Drosophila,Drosophila, several PcG proteins share 60 to 
1000 sites on polytene chromosomes of the 
salivaryy gland (18, 28), and coimmunopreci-
pitationn experiments have shown that the Pc 
proteinn is present in a large protein complex 
thatt also includes the PcG protein 
Polyhomeoticc (Ph) (6). The vertebrate PcG 
proteinss also form multimeric protein 
complexes.. Recently, we have shown that 
theree are at least two distinct human PcG 
proteinn complexes (25). On the one hand, 
theree is a complex which consists of human 
Pcc 2 (HPC2), a human Pc homolog; a human 
homologg of the murine Pc protein M33 (21); 
HPH11 and HPH2, human homologs of the 
DrosophilaDrosophila PcG protein Ph; and BMI1, a 
humann homolog of the Drosophila PcG 
proteinn Posterior sex combs (1, 9). This 
complexx also contains the RING1 protein 
(20).. All of these proteins coimmunoprecip-
itatee with each other and colocalize in large 
nuclearr domains termed PcG domains (9, 20, 
21).. On the other hand, Enx1/EZH2 and EED, 
mammaliann homologs of the Drosophila PcG 
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proteinss Enhancer of zeste and Extra sex 
combs,, respectively, appear to be part of a 
distinctt PcG complex. Enx1/EZH2 and EED 
coimmunoprecipitatee and colocalize with 
eachh other but not with the above-mentioned 
PcGG proteins (25, 27). 

Too identify additional proteins that interact 
withh the PcG complex, we screened two-
hybridd cDNA libraries with vertebrate Pc 
homologss as targets. We found that a 
XenopusXenopus homolog of C-terminal binding 
proteinn 1 (XCtBPI) (22) interacts with 
XenopusXenopus Pc (XPc) (19) and that human 
CtBP22 (11) interacts with HPC2 (21). The 
CtBP11 protein has previously been identified 
ass a protein that binds to the extreme C 
terminuss of the adenovirus type 2 and 
55 (Ad2/5) E1A protein, and CtBP1 attenuates 
transcriptionall activation and tumorigenesis 
mediatedmediated by the E1A protein (2, 22, 26). We 
showw that the CtBP proteins coimmunopreci-
pitatee with HPC2, that the CtBP proteins 
partiallyy colocalize in nuclear domains with 
HPC2,, and, finally, that CtBP is able to 
represss gene activity. These findings are of 
particularr interest since the recently identified 
DrosophilaDrosophila homolog of CtBP is able to 
interactt with the Drosophila pair-rule 
segmentationn protein Hairy (17) and the gap 
segmentationn protein Knirps and the zinc 
fingerr protein Snail (14). Remarkably, all of 
thesee Drosophila CtBP-interacting proteins 
are,, like HPC2 and XPc, repressors of gene 
activity.. Our data suggest that HPC2-
mediatedd repression involves an association 
withh corepressors such as CtBP. 

MATERIA LL AND METHODS 

Yeastt  two-hybri d screen . The full-length 
codingg regions of XPc (19) and HPC2 (21) 
weree cloned into the pAS2 vector (5) 
(Clontech)) and were used separately as 
targetss to screen for interacting proteins (9, 
20,, 25). The other Pc and CtBP hybrids were 
derivedd by PCR (Expand; Boehringer) and 
weree sequenced entirely. The pAS2-XPc 
plasmidd was cotransformed with a Xenopus 
oocytee Matchmaker two-hybrid library 
(Clontech),, and the pAS2-HPC2 plasmid was 
cotransformedd with a human fetal brain 
Matchmakerr two-hybrid library (Clontech), 

intoo Saccharomyces cerevisiae Y190. The 
transformantss were plated on selective 
mediumm lacking the amino acids leucine, 
tryptophan,, and histidine but containing 
300 mM 3-amino-1,2,4-triazole (3-AT) (9, 20, 
25).. Potential interactions between different 
subcloness of CtBP and HPC2 were tested. 
Thee transformants were plated on medium 
lackingg the amino acids leucine, tryptophan, 
andd histidine with or without 30 mM 3-AT. 
Cellss with interactions that were scored as 
negativee failed to grow in the presence of 
300 mM 3-AT. Due to residual HIS3 promoter 
activity,, however, they are able to grow on 
mediumm without 3-AT (9, 20, 25). Under 
thesee nonselective conditions, cells with 
negativee interactions were p-galactosidase 
negativee and the colony was white. Positive 
interactionss meet the two criteria of growth in 
thee presence of 3-AT and B-galactosidase 
positivity. . 

GSTT fusio n protein s and in vitr o bindin g 
assay .. The previously described (19) 
glutathionee S-transferase-XPc (GST-XPc) 
(aminoo acids [aa] 1 to 521) and GST-XPc (aa 
11 to 178) fusion proteins contain, 
respectively,, the full-length XPc and the N-
terminall first 178 aa of XPc, encompassing 
thee chromodomain (19). Expression of the 
GSTT fusion proteins was induced for 3 h at 

CC with 0.4 mM isopropyl-p-D-thiogalacto-
pyranosidee as described previously (19). The 
cellss were pelleted, resuspended in binding 
bufferr (phosphate-buffered saline containing 
11 mM EDTA, 1 mM dithiothreitol, 2 mM 
phenylmethylsulfonyll fluoride, 10 ug of 
leupeptinn per ml, 10 ug of benzamidine per 
ml,, 10 ug of trypsin inhibitor per ml, and 
100 ug of aprotinin per ml), and sonicated. 
Tritonn X-100 was added to a final 
concentrationn of 1% (vol/vol), and the lysate 
wass incubated for 30 min on ice. Cell debris 
wass removed by centrifugation for 10 min at 
14,0000 x g, the supernatant was added to 
glutathione-Sepharosee 4B, and the mixture 
wass incubated for 30 min at . The beads 
weree collected by centrifugation and washed 
extensivelyy with binding buffer. Capped 
syntheticc CtBP2 mRNA was made by in vitro 
transcriptionn and translated at 20 ug/ml in a 
rabbitt reticulocyte lysate in the presence of 
[35S]methioninee (19). A 10-ul slurry of GST 
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fusionn protein (immobilized on glutathione-
Sepharose)) was preincubated for 30 min on 
icee in a final volume of 200 ul of binding 
buffer,, containing 0.5% Nonidet P-40 and 
11 mg of bovine serum albumin per ml. 
Subsequently,, 3 pi of the reticulocyte lysate 
waswas added to the mixture and incubated for 
300 min at C with rotation. The beads were 
washedd five times with 1 ml of ice-cold 
bindingg buffer. The complexes were 
separatedd on sodium dodecyl sulfate (SDS)-
polyacrylamidee gels, which were subjected to 
fluorography. fluorography. 

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 patterns of CtBP1 and CtBP2 
weree analyzed. To allow a comparison with 
thee commercial Northern blot, poly(A)+ RNA 
off SW480 cells, which is also represented on 
thee commercial blot and in which both the 
CtBP1CtBP1 gene and the CtBP2 gene are strongly 
expressed,, was blotted. We used part of the 
3'' untranslated region (3' UTR) of CtBP1 or 
CtBP2CtBP2 as a probe. To obtain these probes, a 
PCRR was performed on a human fetal brain 
Matchmakerr two-hybrid library (Clontech). 
CtBP1CtBP1 primers were 5'-
CGCCAGTGACCAGTTGTAGC-3'' and 5'-
CGTGATGATGCCGTCTTCA-3',, extending 
fromm bp 1324 to 1884. CtBP2 primers were 
5'-TGCCAGAAGGTAATCAC-TCA-3'' and 5'-
AATCCTATGCGTGCAGGTGT-3',, extending 
fromm bp 1365 to 1835. The blots were 
hybridizedd with [a32P]dATP-labelled DNA 
probes,, and the blots were autoradiographed 
withh intensifying screens at C with X-ray 
films. . 

Productio nn of the CtBP polyclona l 
antibodies .. A fusion protein was made from 
thee full-length cDNA of XCtBPI encoding aa 
11 to 440. The cDNA was cloned in frame into 
aa pET-23 expression vector (Novagen). The 
fusionn protein was produced in Escherichia 
colicoli BL21(DE), and the purified protein was 
injectedd into a rabbit. Serum was affinity 

purifiedd over an antigen-coupled CNBr-
Sepharosee column (Pharmacia) to determine 
whetherr the rabbit anti-XCtBP1 polyclonal 
antibodiess recognize both CtBP1 and CtBP2. 
T7-taggedd CtBP1 and T7-tagged CtBP2 were 
expressedd in E. coli BL21(DE). The bacterial 
celll lysates were separated by SDS-
polyacrylamidee gel electrophoresis (SDS-
PAGE)) and transferred to nitrocellulose. The 
blotss were probed with a 1:10,000 dilution of 
eitherr mouse monoclonal antibody against T7 
(Novagen)) or a 1:1,000 dilution of the rabbit 
polyclonall antibody against XCtBPI. 

Immunoprecipitation ss and Wester n 
blotting .. COS-7 cells were transiently 
transfectedd with either T7-tagged HPC2 or 
T7-taggedd CtBP2 or with both, using the 
calcium-phosphatee transfection method 
(Gibcoo BRL). Both constructs were cloned in 
thee pcDNA3 plasmid (Invitrogen). At 48 h 
afterr transfection, COS-7 cells were 
harvestedd and 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 phenylmethyl-
sulfonyll fluoride, and the protease inhibitors 
leupeptin,, benzamidine, and aprotinin. The 
celll lysate was sonicated three times with 
burstss of 15 s. The cell lysate was centrifuged 
att 14,000 x g at C for 10 min, and the 
supernatantt was subsequently aliquoted and 
storedd at . Fifty microliters of the 
supernatantt was incubated with the indicated 
antibodiess for 4 h at . Goat anti-rabbit 
immunoglobulinn G (IgG) antibodies or goat 
anti-chickenn IgG antibodies (Jackson 
ImmunoResearchh Laboratories) were added 
too the mixture and incubated for 1 h at . 
Proteinn A-Sepharose CL-4B (Pharmacia) and 
ELBB lysis buffer with protease inhibitors were 
addedd up to 300 ul. The mixture was 
incubatedd for 1 h at C with continuous 
mixing.. Next, the mixture was centrifuged for 
11 min at 1,500 * g at , the supernatant 
wass transferred to a fresh tube, and the 
immunoprecipitatee was washed with 1 ml of 
ice-coldd ELB buffer without protease 
inhibitors.. The mixture was then centrifuged 
forr 1 min at 1,500 * g at . This washing 
proceduree was repeated five times. After 
heatingg and removal of the protein A-
Sepharosee beads, the proteins were 
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separatedd by SDS-PAGE and transferred to 
nitrocellulose.. The blots were probed with a 
mousee monoclonal antibody against T7 
(Novagen).. The secondary alkaline 
phosphatase-conjugatedd goat antimouse 
antibodiess or goat antichicken antibodies 
(Jacksonn ImmunoResearch Laboratories) 
weree diluted 1:10,000, and nitroblue 
tetrazolium-5-bromo-4-chloro-3--
indolylphosphatee (Boehringer) was used as 
substratee for detection. 

Immunofluorescenc ee labelin g of tissu e 
cultur ee cells . U-2 OS cells were cultured 
andd labelled as described previously (9, 20, 
21,, 25). The labeling was analyzed by 
confocall laser scanning microscopy, and 
opticall sections were made (see Fig. 8, 
wheree the first two pictures of each row 
representt the two different scanned channels 
forr imaging the double labelling and the last 
picturee in each row represents the 
reconstitutedd image). For labelling CtBP and 
BMI1,, donkey anti-rabbit IgG coupled to Cy3 
(Jacksonn Immunoresearch Laboratories) was 
used.. For labelling HPC2, donkey anti-
chickenn IgG coupled to fluorescein 
isothiocyanatee (Jackson Immunoresearch 
Laboratories)) was used. To discriminate 
betweenn the CtBP1 protein and the CtBP2 
protein,, U-2 OS cells were transiently 
transfectedd with either T7-tagged CtBP1 or 
T7-taggedd CtBP2, and cells were double 
labelledd with antibodies against HPC2 and 
mousee monoclonal antibodies against T7 
(Novagen). . 

LexAA fusio n reporte r gene-targete d 
repressio nn assay . The LexA repression 
assayy was performed as described 
previouslyy (20, 21, 25). 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 
(20,, 21), 4 ug of the LexA fusion constructs, 
andd 2 ug of the pSV/p-Gal construct 
(Promega),, using the calcium phosphate 
transfectionn method. The HSF-inducible LUC 
reporterr plasmid was activated by exposure 
off the cells C for 1 h, followed by a 6-h 
recoveryy at . LUC activity was 
normalizedd to p-galactosidase activity. The 
LUCC activity in cells transfected with only the 

LUCC reporter plasmid was therefore set at 
100%,, and LUC activities in cells 
cotransfectedd with the indicated plasmids 
weree expressed as percentages of this 
controll value. The degree of repression by 
LexAA fusion proteins is expressed as the 
meann  standard error of the mean. All 
experimentss were performed seven times 
independently,, including thetransfections. 

Nucleotid ee sequenc e accessio n numbers . 
Thee GenBank accession numbers for 
XCtBPII and CtBP1 are AF091554 and 
AF091555,, respectively. 

RESULTS S 

Identificatio nn of CtBP1 and CtBP2 as 
protein ss that interac t wit h the vertebrat e 
Pcc homolog s XPc and HPC2. To identify 
geness encoding proteins that interact with 
HPC22 and XPc, both of which are vertebrate 
homologss of the Drosophila PcG protein Pc, 
wee performed two-hybrid screens. The full-
lengthh coding regions for XPc (19) and HPC2 
(21)) were cloned into the pAS2 vector (5). 
Thee plasmids pAS2-XPc and pAS2-HPC2 
weree cotransformed with, respectively, a 
XenopusXenopus oocyte and a human fetal brain two-
hybridd library. Approximately 106 independent 
cloness were obtained for each screen. One 
hundredd thirty-six growing colonies were 
obtainedd from the two-hybrid screen with 
XPc.. Twelve colonies, of which eight colonies 
containedd similar cDNA inserts, remained 
histidinee and J3-galactosidase positive after 
DNAA isolation and rescreening. From the 
two-hybridd screen with HPC2, 100 growing 
coloniess were obtained, of which 3 colonies 
remainedd histidine and B-galactosidase 
positivee after DNA isolation and rescreening. 
AA 1,519-bp cDNA clone that we isolated from 
thee two-hybrid screen with HPC2 was 
identicall to CtBP2 (11). The isolated CtBP2 
clonee encodes aa 1 to 445 of the 445-aa 
CtBP22 protein. A 1,414-bp cDNA clone 
obtainedd from the XPc screen was 
homologouss to CtBP1 and CtBP2 (11, 22). 
Thee predicted 440-aa protein is 85% identical 
too CtBP1 based on the encoding sequence 
publishedd by Schaeper et al. (22) and is 78% 
identicall to CtBP2 (11) (Fig. 1). However, 
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comparisonn of the open reading frames of 
XCtBPP and CtBP1 revealed potential 
frameshiftss in the reading frame. We 
thereforee searched for different EST clones in 
thee database of CtBP1 and compared these 
withh CtBP1 and XCtBP. Comparison of 
differentt EST clones (accession no. H46860, 
AA282011,, and AA312167) indeed revealed 
thatt there are several frameshifts in the 
publishedd sequence of CtBP1. We confirmed 
thesee differences by sequencing the CtBP1 
cDNA,, which we obtained by PCR. When the 
correctionss are taken into account, the 
XCtBPP protein is 96% identical to CtBP1 
insteadd of 85%. Based on the extensive 
homologyy between CtBP1 and XCtBP we 
thereforee named the novel Xenopus protein 
XCtBPL L 

Inn conclusion, a two-hybrid screen with 
XPcc as a target resulted in the isolation of 
XCtBPI,, a Xenopus homolog of CtBPL A 

two-hybridd screen with HPC2 as a target 
resultedd in the isolation of the CtBP2 protein. 

AA specifi c 6-amino acid moti f in HPC2 is 
crucia ll  for bindin g of CtBP. To define 
domainss that are responsible for the 
interactionn of the Pc proteins and the CtBP 
proteins,, we cloned different parts of HPC2 in 
framee with the GAL4 DNA binding domain 
(GAL44 DBD) and tested whether these 
proteinss could still interact with full-length 
CtBP22 (Fig. 2). HPC2 comprises two 
functionall domains. The first domain is the N-
terminall chromodomain, which is essential 
forr binding of the Pc protein to chromatin 
(12).. The other domain is the C-terminal 
COOHH box (aa 540 to 558). This COOH box 
iss necessary for the repression of gene 
activityy (4, 13, 21) and is also the domain to 
whichh the RING1 protein binds (20, 23). We 
foundd that an HPC2 mutant (aa 1 to 540) 

XCtBPI I 
CTBP1 1 
CTBP22 MALVDKHKVKRQRLDRIC: 

IGSSHLLNKGLPLGIRPPIMNGPJJHPRPLVALLDGRDCTVEMPILKDVATVAFCDAQSTQ Q 
O O 
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CTBP2 2 

EHNHHLINDFTIKQMRQGAFLVNTARGGLVDEKALAQALKEGRIRGAALDVHESEPFSJ J 
EHNHHLINDFT35KQMRQGAFLVNTARGGLVDEKALAQALKEGRIRGAALDVHESEPFSI I 
EHNHHLINDFTIKQMRQGAFLVN@ARGGLVDEKALAQALKEGRIRGAALDVHESEPFSP P 

300 0 
300 0 
306 6 

XCtBPI I 
CTBP1 1 
CTBP2 2 

XCtBPI I 
CTBP1 1 
CTBP2 2 

XCtBPI I 
CTBP1 1 
CTBP2 2 

QGPLKDAPNLICTPHAAWYSEQASIEMREEAAREIRRAITGRIPDSLKNCVNKDHLTAAT T 
QGPLKDAPNLICTPHAAWYSEQASIEMREEAAREIRRAITGRIPDSLKNCVNKDHLTAAT T 
5GPLKDAPNI.TC' ' 

VHPELNGAAYRYPPGVVGVÊ Ê 
HPELNGA A 

iTWyWMW;ViLi3Ita5lA^TlA4:hlAtJaingEEBRjTBWBgEFFVTSA A 

~ ~ H 3 Q 3 3 ! S ! ! B S A 3!!  ~33T5335!B1!3?IAH5 3LPAAVEGIVPSAMSLSP P 
30PAAVEGIVPSAMSI.su u 

GWJXMmïflGWJXMmïfl i I3GG I P VTI? 

360 0 
360 0 
366 6 

420 0 
420 0 
426 6 

440 0 
440 0 
445 5 

FIG.. 1. Comparison of the XCtBPI and the human CtBP1 and CtBP2 proteins. Identical amino acids are indicated 
ass black boxes. 
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whichh lacks the COOH box is still able to 
interactt with CtBP2 (Fig. 2). In contrast, a 
smallerr portion of the HPC2 protein (aa 1 to 
468)) does not interact with CtBP2, whereas a 
C-terminall fragment (aa 459 to 558) is able to 
interactt with CtBP2. Thus, CtBP2 interacts 
withh a part of the C terminus of HPC2 but not 
withh the extreme C-terminal COOH box (aa 
5400 to 558), which is involved in gene 
repressionn and RING1 binding. 

Withinn the C-terminal fragment to which 
CtBP22 binds, we observed a 6-aa motif 
(PIDLRS)) (aa 470 to 475) (Fig. 2) which is 
veryy similar to a 6-aa motif (PLDLSC) present 
inn the extreme C terminus of the Ad2/5 E1A 
protein.. This motif is essential for the 
interactionn between E1A and CtBP1 (22). 

Mutationss within the first four amino acids of 
thee E1A motif completely abolish the 
interactionn between E1A and CtBP1 (22). We 
createdd a similar mutation within this 
correspondingg 6-aa motif of HPC2 by 
changingg the motif from PIDLRS to PIASRS, 
usingg PCR primers which contained the 
specificc mutations. Subsequently, we tested 
whetherr the HPC2(DL->AS) mutant protein is 
stilll able to interact with CtBP2. We found 
thatt the DL-to-AS mutation in the HPC2 
proteinn completely abolishes the interaction 
withh CtBP2 in the two-hybrid system. 
Importantly,, the mutation within the 6-aa motif 
leavess intact the C-terminal COOH box of the 
HPC22 protein to which the RING1 protein 
bindss (20). We therefore tested whether the 

GAL4-DB DD fusio n protei n GAL4-TA DD fusio n protei n Interactio n 

HPC2 2 

Chromo--
domain n 

COOH--
box x 

CtBP 2 2 
Dehydrogenase e 
domains s 

=9? ? 
4700 PIDLRS 475 

II  I 

558 8 

540 0 

459 9 

468 8 
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519 9 

521 1 
XCtBPI I 

445 5 

445 5 

445 5 

445 5 

445 5 

445 5 

440 0 

+ + 

+ + 

+ + 
4555 PIDLRC 460 

FIG.. 2. Mapping of the CtBP2 interaction domain in the HPC2 protein and specificity among vertebrate Pc homologs 
forr binding CtBP. The indicated portions of HPC2 were fused to the GAL4 DBD. The HPC2 regions include the 
shadedd chromodomain (aa 6 to 58), a 6-aa motif (PIDLRS) (aa 470 to 475), and the shaded COOH box (aa 540 to 
554).. The mutation from DL to AS within the 6-aa motif is indicated. The full-length vertebrate Pc proteins M33 and 
XPcc were also fused to the GAL4 DBD. The conserved 6-aa motif (PIDLRC) in the XPc protein is indicated. The three 
dehydrogenasee homology domains within CtBP2 and XCtBPI are shaded. Constructs that encompass different 
portionss of the HPC2 protein are indicated. The plasmids were cotransformed with full-length CtBP2 (aa 1 to 445) or 
XCtBPII (aa 1 to 440), which is fused to the GAL4 TAD. Interactions were positive when cells grew on selective 
mediumm lacking histidine and when they were also p-galactosidase positive. When a negative interaction is indicated, 
noo p-galactosidase activity was detected. 
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RING11 protein is still able to interact with the 
HPC2(DL^AS)) mutant protein. We observed 
noo loss of interaction between this mutant 
HPC22 protein and RING1 (data not shown), 
underliningg the specificity of the interaction 
betweenn CtBP2 and the conserved 6-aa motif 
inn HPC2. 

Wee have identified the XCtBPI protein in 
aa two-hybrid screen with the XPc protein as 
thee target. The XPc protein encompasses a 
specificc 6-aa motif, PIDLRC, related to the 6-
aaa motif in HPC2 which is crucial for binding 
CtBPP (Fig. 2). We also tested whether the 
CtBPP protein could interact with another 

murinee homolog, M33, which is more 
homologouss to the human Pc homolog, 
CBX2/HPC1,, than to HPC2 (7, 15, 21). 
Surprisingly,, we observed no interaction 
betweenn M33 and CtBP2 in the two-hybrid 
systemm (Fig. 2) or between M33 and CtBP1 
(dataa not shown). Importantly, M33 does not 
encompasss the conserved 6-amino-acid motif 
thatt is present in HPC2 and that is crucial for 
thee interaction with CtBP. It is therefore likely 
thatt the lack of this conserved 6-aa motif in 
M333 is responsible for the lack of interaction 
betweenn M33 and CtBP. This result is the first 
indicationn that, despite the high degree of 

GAL4-DB DD fusio n protei n 

HPC2 2 

B B CtBP2 2 

[ [ 

c c 

I HH 558 

D ]]  558 

H II  558 

H II 558 

mm «8 
H II  558 

445 5 

445 5 

445 5 

ii  l aw m ~l 445 

445 5 

]] 445 

11 445 

GAL4-TA DD fusio n protei n Interactio n 

11 I 

11 I 

361 1 

81 1 

11 I 

162 2 

CtBP2 2 

 \ÊÊ 

mm  m\ 
d d 

QHDH H 
 II 
I I II MB 

445 5 

362 2 

445 5 

362 2 

233 3 

337 7 

+ + 
+ + 
— — 

— — 

— — 

CtBP2 2 

11 I 

11 I 

361 1 

81 1 

81 1 

162 2 

225 5 

H U MM I 

HII | 

m ii  M I 

QBE E 
\m\m

ii BPI 

445 5 

362 2 

445 5 

362 2 

233 3 

337 7 

337 7 

+ + 
+ + 
— — 

+ + 
— — 

+ + 
+ + 

FIG.. 3. Mapping of domains of interaction of CtBP2 with HPC2 (A) and CtBP2 (B). (A) The indicated portions of 
CtBP22 were fused to the GAL4 TAD. These CtBP2 regions include three dehydrogenase homology domains. 
Plasmidss were cotransformed with full-length HPC2 which was fused to the GAL4 DBD. (B) Full-length CtBP2 which 
wass fused to the GAL4 DBD was tested for interaction against the indicated portions of CtBP2. When a negative 
interactionn is indicated, no p-galactosidase activity was detected. 
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homologyy in the chromodomain and the 
COOHH box, there is specificity among 
differentt vertebrate Pc proteins, particularly in 
theirr ability to interact with other proteins. 

Inn conclusion, the highly homologous 
proteinss CtBP1, CtBP2, and XCtBPI interact 
withh HPC2 and XPc. Strikingly, no interaction 
couldd be observed between CtBP and M33, a 
murinee Pc homolog, indicating specificity 
amongg the different vertebrate Pc proteins. 

CtBP11 and CtBP2 are able to homo - and 
heterodimerize ,, and the interactio n 
domai nn differ s fro m the domai n 
responsibl ee for interactio n wit h HPC2. To 
determinee which part of the CtBP proteins is 
responsiblee for the interaction with HPC2, we 
subclonedd different protein fragments of 
CtBP22 in frame with the GAL4 transactivating 
domainn (GAL4 TAD) (Fig. 3A). The C-
terminall region of CtBP2 encompassing aa 
3611 to 445 is not capable of interaction with 
HPC2,, whereas the N-terminal region 
containingg aa 1 to 362 is still able to interact 
withh HPC2. This region encompasses three 
domainss which have strong homology with 

K.. V » 

82--

49--

33--

1 22 3 4 
FIG.. 4. XPc and CtBP2 interact directly in vitro. 
[35S]methionine-labelledd CtBP2 protein (lane 1) was 
incubatedd with GST-Sepharose alone (lane 2), GST-
XPcc aa 1 to 521 (lane 3), or GST-XPc aa 1 to 178 (lane 
4).. The GST-XPc aa 1 to 521 but not the GST-XPc aa 
11 to 178 fusion protein is able to interact with in vitro-
translatedd [35S]methionine-labelled CtBP2 protein. 
Molecularr weights in thousands are indicated on the 
left. . 

variouss NAD-dependent D-isomer-specific 2-
hydroxyy acid dehydrogenases (11, 22). To 
analyzee whether these dehydrogenase 
homologyy domains are responsible for the 
interactionn with HPC2, we made three 
constructss containing different sets of these 
dehydrogenasee homology domains. 

Wee found that a region of CtBP2 
encompassingg aa 81 to 362, which contains 
alll three dehydrogenase homology domains, 
iss not able to interact with HPC2. Also, a 
CtBP22 region (aa 1 to 233) encompassing the 
NN terminus and the first two dehydrogenase 
homologyy domains and a CtBP2 region (aa 
1622 to 337) encompassing the second and 
thee third dehydrogenase homology domains 
aree not able to interact with HPC2. These 
resultss indicate that a large region of CtBP2 
(aaa 1 to 362), which encompasses both the 
extremee N-terminal part and the 
dehydrogenasee homology domains, is 
responsiblee for the interaction with HPC2. 

Thee HPC2 protein (20, 21) is part of a 
complexx which constitutes the mammalian 
homologss of the Drosophila Ph protein, HPH1 
andd HPH2. These two proteins are able to 
homo-- and heterodimerize with each other 
(9).. To address the question of whether this is 
alsoo true for CtBP1 and CtBP2, we cloned 
thee full-length coding region for CtBP2 in 
framee with the GAL4 DBD and tested 
whetherr CtBP2 could interact with itself or 
CtBPLL Both CtBP1 (data not shown) and 
CtBP22 (Fig. 3B) are able to interact with 
CtBP22 in the two-hybrid system, indicating 
thatt these proteins are able to homodimerize 
andd to heterodimerize. 

Too define the domains that are 
responsiblee for the interaction between 
CtBP22 and CtBP2, we subcloned different 
partss of CtBP2 in frame with the GAL4 TAD 
andd tested whether these domains are still 
ablee to interact with full-length CtBP2. The C-
terminall region of CtBP2 encompassing aa 
3611 to 445 is not able to interact with CtBP2, 
whereass the N-terminal region containing aa 
11 to 362 is still able to interact with CtBP2 
(Fig.. 3B). A region containing only the three 
dehydrogenasee homology domains (aa 81 to 
361)) still interacts with CtBP2. Detailed 
analysiss of this region showed that CtBP2 aa 
811 to 233, encompassing the first two 
dehydrogenasee homology domains, exhibits 
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FIG.. 5. Expression patterns of Cf6P7 and CffiP2 in human tissues (A) and in human cancer cell lines (B). (A) 
Expressionn levels in spleen (lane 1), thymus (lane 2), prostate (lane 3), testis (lane 4), ovary (lane 5), small intestine 
(lanee 6), colon (lane 7), and peripheral blood leukocytes (lane 8). (B) Expression levels in promyelocyte leukemia HL-
600 (lane 1), HeLa S3 (lane 2), chronic myelogenous leukemia K-562 (lane 3), lymphoblastic leukemia MOLT-4 (lane 
4),, Burkitt's lymphoma Raji (lane 5), colorectal adenocarcinoma SW480 (lane 6), lung carcinoma A549 (lane 7), and 
melanomaa G361 (lane 8) cell lines. Lanes 1 to 8, commercially obtained Northern blot. We also isolated and blotted 
poly(A)++ RNA from U-2 OS cells (lane 10) and SW480 cells (lane 9), the latter to allow comparison with the 
commerciall multiple-tissue Northern blot. To verify the loading of RNA in each lane, the blots were hybridized with a 
probee for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

noo interaction with CtBP2. In contrast, CtBP2 
aaa 162 to 337, containing dehydrogenase 
homologyy domains two and three, still 
interactss with CtBP2. Also, CtBP2 aa 225 to 
337,, containing only the third dehydrogenase 
homologyy domain, is still able to interact with 
CtBP22 (Fig. 3B). These data indicate that a 
regionn in CtBP2 encompassing the third 
dehydrogenasee homology domain is sufficient 
forr the interaction with full-length CtBP2. 
Interestingly,, this relatively small interaction 
domain,, which is necessary to convey 
homodimerizationn between CtBP2 and 
CtBP2,, differs from the domain for interaction 
withh HPC2. Above we showed that a much 
largerr region of CtBP2, containing the N 
terminuss as well as all three dehydrogenase 
domains,, is necessary for the interaction with 
HPC22 (Fig. 3A). 

Inn summary, the CtBP1 protein and the 
CtBP22 protein each can interact with itself, 
andd they are also able to interact with each 
other.. The domain responsible for this 
interactionn is a region encompassing the third 

dehydrogenasee homology domain. This 
interactionn domain differs from the domain 
thatt is responsible for the interaction with 
HPC2,, which involves the N terminus and all 
threee dehydrogenase homology domains. 

Thee XPc and CtBP2 protein s interac t 
directl yy  in vitro . To determine whether the 
interactionn between the vertebrate Pc 
homologss and CtBP is a direct interaction, we 
employedd an in vitro pull-down assay. The 
previouss described (19) fusion protein of GST 
andd full-length XPc (aa 1 to 521) was 
expressedd in bacteria. The affinity-purified 
proteinn was subsequently immobilized on 
GST-Sepharosee and incubated with 
[35S]methionine-labelled,, in vitro-translated 
CtBP2.. After extensive washing, the 
[35S]methionine-labelledd proteins bound to 
GST-XPcc were analyzed by SDS-PAGE. The 
inn vitro-translated full-length CtBP2 protein of 
488 kDa (Fig. 4, lane 1) was able to bind to the 
immobilizedd GST-XPc (lane 3) but did not 
bindd to the immobilized GST alone (lane 2). 
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Wee also tested whether CtBP interacted with 
anotherr GST-XPc (aa 1 to 178) fusion protein 
(19).. This portion of the XPc protein 
encompassess the chromodomain of XPc but 
lackslacks the entire C-terminal domain that 
containss the 6-amino-acid motif to which 
CtBPP binds. CtBP does not bind to such a C-
terminall deletion HPC2 mutant in the two-
hybridd assay (Fig. 2). Importantly, we found 
thatt the GST-XPc aa 1 to 178 protein does 
nott interact with CtBP2 (Fig. 4, lane 4). These 
resultss confirm the two-hybrid assay data 
(Fig.. 2) and underline the specificity of the in 
vitroo pull-down assay. 

Expressio nn of CtBP1  and CtBP2  in huma n 
tissue ss and huma n cance r cel l lines . To 
investigatee the expression patterns of CtBP1 
andd CtBP2, we needed unique cDNA 
fragmentss in order to avoid cross-
hybridizationn between CtBP1 and CtBP2 
mRNAA species. Since there is no homology 
betweenn the UTRs of CtBP1 and CtBP2, we 
usedd a 560-bp fragment of the 3' UTR of 
CtBP1CtBP1 and a 470-bp fragment of the 3' UTR 
off CtBP2 as probes. These probes were 
hybridizedd to Northern blots containing 
poly(A)++ mRNAs from different human cancer 
celll lines or human tissues (Clontech). We 
detectedd single transcripts of approximately 
2.44 kb for CtBP1 and approximately 3.0 kb for 
CtBP2.CtBP2. In all human tissues present on the 
commerciall Northern blot (Fig. 5A), CtBP1 
wass expressed at approximately the same 
levell as CtBP2, with the exception of the 
thymuss and peripheral blood leukocytes. In 
thesee two tissues, the CtBP2 transcript was 
hardlyy detectable (Fig. 5A, lanes 2 and 8), 

Inn human cancer cell lines, differences in 
expressionn of either CtBP1 or CtBP2 were 
moree pronounced than in normal tissues. In 
thee case of CtBP1, high expression of the 
commerciall blot was detected in HL-60 cells 
(Fig.. 5B, lane 1) and in the adenocarcinoma 
SW4800 cell line (lane 6). Expression of 
CtBP1CtBP1 was still well pronounced in HeLa S3 
cellss (Fig. 5B, lane 2), K-562 cells (lane 3), 
MOLT-44 cells (lane 4), and U-2 OS cells (lane 
10).. Low expression of CtBP1 was detected 
inn Raji cells (lane 5) and G361 cells (lane 8), 
whereass almost no CtBP1 expression was 
foundd in A549 cells. In the case of CtBP2, 
highh expression was detected in HeLa S3 

cellss (Fig. 5B, lane 2) and SW480 cells (lane 
6),, whereas significantly lower expression 
waswas detected in HL-60 (lane 1), G361 (lane 
8),, and U-2 OS (lane 10) cells. A very low 
levell of CtBP2 expression was found in A549 
cellss (lane 7), but no detectable CtBP2 
transcriptt could be observed in K-562 (lane 
3),, MOLT-4 (lane 4), and Raji (lane 5) cells. 
Interestingly,, CtBP2 was highly expressed in 
thee spleen (Fig. 5A, lane 1), whereas no 
expressionn could be observed in a B-cell-
derivedd cell line, Raji (Fig. 5B, lane 5). 
Strikingly,, in all tissues or cell lines either one 
orr two CtBP transcripts could be detected, 
withh the exception of lung carcinoma cells 
(lanee 7), in which both CtBP transcripts were 
hardlyy detectable. 

AA polyclona l antibod y raise d agains t 
XCtBP II recognize s bot h CtBP1 and 
CtBP2.. To determine the distribution of the 
CtBPP proteins in the cell nucleus and to be 
ablee to detect CtBP proteins in 
immunoprecipitates,, we raised a polyclonal 
antibodyy against full-length XCtBPI. To test 
whetherr the polyclonal antibody also 
recognizess both CtBP1 and CtBP2, we 
createdd constructs containing the full-length 
codingg region for either CtBP1 or CtBP2, with 
aa T7 tag at the N terminus. Fusion proteins 
weree produced in E. coli BL21(DE), and the 
bacteriall cell lysates were subsequently 
separatedd by SDS-PAGE and transferred to 
nitrocellulose.. The blots were probed with 
eitherr a mouse monoclonal antibody against 
T77 (Fig. 6, lanes 1 and 2) or our rabbit 
polyclonall antibody against XCtBPI (lanes 
33 to 7). The T7 antibody recognizes both the 
48-kDaa T7-tagged CtBP1 (lane 1) and T7-
taggedd CtBP2 (lane 2) proteins. Also, the 
anti-XCtBP11 polyclonal antibody recognizes 
thee 48-kDa T7-tagged CtBP1 (lane 3) and 
T7-taggedd CtBP2 (lane 4) proteins, indicating 
thatt both CtBP1 and CtBP2 are recognized 
byy the polyclonal antibody raised against 
XCtBPI.. We further analyzed cell extracts of 
XenopusXenopus X1 cells (Fig. 6, lane 5), SW480 
cellss (lane 6), and U-2 OS cells (lane 7). In all 
threee cell extracts a doublet protein band of 
approximatelyy 48 kDa was observed. We 
concludee that the antibody against XCtBPI 
recognizess both the CtBP1 and CtBP2 
proteins. . 
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aT77 aCtBP 

FIG.. 6. A rabbit polyclonal antibody recognizes 
XCtBPI,, CtBP1, and CtBP2. T7-tagged CtBP1 (lanes 
11 and 3) and T7-tagged CtBP2 (lanes 2 and 4) were 
expressedd in E. coli. Cell lysates were analyzed by 
Westernn blotting and probed with either a mouse 
monoclonall antibody against T7 (aT7) (lanes 1 and 2) 
orr the polyclonal antibody against CtBP (aCtBP) (lanes 
33 and 4). In cell lysates of Xenopus X1 cells (lane 5), 
colorectall adenocarcinoma SW 480 cells (lane 6), and 
osteosarcomaa U-2 OS cells (lane 7), the polyclonal 
antibodyy against CtBP recognizes a doublet of 48 kDa. 
Molecularr weights in thousands are indicated on the 
left. . 

Ann in viv o interactio n betwee n CtBP2 and 
HPC2.. To determine whether the interaction 
betweenn CtBP proteins and HPC2 also exists 
inn vivo, we performed coimmunoprecipitation 
experiments.. We transiently transfected 
COS-77 cells with T7-tagged HPC2 and T7-
taggedd CtBP2. We used polyclonal rabbit 
antibodiess directed against XCtBPI and 
HPC22 for the immunoprecipitations and a 
mousee monoclonal antibody against T7 to 
detectt either the 82-kDa T7-HPC2 (21) or the 
48-kDaa T7-CtBP2 protein. 

Wee found that CtBP2 and HPC2 
coimmunoprecipitatee with each other (Fig. 7). 
Thee anti-HPC2 antibody coimmunoprecipi-
tatedd both T7-CtBP2 and T7-HPC2 (Fig. 7, 
lanee 1) from cells expressing both T7-HPC2 
andd T7-CtBP2 (lane 7), as was detected with 
thee anti-T7 monoclonal antibody. No T7-
CtBP22 could be detected in the anti-HPC2-
immunoprecipitatedd material (lane 2) when 
T7-CtBP22 but not T7-HPC2 was expressed 
(lanee 8). Also, no T7-CtBP2 could be 
detectedd in the anti-HPC2 immunoprecipi-

tatedd material (lane 3) when T7-HPC2 but not 
T7-CtBP2wass expressed (lane 9). 

Similarly,, the anti-CtBP antibody 
immunoprecipitatedd both T7-HPC2 and T7-
CtBP22 (Fig. 7, lane 4) from cells expressing 
bothh T7-HPC2 and T7-CtBP2 (lane 7). No T7-
HPC22 could be detected in the anti-CtBP-
immunoprecipitatedd material (lane 5) when 
T7-CtBP22 but not T7-HPC2 was expressed 
(lanee 8). Finally, no T7-HPC2 could be 
detectedd in the anti-CtBP-immunoprecipitated 
materiall (lane 6) when T7-HPC2 but not T7-
CtBP22 was expressed (lane 9). 

Also,, in extracts of SW480 cells, in which 
thee PcG proteins are highly expressed (9, 21) 
andd in which the CtBP proteins are 
expressed,, we observed coimmunoprecipi-
tationn of either HPC2and CtBP or BMI1 and 
CtBPP (data not shown). However, in both 
casess the recovery of the proteins in the 
immunoprecipitationss was approximately 20% 
off the input. This result further strengthens 
thee notion that an interaction between CtBP 
andd HPC2 exists in vivo. The low recovery 
mightt indicate that the interaction between 
CtBPP and the PcG complex is of a transient 
nature. . 

Inn conclusion, we show that CtBP2 and 
HPC22 coimmunoprecipitated with each other 
fromm extracts of COS-7 cells in which we 
overexpressedd CtBP2 and HPC2. These 

aHPC22 IP aCtBP IP Input 

T7-HPC22 + - + + - + + . + 
T7-CtBP22 + + - + + - + + -

1 2 3 4 5 6 7 8 9 9 

FIG.. 7. In vivo interaction between HPC2 and CtBP2. 
Immunoprecipitationn (IP) was performed with polyclonal 
rabbitt antibodies against HPC2 (K.HPC2) (lanes 1 to 3) 
orr polyclonal rabbit antibodies against XCtBPI («CtBP) 
(laness 4 to 6). The resulting immunoprecipitates were 
Westernn blotted and analyzed with mouse monoclonal 
antibodiess against T7. The total cell extracts (Input) are 
shownn in lanes 7 to 9. COS-7 cells were transiently 
transfectedd with both pcDNA3-T7-HPC2 and pcDNA3-
T7-CtBP22 (lanes 1, 4, and 7) or with either pcDNA3-T7-
CtBP22 (lanes 2, 5, and 8) or pcDNA3-T7-HPC2 (lanes 
3,6,, and 9). Molecular weights in thousands are 
indicatedd on the right. 
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FIG.. 8. HPC2 and CtBP partially colocalize in nuclear domains of U-2 OS cells. Confocal single optical sections are 
shown.. (A to C) Rabbit anti-XCtBP1 and chicken anti-HPC2 double labelling. CtBP (A) colocalizes with HPC2 (B) in 
largee nuclear PcG domains (C; indicated by yellow), but CtBP is also abundantly expressed in a fine granular pattern 
throughoutt the nucleus (B and C). (D to F) Rabbit anti-BMI1 (D) and chicken anti-HPC2 (E) double labelling 
demonstratess colocalization (F) of BMI1 and HPC2 in large nuclear PcG domains. We transiently transfected U-2 OS 
cellss with either T7-tagged CtBP1 (G) or T7-tagged CtBP2 (J). Double labelling was performed with a mouse 
monoclonall antibody against T7 (G and J) and the chicken anti-HPC2 antibody (H and K). We observed 
colocalizationn of HPC2 with either T7-CtBP1 (I) or T7-CtBP2 (L) in large nuclear PcG domains. 

findingss indicate that CtBP2 and HPC2 
interactt with each other in vivo. 

CtBP11 and CtBP2 partiall y colocaliz e wit h 
HPC22 in nucle i of U-2 OS cells . To 
determinee the subcellular distribution of the 
CtBP11 protein and the CtBP2 protein in 
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relationn to the HPC2 protein, we performed 
immunofluorescencee labelling experiments. 
Previouslyy we have shown that the HPC2 
proteinn colocalizes in large nuclear domains, 
termedd PcG domains, with BMI1, HPH1, 
HPH2,, and RING1 (9, 20, 21). To compare 
thee distributions of the CtBP proteins relative 
too the distribution of HPC2, we performed 
double-labellingg experiments with the rabbit 
anti-XCtBP11 antibody, which recognizes both 
CtBP11 and CtBP2 (Fig. 6), and a chicken 
anti-HPC22 antibody (20, 21). We found that 
thee CtBP proteins are abundantly present in 
nucleii of U-2 OS cells in a fine granular 
patternn but also in larger nuclear domains 
(Fig.. 8A). Within these larger nuclear 
domains,, the CtBP proteins colocalize with 
HPC22 (Fig. 8B and C). However, the 
colocalizationn within these domains differs 
slightlyy from the colocalization of the BMI1 
proteinn (Fig. 8D) with the HPC2 protein (Fig. 
8EE and F). The BMI1 and HPC2 proteins 
completelyy colocalize in bright, sharply edged 
PcGG domains (Fig. 8F). This specific labelling 
patternn has also been observed with 
antibodiess against the human PcG homologs 
HPH11 and HPH2 (9) and the RING1 protein 
(20).. The nuclear domains that are detected 
byy the anti-XCtBP1 antibody and that 
colocalizee with the more sharply edged PcG 
domainss have a more diffuse shape (Fig. 8A, 
B,, and C). Another difference between the 
CtBPP and PcG labelling patterns is that most 
off the BMI1 and HPC2 proteins appear to be 
concentratedd within the large PcG domains 
(Fig.. 8D, E, and F). In contrast, most of the 
CtBPP labelling is detected in the smaller 
domainss throughout the nucleoplasm and not 
inn the larger domains that colocalize with the 
PcGG domains. This fine granular pattern is 
tooo complex to allow analysis of any 
systematicc colocalization. 

Sincee the rabbit anti-CtBP antibody 
recognizess both the CtBP1 protein and the 
CtBP22 protein, it is not possible to directly 
testt for differences in nuclear localization of 
thee CtBP1 protein and the CtBP2 protein. In 
orderr to distinguish between the distributions 
off the CtBP1 protein and the CtBP2 protein, 
wee transiently transfected U-2 OS cells with 
eitherr the T7-tagged CtBP1 protein (Fig. 8G) 
orr the T7-tagged CtBP2 protein (Fig. 8J). 
Doublee labelling was performed with a mouse 

monoclonall antibody against T7 and the 
affinity-purifiedd chicken antibody against 
HPC2.. We found that T7-tagged CtBP1 (Fig. 
8G)) colocalizes with HPC2 (Fig. 8H) in the 
largee PcG domains (Fig. 81). Also, T7-tagged 
CtBP22 (Fig. 8J) colocalizes with HPC2 (Fig. 
8K)8K) within these large PcG domains (Fig. 8L). 
Thesee results indicate that there are no major 
detectablee differences in the localizations of 
CtBP11 and CtBP2 and that both proteins are 
presentt in the same PcG domains. 

CtBPP acts as a transcriptiona l represso r 
whenn targete d to a reporte r gene. The PcG 
proteinss are involved in the repression of 
genee expression, but the identified PcG 
proteinss do not bind directly to DNA. 
Nevertheless,, the ability of the PcG proteins 
too repress gene activity can be tested by 
targetingg LexA fusion proteins to a reporter 
genee (20, 21, 25). Previously, we have 
shownn that LexA-HPC2 was able to repress 
genee activity (20, 21). We asked whether this 
iss also true for the CtBP proteins. We 
thereforee tested whether LexA-CtBP1 was 
ablee to repress gene expression when 
targetedd to a reporter gene. U-2 OS human 
osteosarcomaa cells were transfected with a 
constructt containing a tandem of four LexA 
operators,, binding sites for the HSF 
transcriptionall activator, and the hsp70 TATA 
promoterr region, immediately upstream of the 
LUCC reporter gene. The endogenous HSF 
waswas used as transcriptional activator. In 
absencee of this activator, no LUC expression 
couldd be measured (data not shown). In the 
presencee of the HSF, expression was 
maximall and was set at 100%. 
Cotransfectionn with LexA alone had no 
significantt effect on LUC expression (Fig. 9) 
(97%% % [n = 7]). We found that LexA-
CtBP11 was able to repress LUC expression 
significantlyy (16%  4% [n = 7]). This degree 
off LUC repression was also found for LexA-
CtBP22 (data not shown). In the same 
experimentt we found that LexA-HPC2 could 
represss LUC activity most efficiently 
(9%% % [n = 7]). Previously, we have 
shownn that a LexA-HPC2 mutant which lacks 
thee C-terminal domain, to which the RING1 
proteinn binds, was no longer able to repress 
LUCC expression (21). We tested whether the 
HPC2(DL^AS)) mutant also has lost the 
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abilityy to repress LUC expression. In this 
HPC22 mutant the specific 6-aa motif is 
mutated,, which leads to abolishment of the 
interactionn with CtBP (Fig. 2). We observed a 
slightt but significant decrease in the ability of 
thee HPC2 protein to repress gene activity 
whenn the DL->AS mutation is introduced. 
However,, the LexA-HPC2(DL^AS) mutant 
stilll represses LUC activity significantly 
(20%% + 5%[n=7]). 

Wee conclude that CtBP is able to repress 
genee activity when targeted to a reporter 
gene,, almost as efficiently as HPC2. 
Furthermore,, mutating the specific 6-aa motif 
withinn HPC2 which is crucial for CtBP binding 
hass a significant but small effect on the ability 
off HPC2 to repress gene activity. 

DISCUSSION N 

Ann interactio n betwee n CtBP and 
vertebrat ee Pc homologs . The Pc protein is 
partt of a multimeric PcG protein complex 
whichh is involved in the stable and heritable 
repressionn of gene activity during Drosophila 
andd vertebrate development. To identify 
proteinss that interact with vertebrate Pc 
proteins,, we employed two-hybrid screens 
withh a Xenopus Pc homolog, XPc, and a 
humann Pc homolog, HPC2. Here, we 
describee the identification of two closely 
relatedd proteins, the Xenopus homolog of 
CtBP1,, XCtBPI, and CtBP2, which interact 
withh XPc and HPC2. This interaction also 
existss in vivo, since the proteins 
coimmunoprecipitatee with each other and 
partiallyy colocalize in large PcG domains in 
interphasee nuclei. However, our data also 
indicatee that the interactions between CtBP 
andd HPC2 differ substantially from the 
interactionn between human PcG proteins that 
wee previously described. The human PcG 
homologss BMI1, HPH1, HPH2, and HPC2, as 
welll as the RING1 protein, almost 
quantitativelyy coimmunoprecipitate with each 
otherr from extracts of SW480 and U-2 OS 
cellss (9, 20, 21). Furthermore, BMI1, HPH1, 
HPH2,, and HPC2 completely colocalize 
withinn large nuclear domains of interphase 
cellss termed PcG domains. The in vivo 
interactionn between CtBP and HPC2 differs 
inn both aspects. Only a small amount of the 
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FIG.. 9. Repression of HSF-induced LUC gene activity 
byy CtBP. Activation of LUC expression is maximally 
inducedd by endogenous HSF in the absence of any 
LexAA fusion protein. This LUC activity was set at 100%. 
LUCC activities in cells cotransfected with the indicated 
plasmidss were expressed as percentages of this control 
value.. Bars represent the average degree of repression 
byy LexA, LexA-CtBP1, LexA-HPC2, or LexA-
HPC2(DL->AS)) in seven independent experiments 
(meanss  standard errors of the means). 

endogenouss CtBP and HPC2 proteins 
coimmunoprecipitatee from cell extracts. This 
mayy indicate that the interaction between 
CtBPP and HPC2 is of a transient nature, 
whereass BMI1, HPH1, HPH2, HPC2, and 
RING11 form a more stable protein complex. 
Also,, the partial colocalization between the 
CtBPP proteins and HPC2 points towards 
differences.. First of all, the CtBP proteins are 
moree abundantly distributed than the PcG 
proteinss outside the PcG domains in a fine 
granularr pattern throughout the nucleoplasm. 
Further,, even within the large PcG domains 
thee CtBP proteins only partly colocalize with 
HPC2,, since the large CtBP domains have a 
moree diffuse shape than the sharply edged 
PcGG domains. Therefore, although our data 
indicatee that the CtBP proteins interact with 
HPC2,, the differences in colocalization and 
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thee only partial coimmunoprecipitation of the 
endogenouss proteins point towards a broader 
rangee of CtBP function. This notion is 
supportedd by the fact that the Drosophila 
homologg of CtBP, dCtBP, has been found to 
interactt with repressors such as Hairy and 
Knirps(14,, 17). 

Thee conserve d amin o acid moti f that  is 
crucia ll  fo r bindin g CtBP determine s 
specificit yy  of structurall y relate d protein s 
too interac t wit h CtBP. Within the extreme C 
terminuss of the Ad2/5 E1A protein, a specific 
6-aaa motif which is crucial for binding CtBP is 
presentt (2, 22). We find that within the C 
terminuss of the vertebrate Pc homologs 
HPC22 and XPc, a similar 6-aa motif that is 
cruciall for binding CtBP is present. Mutation 
off this 6-aa motif completely abolished the 
interactionn with CtBP. Interestingly, the 
interactionn between CtBP and its interacting 
proteinss seems to be evolutionary conserved 
throughh this 6-aa motif. A conserved amino 
acidd motif is crucial for binding the Drosophila 
homologg of CtBP, dCtBP. This amino acid 
motiff within the Drosophila repressors Knirps 
(P-DLS-K)) and Snail (P-DLS-K) (14) and 
Hairyy (PLSLV) (17) is similar to the 6-aa motif 
foundd within HPC2 (PIDLRS), XPc (PIDLRC), 
andd E1A (PLDLSC) and is crucial for binding 
dCtBP. . 

Remarkably,, another vertebrate Pc 
homolog,, M33, which is very homologous to 
thee human CBX2/HPC1 protein (7, 21), is not 
ablee to interact with CtBP. A likely 
explanationn for this lack of interaction 
betweenn CtBP and M33 is that the M33 
proteinn does not encompass a conserved 6-
aaa motif that is found in HPC2 or XPc. 
Notably,, this is the first indication that despite 
thee high degree of homology between the 
differentt vertebrate Pc homologs, there is 
specificityy among these proteins, particularly 
inn their ability to interact with other proteins. 
Thiss difference in their ability to interact with 
CtBPP is not of a general nature, since 
previouslyy it has been shown that the HPC2, 
XPc,, and M33 proteins are all able to interact 
withh the RING1 protein (20, 23). 

Thee specificity of the CtBP interaction 
raisess the question of whether there exists an 
interactionn between dCtBP and Drosophila 
Pc.. The fact that the Drosophila Pc protein 

doess not encompass a conserved 6-aa motif 
suggestss that the interaction between dCtBP 
andd Pc does not exists in Drosophila. If this is 
true,, then the interaction with CtBP is 
restrictedd to a particular class of vertebrate 
Pcc homologs. However, it is still possible that 
aa slightly degenerated amino acid sequence 
iss present in Drosophila Pc, which could be 
responsiblee for a potential interaction with 
dCtBP. . 

Interestingly,, a similar kind of specificity 
hass been observed for the interaction 
betweenn dCtBP and members of the 
Hairy/Enhancerr of split [E(spl)]/Deadpan 
proteinn class (17). These proteins are 
structurallyy related basic helix-loop-helix 
proteinn and are all required as transcriptional 
repressorss of genes necessary for processes 
suchh as sex determination, segmentation, 
andd neurogenesis. At least seven members 
off the E(spl) basic helix-loop-helix class have 
beenn identified. However, of this class only 
thee E(spl) mö/C protein is able to interact with 
dCtBP,, whereas all proteins are able to 
interactt with Groucho (17). All of these data 
suggestt a high degree of selectivity in the 
interactionss of CtBP proteins with specific 
memberss of larger protein families. 

Involvemen tt  of CtBP in HPC2-mediate d 
genee repression . We have identified 
vertebratevertebrate CtBP proteins that interact with a 
specificc class of vertebrate Pc proteins, which 
aree involved in repression of gene activity. It 
iss not clear from our results to what degree 
CtBPP proteins are involved in mediating the 
repressingg abilities of these vertebrate Pc 
proteins.. A mutation within the 6-aa motif that 
mediatess the binding between CtBP and 
HPC22 results in a significant but only small 
decreasee in the repressing abilities of HPC2 
(Fig.. 9). This result is in agreement with 
previouss findings by us and others (4, 13, 21) 
showingg that the main domain that mediates 
repressionn resides in the conserved, extreme 
C-terminall 30 aa of Pc proteins. Such a 
mutant,, which we previously termed AHPC2, 
losess approximately 80% of its repressing 
ability,, while it still retains the 6-aa motif to 
whichh CtBP binds. We are tempted to 
concludee that although our results indicate 
thatt CtBP contributes to the repressing ability 
off the HPC2 protein, this contribution is small 
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comparedd to the contribution of the extreme 
C-terminall COOH box. 

Alternatively,, the significance of the 
interactionn may be a targeting function of 
CtBPP for the PcG complex. The recent 
findingg that the dCtBP protein interacts with 
thee repressors Knirps and Snail (14) and 
Hairyy (17) supports this notion. These 
DrosophilaDrosophila repressors are all sequence-
specificc DNA binding proteins. It is 
conceivablee that CtBP proteins target HPC2, 
andd thereby the PcG complex, to particular 
locii in the chromatin that contain binding sites 
forr specific repressors such as human 
homologss of Knirps and Hairy. The result 
wouldd be a complex between these 
repressorss and the PcG complex, with CtBP 
ass a bridging protein. Such a model would not 
bee feasible when CtBP proteins act as 
monomers,, since HPC2 and these repressors 
interactt through the same interaction domain 
withinn CtBP. This in turn would result in 
competitionn between HPC2 and these 
repressors.. However, since the CtBP 
proteinss have the ability to homo- and 
heterodimerize,, both HPC2 and other CtBP-
interactingg repressor proteins could 
simultaneouslyy bind to a CtBP homo- or 
heterodimer.heterodimer. This scenario permits enormous 
flexibilityy in the range of PcG action. For 
instance,, the specificity of the interaction 
betweenn CtBP and only a subclass of 
vertebratee Pc homologs allows targeting of 
distinctt PcG complexes. Inclusion of HPC2 in 
thee complex would permit recruitment to a 
CtBP-repressorr target site, whereas inclusion 
off the M33 Pc homolog excludes such a 
recruitment. . 

Althoughh the Ad E1A protein is involved 
inn transcriptional activation and repression of 
severall viral and cellular promoters, the E1A 
proteinn is not able to bind DNA by itself. The 
knownn transforming and transcriptional 
activitiess appear to be related to the ability of 
thee E1A protein to interact with various 
cellularr proteins (reviewed in reference 10). It 
iss tempting to speculate that in vivo, the E1A 
proteinn disturbs the interaction between CtBP 
andd the PcG complex by disrupting the 
interactionn between CtBP and the HPC2 
protein.. Particularly, since the interaction 
betweenn E1A and CtBP is stronger than the 
interactionn between the vertebrate Pc 

homologss and CtBP (data not shown), E1A 
mightt be a strong competitor for binding with 
CtBP.. A significant feature of the interference 
off E1A with the transcription machinery of the 
infectedd cell may involve interference with 
PcG-mediatedd repression, through the 
disruptionn of the CtBP-PcG interaction. 
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