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By analogy with other homeodomain proteins conserved in evolution, mammalian Cut proteins are believed,
as in Drosophila melanogaster, to play an important role in determining cell type specificity in several tissues.
At the molecular level, Cut proteins appear to serve as transcriptional repressors. In this study, we have
examined the mechanism by which the human Cut (hCut) protein down-regulates gene expression. The
homeodomain and the three regions called Cut repeats are evolutionarily conserved and were previously shown
to function as DNA binding domains. The carboxy-terminal region, although it does not show amino acid
sequence homology per se, in all cases is enriched in alanine and proline residues, a distinctive feature of some
transcriptional repression domains. Our results reveal two distinct modes of repression: competition for
binding site occupancy and active repression. On one hand, the composite DNA binding domain formed by Cut
repeat 3 and the Cut homeodomain was shown to bind to CCAAT and Sp1 sites within the tk gene promoter
and to reduce gene expression, presumably by preventing activation by the corresponding transcription factors.
On the other hand, the carboxy-terminal region of mammalian Cut proteins was found to function as an active
repression domain in a distance-independent manner. We have further narrowed this activity to two subdo-
mains that can independently repress activated transcription. Finally, we present a model to illustrate the two
mechanisms by which Cut proteins repress gene expression.

The cDNAs for several mammalian homologs of the Dro-
sophila Cut homeodomain protein (7) have recently been iso-
lated (2, 22, 56, 66, 69). One human cDNA was isolated by
using antibodies raised against a purified preparation of the
human CCAAT displacement protein (CDP) (56). Another
human cDNA with an identical sequence was obtained by
screening of an expression library with an oligonucleotide en-
coding an Sp1-like site present in the promoter of the c-myc
proto-oncogene (22). Other mammalian Cut homologs iso-
lated from dog, mouse, and rat cells were termed Clox (Cut-
like homeobox), Cux (Cut homeobox), and CDP-2, respec-
tively (2, 66, 69). The terms human Cut and mouse Cut (hCut
and mCut) will be used hereafter.
Sequence homology between Drosophila and mammalian

Cut proteins is limited to five evolutionarily conserved do-
mains: a region predicted to form a coiled-coil structure, three
related regions called Cut repeats, and a distinctive homeodo-
main with a histidine residue at the ninth amino acid of the
third helix (7, 56). The homeodomain and the three Cut re-
peats were shown to be capable of DNA binding (1, 4, 30, 31).
Cut proteins therefore contain four DNA binding regions. Cut
repeat 3 and the homeodomain form a bipartite DNA binding
domain which can specifically bind to DNA with high affinity
(1, 4, 30, 31). The mode of interaction of Cut repeats 1 and 2
with DNA is less clear. Either region was found to specifically
bind to DNA when expressed as part of a fusion protein to-
gether with glutathione S-transferase but not with the maltose-
binding protein (4, 25). Since glutathione S-transferase fusion

proteins exist as dimers and maltose-binding protein fusion
proteins exist as monomers, it was concluded that only dimers
of Cut repeat 1 or 2 can interact with DNA (30). While the
nature of the interaction between native Cut proteins and
DNA remains to be fully investigated, studies involving PCR-
mediated random oligonucleotide selection have confirmed
that Cut can bind to sequences closely related to the CCAAT
and Sp1 consensus binding sites (2, 4, 30).
Although the biological function of Cut in mammals remains

to be defined, the phenotypic expression of lethal and viable
mutations at the cut locus in Drosophila melanogaster suggests
that this locus is involved in cell type specification in several
tissues (7–11, 34, 46, 47). Cut mutants present with defects in
a variety of tissues, including the wings, legs, external sense
organs, Malpighian tubules, tracheal system, and central ner-
vous system (8, 11, 34, 46, 47). In flies carrying the viable cut
wing mutation, which maps to a regulatory region upstream of
the gene, cells that should differentiate to form the wing mar-
gin instead undergo apoptosis, thereby producing the trun-
cated wing phenotype (34, 47). Embryonic lethal cutmutations,
which alter the coding region, result in the transformation of
external sensory organs and Malpighian tubules into internal
sensory (chordotonal) organs and gut tissue, respectively (47).
Thus, in D. melanogaster, the lack of functional Cut protein
causes some cells to embark on the wrong developmental path-
way. Conversely, forced expression of Cut in embryos resulted
in the replacement of internal sensory organs by external sen-
sory organs (9). By analogy with other homeodomain proteins
also conserved in evolution, it is expected that mammalian Cut
proteins will be found to play an equally important role in
determining cell type specificity in mammals.
At the molecular level, Cut proteins are believed to function

as transcription factors. In line with this view, in both D. mela-
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nogaster and mice, Cut proteins have been localized to the
nucleus (7, 66). Moreover, mammalian Cut proteins have been
found to act as transcriptional repressors in tissue culture mod-
els. CDP/hCut was found to bind to upstream regulatory se-
quences of the gp91-phox gene (62), and the expression of this
gene was shown to coincide with down-regulation of CDP/
hCut binding activity upon differentiation of myeloid cells (44,
62). In cotransfection experiments, recombinant mammalian
Cut proteins repressed transcription of reporter genes driven
by the promoter of either the c-myc, Ncam, or gp91-phox gene,
as well as by a promoter in which Cut consensus binding sites
had been inserted (21, 22, 62, 66, 69).
In recent years, the study of negative transcriptional regula-

tors has uncovered multiple mechanisms by which repression
can be exerted (reviewed in reference 17). Some repressors act
by interacting with specific DNA binding sites overlapping
those of transcriptional activators, thereby competing for DNA
site occupancy and preventing activation. Other repressors ap-
pear to negatively regulate transcription through a region of
the protein distinct from the DNA binding domain (17, 18, 29,
49, 61), by a mechanism that has been termed active repres-
sion. Although little is known about their mechanism of action,
it is assumed that active repression domains contact one or
another component of the transcriptional machinery in a man-
ner analogous to that of transactivators, albeit with opposite
consequences (17). In support of this mode of action, the
unliganded thyroid hormone receptor was found to prevent
assembly of a functional preinitiation complex (24), and the
Dr-1 and Eve proteins were shown to interact, in vivo and in
vitro, with the TATA-binding protein (65, 68). That the
TATA-binding protein can be a target for repression was also
demonstrated by in vitro transcription studies using purified
fractions of the RNA polymerase II general transcription fac-
tors (5, 68). Thus, active repression domains appear to inhibit
the formation of a functional preinitiation complex, but the
exact step that is inhibited, DNA binding or protein-protein
interactions, is still a matter of debate (5, 14, 65). Active re-
pressors may also interact with an activator bound at an adja-
cent position on DNA, thereby inhibiting its function, a mech-
anism referred to as quenching (36). Finally, it was proposed
that some transcriptional repressors may alter the local chro-
matin structure to cause a reduction in gene expression (12).
In this study, we have examined the mechanism by which

mammalian Cut proteins down-regulate gene expression. Our
results have revealed two distinct modes of repression by Cut
proteins: active and passive repression. We present evidence
that the carboxy-terminal regions of the human and murine
Cut proteins can function as active repression domains. The
repression activity was mapped within the human Cut protein
to two subdomains of 81 and 29 amino acids (aa) that inde-
pendently repressed gene expression from an activated pro-
moter. In addition, we found that the composite DNA binding
domain designated CR3HD (Cut repeat 3 and homeodomain)
can bind to a CCAAT and an Sp1 site within the tk gene
promoter and can down-regulate expression of this promoter
in transient transfection assays. We present a model to illus-
trate the modes of action of Cut proteins in transcriptional
repression.

MATERIALS AND METHODS

Plasmid construction. The sequence of the hCut protein has been published as
the human CDP sequence, and the cDNA sequence (HSCDP) can be obtained
from GenBank under accession number M74099 (56). The nucleotide and amino
acid numbers used hereafter are taken from this cDNA sequence and its deduced
amino acid sequence. To localize the transcriptional repression activity within
the hCut protein, various segments of the hCut cDNA were inserted in frame
within the expression vector pSG424 or pGALM (39, 58), thereby generating a

series of yeast GAL4 (aa 1 to 147)hCut fusion proteins. For the following
constructs, we started from the 76.2 cDNA clone comprising nucleotides (nt)
1605 to 5376 of HSCDP and inserted into the pBluescribe KS vector (Strat-
agene). An EcoRI site had been added to nt 1605 during cDNA cloning. The
following hCut fragments were inserted into the pSG424 vector: Cut repeat 1,
EcoRV (nt 1605)-BamHI (nt 2019) fragment treated with Klenow enzyme and
inserted into the SmaI site; Cut repeat 1 plus linker, EcoRV (nt 1605)-AccI (nt
2853) fragment treated with Klenow enzyme and inserted into the SmaI site; Cut
repeats 2 and 3, RsaI (nt 2861)-RsaI (nt 3737) fragment treated with T4 DNA
polymerase and inserted into the SacI site; CR3HD, Sau96I (nt 3379)-Sau96I (nt
3982) fragment treated with Klenow enzyme and inserted into the Klenow
enzyme-treated BamHI site; Cut homeodomain, PvuII (nt 3772)-ApoI (nt 3963)
fragment treated with Klenow enzyme and inserted into the Klenow enzyme-
treated BamHI site; carboxy-terminal region (aa 1299 to 1505), BamHI (nt
3936)-SfiI (nt 4603) fragment (treated with T4 DNA polymerase following SfiI
digestion and prior to BamHI digestion) inserted into the BamHI and Klenow
enzyme-treated SalI sites; aa 1299 to 1336, BamHI (nt 3936)-PvuII (nt 4053), and
aa 1299 to 1362, BamHI (nt 3936)-BsrbI (nt 4129) fragments inserted into the
BamHI and Klenow enzyme-treated SalI sites; aa 1299 to 1380, SmaI (in vector)
(Cut nt 3936)-SmaI (nt 4185) fragment inserted into the SmaI site; aa 1316 to
1459, BglI (nt 3990)-BglI (nt 4422) fragment treated with T4 DNA polymerase
and inserted into the SmaI site; aa 1338 to 1505, PvuII (nt 4053)-SfiI (nt 4603)
fragment treated with T4 DNA polymerase and inserted into the SmaI site; aa
1363 to 1505, BsrbI (nt 4129)-SfiI (nt 4603) fragment treated with T4 DNA
polymerase and inserted into the Klenow enzyme-treated BamHI site; aa 1380 to
1505, PpumI (nt 4179)-SfiI (nt 4603) fragment with Klenow enzyme and T4 DNA
polymerase treatments, respectively, and inserted into the SmaI site; aa 1461 to
1505, BglI (nt 4422)-BglI (nt 4602) fragment treated with T4 DNA polymerase
and inserted into the SmaI site; and aa 1399 to 1468, SmaI (nt 4239)-SmaI (nt
4448) fragment inserted into the SmaI site. The fragment containing Cut repeats
1, 2, and 3 and the homeodomain (nt 1605)-ApoI (nt 3963) was cloned into the
EcoRI site; the fragment containing Cut repeats 2 and 3, the homeodomain, and
the carboxy terminus was obtained following XhoI (nt 2861)-BamHI (nt 3936)
digestion of a cDNA clone isolated from a cDNA library in pMX and was
inserted into the corresponding sites. The aa 1316 to 1380 BglI (nt 3990)-SmaI
(nt 4185) construct was derived from plasmid pSG424 1316-1459 after digestion
with SmaI and XbaI, treatment with T4 DNA polymerase, and religation on
itself. Four of the pSG424 hCut constructs described above (aa 1338 to 1505, aa
1363 to 1505, aa 1380 to 1505, and aa 1399 to 1468) were cut with EcoRI (vector)
and BglI (T4 DNA polymerase treated), inserted into the pGALM expression
vector digested with XbaI, treated with Klenow enzyme, then further digested
with EcoRI. This generated the aa 1338 to 1459, aa 1363 to 1459, aa 1380 to 1459,
and aa 1399 to 1459 constructs.
The following hCut fragments were inserted into the EcoRI-XbaI sites of

pSG424 following DNA amplification via PCR and digestion of the correspond-
ing restriction sites added to the 59 end of the primers: aa 1451 to 1505 (nt 4393
to 4567), aa 1424 to 1505 (nt 4307 to 4567), aa 1476 to 1505 (nt 4470 to 4567),
aa 1451 to 1485 (nt 4393 to 4500), and divergent region (aa 1345 to 1449, nt 4079
to 4393). The hCut repression domain without the GAL4 DNA binding domain
(aa 1299 to 1505) was amplified with an upper strand primer containing a Kozak
consensus sequence (40) and a nuclear localization signal (25) (59-AAATCGA
TCCACCATGGGTTCCTAAAAAGAAGCGCAAGGTTGAATTC-39) fol-
lowed by nt 3941 to 3960 of the hCut cDNA sequence. The PCR product was
cloned directly into the PCRII vector (Invitrogen, San Diego, Calif.). This con-
struct was then digested with EcoRI and subcloned into the similarly digested
vector pSG5 (Stratagene). The following fragments from the Cux/mCut cDNA
(GenBank accession number X75013) were cloned into the EcoRI-BamHI sites
of pGALM following PCR amplification: aa 1114 to 1332 (nt 3662 to 4321) and
divergent region (aa 1158 to 1300, nt 3794 to 4162). The integrity of clones and
their reading frames was verified by sequencing.
Six different reporter constructs with the chloramphenicol acetyltransferase

(CAT) gene were used in the transfection experiments. The pBL2CAT (contain-
ing the 2105 to 151 region of the tk promoter) (48), GAL4E1bCAT (minimal
promoter containing a TATA box) (45), and GAL4InrCAT (initiator element)
(55) plasmids have been described previously. The GAL4tkCAT plasmid was
constructed by the insertion of five GAL4 binding sites into the HindIII-XbaI
sites of pBLCAT2 (51, 61). To generate the GAL4–1608-kb spacer–tk-CAT
(GAL4SpacertkCAT) reporter plasmid, the last construct was further modified
by inserting a genomic BamHI 1608-bp fragment originating from the intergenic
region downstream of the murine c-myc gene into the BamHI site located
between the GAL4 binding sites and the tk promoter. The GAL4tkDClaICAT
plasmid was obtained by digestion of the GAL4tkCAT plasmid isolated from
Dam2 bacteria with ClaI, followed by Klenow enzyme fill-in, digestion with SmaI
(immediately downstream of the ClaI site), and religation.
PCR amplification. Plasmid DNA containing portions of the hCut cDNA was

used as the template for the amplification of various portions of the human or
murine cut gene. Oligonucleotide primers were either obtained from the McGill
Biotechnology Center (Montreal, Quebec, Canada) or synthesized on a Phar-
macia Gene Assembler. Amplification was performed on a Coy Tempcycler unit,
using 1 U of Taq polymerase (Gibco-BRL) as specified by the manufacturer of
the enzyme. Following amplification, DNA fragments were digested with rele-
vant restriction endonucleases, purified, and cloned in the pSG424 or pGALM
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vector. Each construct obtained by PCR cloning was verified by DNA sequenc-
ing.
Transient-transfection and CAT assays. COS and NIH 3T3 cells were grown

in Dulbecco modified Eagle medium supplemented with 10% fetal bovine and
calf serum, respectively. Cells were plated at a density of 0.6 3 106 cells per
90-mm-diameter plates 24 h prior to the transfection procedure. Plasmid DNA
was introduced by the calcium phosphate precipitation technique (NIH 3T3) or
the DEAE-dextran method (53, 67). All transfection experiments were repeated
at least three times, more often in the case of small effector effects. Except for the
results presented in Fig. 4, in which variable amounts of effector plasmid were
used to determine the lowest amount needed for repression, typically 10 mg of
effector plasmid DNA and 5 mg of reporter CAT plasmid were introduced into
cells by the DEAE-dextran method (53). Essentially similar results were ob-
tained with 2 and 1 mg of effector and reporter plasmids, respectively. The
amount of transfected DNA was kept constant by addition of appropriate
amounts of the parental expression plasmid. As an internal control for transfec-
tion efficiency, 1 mg of pCH110 (pSV40-bgal; Pharmacia) was also included, and
b-galactosidase activity was assayed essentially as described previously (32). Cells
were treated with chloroquine (5 mg/ml of medium) on the next day and har-
vested with 1 ml of TEN buffer (40 mM Tris [pH 7.5], 1 mM EDTA, 150 mM
NaCl) 48 h later. After resuspension in 100 ml of Tris 0.25 M (pH 7.5), cells were
subjected to three cycles of freeze-thaw with dry ice-ethanol and a 378C water
baths and centrifuged; the cytoplasmic extracts were recovered and used directly
in CAT assays or stored at 2808C. CAT assays were performed as described
previously (26); the results were visualized by autoradiography and quantitated
by using Fuji imaging plates and a PhosphoImager analyzer.
Preparation of nuclear extracts. The pellet that remained following the prep-

aration of cytoplasmic extracts was used for the preparation of nuclear extracts
by the method of Lee et al. (41), with some modifications. Briefly, the pellet was
resuspended in 30 ml of buffer C (20 mM N-2-hydroxyethylpiperazine-N9-2-
ethanesulfonic acid [HEPES; pH 7.9], 25% glycerol, 1.5 mM MgCl2, 420 mM
NaCl, 0.2 mM EDTA), incubated at 48C for 30 min with gentle rocking, and spun
down at 12,000 rpm for 5 min. The protein extract was either used immediately
or quickly frozen in a dry ice-ethanol bath.
DNase footprinting assay. The GAL4tkCAT vector, which contains two Sp1

sites and a CCAAT box in the tk promoter (2105 to 151 relative to the
transcription start site), was used for this analysis. The plasmid was 32P end
labeled at the BglII site (151) with T4 polynucleotide kinase and cleaved with
HindIII or XbaI. The fragments thus generated contained (HindIII) or did not
contain (XbaI) the five GAL4 binding sites. After electrophoresis through a 5%
polyacrylamide gel, the labeled fragments were purified by passive elution in 10
mM Tris HCl (pH 7.5)–1 mM EDTA. DNase footprinting was carried out
essentially as described previously (23, 30). End-labeled DNA (100,000 cpm per
reaction) was incubated with 20 mg of protein from nuclear extracts (prepared as
outlined above), in the presence of 1 mg of poly(dI-dC) or with 50 ng of bacte-
rially expressed fusion proteins previously purified by affinity chromatography,
for 15 min at room temperature in a final volume of 25 ml in 10 mM Tris (pH
7.5)–25 mM NaCl–1 mM MgCl2–1 mM dithiothreitol–5% glycerol–4% (wt/vol)
polyvinyl alcohol. Fifty microliters of 10 mMMgCl2–5 mM CaCl2 was added, and
tubes were incubated for 90 s. Various dilutions of DNase I were added, and
samples were incubated for 90 s. Ninety microliters of DNase stop solution (20
mM EDTA, 1% sodium dodecyl sulfate [SDS], 0.2 M NaCl) was added and
mixed by vortexing. Following phenol-chloroform extraction and ethanol precip-
itation, samples were electrophoresed through an 8% denaturing polyacrylamide
gel (30:1) in 13 Tris borate-EDTA. Gels were dried and visualized by autora-
diography.
EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed with

5 mg of proteins from nuclear extracts prepared as described above. Samples
were incubated at room temperature for 5 min in 10 mM Tris (pH 7.5)–25 mM
NaCl–1 mMMgCl2–5 mM EDTA (pH 8.0)–5% glycerol–1 mM dithiothreitol, in
a final volume of 40 ml, with 1 mg of poly(dI-dC) and 2 mg of sheared salmon
sperm DNA as nonspecific competitors. A double-stranded oligonucleotide con-
taining a GAL4 binding site (upper strand, 59-CGACTCGGAGGACTGTCCT
CCGAG-39) was end labeled by standard methods. The probe (20,000 cpm, ;10
pg) was then added to the protein mixture, and samples were further incubated
for 20 min. Samples were loaded on a 5% polyacrylamide gel (30:1) and sepa-
rated by electrophoresis at 8 V/cm for 2 h in 0.53 Tris borate-EDTA. Gels were
dried and visualized by autoradiography.
Western blot (immunoblot) analysis. Nuclear extracts were prepared as de-

scribed above and mixed with 33 Laemmli buffer. Equal amounts of protein (5
to 10 mg) were boiled for 5 min and loaded on an SDS–10% polyacrylamide gel.
The gel was soaked for 10 min in a solution of 0.1 M Tris–0.192 M glycine–20%
(vol/vol) methanol, and proteins were electrotransferred to a nylon membrane
for 1 h at 48C. The membrane was then rinsed twice in phosphate-buffered saline
(PBS) supplemented with 0.1% Tween (PBS-Tween) and incubated for 1 h at
room temperature in PBS-Tween containing 3% bovine serum albumin to pre-
vent nonspecific binding of the antibody. Following a brief wash, the blot was
incubated in PBS-Tween with a pool of three monoclonal antibodies directed
against the carboxy-terminal region of hCut. The membrane was washed three
times for 10 min each time in 100 ml of PBS-Tween and then incubated with a
second antibody conjugated to horseradish peroxidase for 1 h at room temper-
ature. After brief washes in PBS-Tween and PBS, proteins were visualized by

using the enhanced chemiluminescence (ECL) system (Amersham) according to
the manufacturer’s instructions.

RESULTS

Two domains in the carboxy-terminal region of hCut can
independently act as active repression domains. Mammalian
Cut homeodomain proteins have been found to repress expres-
sion of target genes containing a Cut binding site. Interestingly,
while no direct sequence homology is apparent between the
carboxy termini of Drosophila and mammalian Cut proteins,
both are enriched in alanine residues, a distinctive feature of
previously characterized transcriptional repressors such as the
Engrailed, Krüppel, Even-skipped, and Msx-1 homeodomain
proteins. These proteins appear to decrease transcription by a
mechanism termed active repression (17, 18, 29, 35, 49)
whereby the regulatory activity of the protein is conferred by a
region residing outside the DNA binding domain. We there-
fore sought to verify whether the carboxy-terminal region of
hCut exhibits any repression activity. We prepared a series of
vectors expressing chimeric proteins with various portions of
hCut linked to aa 1 to 147 of the yeast GAL4 transcription
factor. This region of GAL4 contains a specific DNA binding
and dimerization domain. As shown in Fig. 1, the carboxy-
terminal region of hCut fused to the GAL4 DNA binding
domain can function as an active repression domain.
To define more precisely the amino acids that constitute the

active repressors, we prepared a series of constructs with ami-
no-terminal and carboxy-terminal deletions of the hCut car-
boxy-terminal region. Two regions were found to function as
active repression domains: a region of 81 aa immediately
downstream of the homeodomain (aa 1299 to 1380 [Fig. 1,
lanes 5 and 14]) and a region of 54 aa at the carboxy terminus
(aa 1451 to 1505 [lane 18 and Table 1]). Removal of 17 and 18
aa at either end of the 1299-1380 protein completely abolished
its repression capability (Fig. 1, lanes 13 to 16). In contrast,
deletion of few amino acids from either end of the 1451-1505
protein diminished but did not eliminate its repression effect
(Fig. 1, lanes 17 to 21). In fact, this region could be reduced to
29 aa, from aa 1476 to 1505, without much reduction in po-
tency (Fig. 1, lane 20). To ensure that the inability of some
fusion proteins to repress was not due to a lack of expression
or greatly reduced stability, EMSAs were performed with oli-
gonucleotides encoding the GAL4 binding site together with
nuclear extracts from transfected COS cells (Fig. 2). All ex-
tracts were found to contain GAL4 DNA binding activity, and
although some variation was observed in the intensity of the
signals, it did not account for the differences in the ability to
repress the tkCAT promoter. Several proteins exhibiting stron-
ger band shift signals were in fact those with the lowest repres-
sion potential (Fig. 2, lanes 5 and 6). One exception is the
1424-1505 fusion protein: DNA binding is clearly weaker than
for the 1451-1505 protein (compare lanes 7 and 8). It is pos-
sible, therefore, that the absence of repression by the 1424-
1505 fusion protein is due to its lower expression, stability, or
DNA binding activity. In summary, the carboxy-terminal re-
gion of hCut contains two subdomains of 81 and 55 aa that can
function as repressors. The smallest peptide with repression
activity contained 29 aa from the hCut carboxy terminus.
The carboxy-terminal region from the mCut protein (Cux)

also functions as an active repression domain. The hCut and
mCut are nearly identical except in two regions that show
marked sequence divergence: upstream of Cut repeat 2 and in
the carboxy-terminal region (56, 66). A sequence comparison
of their carboxy termini is presented in Fig. 3A. The two
proteins are virtually identical at the beginning and the end of
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this region but differ markedly in the central portion. To verify
whether sequence divergences may impart different regulatory
properties, we tested in parallel the two carboxy-terminal re-
gions in cotransfection experiments using the same reporter
construct. The carboxy-terminal region from the mCut protein
was found to repress expression of the reporter construct to the

same extent as the corresponding region of hCut (Fig. 3B and
Table 1). We have also made and tested several chimeric
repression domains containing various parts from the human
and murine repression domains. All of these fusion proteins
behaved like the repression domain from the hCut protein
(data not shown). Finally, we tested the ability of the hCut and
mCut divergent regions to repress or activate various reporter
constructs. Neither fusion protein had any clear effect on gene
expression (data not shown). We conclude that in spite of their
sequence divergence, the carboxy-terminal domains of hCut
and mCut behave similarly as active repression domains.
The hCut repression domain must be tethered to DNA for

activity. Two approaches were used to verify whether the hCut
repression domain must be tethered to DNA in order to carry
its function. First, we measured the extent of repression in NIH
3T3 cells, using two reporter plasmids with or without binding
sites for the GAL4 DNA binding domain. As shown in Fig. 4A,
expression of the reporter with GAL4 binding sites was re-
duced to less than 25% of the control level when 0.5 mg of the
effector construct encoding the GAL4-hCut fusion protein was
used. In contrast, with the reporter that does not contain
GAL4 binding sites, 10 times more (5 mg) of the effector
plasmid was necessary to achieve the same level of repression.
We hypothesize that the weak repression imparted by the
GAL4-hCut fusion protein on the reporter without GAL4
binding sites must be due to nonspecific DNA binding. We
cannot, however, exclude that the tkCAT plasmid contains a
cryptic suboptimal GAL4 binding site. Second, we compared
the repression activities of the hCut repression domain fused
and not fused to the GAL4 DNA binding domain. To ensure
that the hCut repression domain would be transported to the
nucleus, a nuclear localization signal was fused to its amino
terminus. No repression was observed with this effector in COS
cells, although the same levels of proteins were present in the
nuclei of transfected cells (Fig. 4B and C). Together, these
results indicate that the hCut repression domain must be teth-
ered to DNA for efficient repression to occur.
The repression subdomains of the hCut protein can repress

at a large distance. The mode of action of active repression
domains is not yet fully understood. However, some mecha-
nisms have been described, and it is possible to confirm or rule
out their involvement (17). For example, one type of repres-
sion, termed quenching, involves inhibition of an activator by a
repressor that is bound in close proximity in the promoter.
Thus, the position of the repressor relative to the activator is
crucial for its regulatory effect, and moving away its binding
site should abolish its function. We sought to determine
whether the repression domains from the hCut protein would
still function when bound at a large distance from the tran-
scription initiation site. To test this, we modified the reporter
construct by inserting a 1.6-kb fragment of neutral spacer DNA
between the GAL4 binding sites and the tk promoter. Previous
experiments had confirmed that this DNA region displayed no
regulatory property and that it acted only as a spacer sequence
(data not shown). When transient transfection assays were
carried out with this reporter construct, the complete hCut
carboxy-terminal domain (aa 1299 to 1505) was found to re-
press with the same relative strength as when the GAL4 bind-
ing sites were located closer to the initiation site (Fig. 5, lanes
1 and 2). Consistent with this observation, repression at a
distance was also observed with the two hCut repression sub-
domains (aa 1299 to 1380 and 1451 to 1505), although to a
lesser extent with the leftmost subdomain (Fig. 5, lanes 3 to 5).
We conclude that the hCut repression domain can function at
a large distance and that its mechanism(s) of action must be
distinct from quenching.

FIG. 1. Identification of two active repression domains in the human Cut
carboxy-terminal region. Transfection assays were performed in COS cells, using
the GAL4tkCAT reporter plasmid. The effector plasmids contained sequences
encoding various portions of the hCut carboxy-terminal region fused to the yeast
GAL4 DNA binding domain (DBD). Plasmid pCH110 (Pharmacia) encoding
b-galactosidase was included as an internal control for transfection efficiency. A
schematic representation of the hCut protein is displayed at the top, with the
evolutionarily conserved regions depicted as boxes: CC, coiled coil; CR, Cut
repeat; HD, homeodomain. Schematic diagrams of the hCut segments encoded
by the effector plasmids are shown on the right, with numbers identifying the first
and last amino acids. Lanes 1 to 12 show the constructs used for the initial
identification of the two autonomous repression domains; the refined delineation
of the domains is presented in lanes 13 to 21. All transfection assays were
repeated at least three times. Results obtained from a single representative
experiment are shown. Values representing the average of three separate exper-
iments are provided in Table 1 for some of the effector plasmids.
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The carboxy-terminal region of the hCut and mCut proteins
do not repress minimal promoters. The experiments described
above indicated that hCut and mCut repression domains could
down-regulate activated transcription. To verify whether these
repression domains could also repress a minimal promoter, we
used two reporter constructs: the E1bCAT construct, which

contains only the TATA box from the adenovirus E1b pro-
moter, and the InrCAT construct, which contains an initiator
element but no TATA box (36, 47). Neither reporter construct
was repressed by the hCut and mCut carboxy-terminal regions
(Table 1). Consistent with these findings, the two repression
subdomains of hCut (aa 1299 to 1380 and 1451 to 1505) did not
repress transcription from a minimal promoter (data not
shown). In view of recent reports demonstrating increased
repression activity conferred by the homeodomain, we sought
to verify whether a protein comprising both the homeodomain
and the carboxy terminus of hCut could repress minimal tran-
scription (5, 14, 65). This protein was found to have little
impact on transcription from minimal promoters (data not
shown).
Two regions of hCut contribute to down-regulate gene ex-

pression: the CR3HD DNA binding domain and the carboxy-
terminal repression domain. To verify whether other regions
of hCut are involved in transcriptional repression, we prepared
a series of vectors expressing chimeric proteins with various
portions of hCut linked to the GAL4 DNA binding domain.
Maximal repression was obtained with a GAL4-Cut fusion
protein that included Cut repeats 1, 2, and 3, the Cut homeo-
domain, and the carboxy-terminal region (Fig. 6, lanes 1 and
2). Removal of Cut repeat 1 and of the linker region between
Cuts repeat 1 and 2 did not reduce the repression potential
(compare lanes 2 and 4). When smaller segments of hCut were
tested, two regions were found independently to repress gene
expression: CR3HD and the carboxy-terminal region down-

FIG. 2. EMSA confirming expression of GAL4-Cut fusion proteins. Nuclear
extracts (5 mg of protein) prepared from cells transfected with various GAL4 (aa
1 to 147)-Cut effector plasmids were incubated with a labeled, double-stranded
synthetic oligonucleotide probe containing a GAL4 binding site. Complexes were
resolved from the unbound probe on a 5% acrylamide gel. The numbers above
each lane identify the hCut segment (first and last amino acids) of each fusion
protein as in the text and other figures.

TABLE 1. Relative CAT activities in COS cell extracts following cotransfection of CAT reporters and hCut or mCut effector constructsa

Effector
% CAT activityb with indicated reporter (range)

GAL4tkCAT GAL4E1bCAT GAL4InrCAT GAL4SpacertkCAT

GAL4 DBD 100 100 100 100
hCut CR1 68 (57–81)
hCut CR1 linker 66 (59–76)
hCut linker CR23 86 (81–93)
hCut CR3HD 18 (9–28) 82 (65–107) 74 (65–80)
hCut CR123HD 26 (15–40)
hCut CR123HDCarb 6 (1–14)
hCut CR23HDCarb 8 (3–17)
hCut HD 89 (84–92)
hCut HDCarb 14 (11–19)
hCut 1299-1505 13 (5–21) 140 (123–155) 130 (90–152) 16 (11–19)
hCut 1299-1314 77 (67–86)
hCut 1299-1336 68 (54–77)
hCut 1299-1362 65 (56–80)
hCut 1299-1380 22 (18–29) 80 (55–107) 90 (84–97) 18 (15–23)
hCut 1316-1380 73 (67–82)
hCut 1316-1459 58 (52–77)
hCut 1338-1505 12 (7–17)
hCut 1363-1505 11 (6–19)
hCut 1380-1505 18 (15–23)
hCut 1399-1468 113 (105–130)
hCut 1424-1505 87 (81–96)
hCut 1451-1505 5 (1–11) 83 (73–93) 76 (71–79) 7 (3–14)
hCut 1451-1485 24 (22–29)
hCut 1461-1505 8 (3–16)
hCut 1476-1505 7 (4–12)
NLS hCut 1299-1505 90 (74–108)
mCut 1114-1332 19 (15–21) 86 (78–103) 83 (67–93)

a The hCut and mCut segments are indicated by the name of the evolutionarily conserved regions or, for the carboxy-terminal region, by amino acid numbers. GAL4
DBD, yeast GAL4 DNA binding domain (aa 1 to 147); CR1, Cut repeat 1; CR2, Cut repeat 2; CR3, Cut repeat 3; CR123, Cut repeats 1, 2, and 3; HD, homeodomain;
Carb, carboxy-terminal domain (aa 1299 to 1505); NLS, nuclear localization signal.
b Average activity obtained from at least three separate experiments after correction for transfection efficiencies, using plasmid pCH110 (pSV40-bgal; Pharmacia)

as a control. Values were obtained by calculating the ratio of chloramphenicol conversion with the test construct relative to conversion in the presence of the appropriate
control plasmid, pSG424 or pGALM, encoding only the GAL4 DNA binding domain. The NLS hCut 1299-1505 construct was compared with the empty pSG5 vector.
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FIG. 3. Sequence comparison and repression activities of the human and murine Cut carboxy-terminal regions. (A) Alignment of amino acid sequences of human
(aa 1301 to 1505) and murine (aa 1114 to 1332) C-terminal regions. The amino acid sequences are shown in the one-letter code. Vertical bars indicate identical amino
acids, dots denote conservative substitutions, and dashes show gaps introduced to maximize the alignment. Alanine and proline residues are shown in boldface. (B) CAT
activity in cellular extracts following transfection of COS cells with the GAL4tkCAT reporter plasmid and effector constructs encoding either the GAL4-hCut fusion
protein (lane 1), the GAL4-mCut fusion protein (lane 2), or the GAL4 DNA binding domain (DBD) alone (lane 3; pSG424 control). Plasmid pCH110 (Pharmacia)
encoding b-galactosidase was included as an internal control for transfection efficiency. A schematic representation of the human and murine Cut proteins is displayed
at the top, with the evolutionarily conserved regions depicted as boxes: CC, coiled coil; CR, Cut repeat; HD, homeodomain. Schematic diagrams of the hCut and mCut
segments encoded by the effector plasmids are shown on the right, with numbers identifying the first and last amino acids. Transfection assays were repeated at least three times.
Results obtained from a single representative experiment are shown. Values representing the average of three separate experiments are provided in Table 1.
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stream of the Cut homeodomain (Fig. 6, lanes 1, 10, 11, and
12). The effects of these domains on gene expression appeared
to be additive since repression was maximal when both regions
were present in the chimeric protein (Fig. 6, lanes 2 to 4, 10,
and 12). The relative strengths of the constructs with repressor
activity are presented in Table 1.
CR3HD binds to Sp1 and CCAAT sites within the tk pro-

moter. Analysis of the tk promoter has revealed the presence
of two and one binding sites for the transcription factors Sp1
and CCAAT-binding protein (CBP), and efficient expression
was shown to be dependent on the presence of all three of
these sites (37). Interestingly, cDNAs encoding hCut were
originally isolated through their ability to interact with Sp1-like
and CCAATDNA binding sites (22, 56). We therefore hypoth-
esized that the down-regulatory effect of CR3HD on the
tkCAT reporter plasmid was due to competition for site occu-

pancy with the sequence-specific transactivators Sp1 and CCA
AT.
To test this hypothesis, we first performed DNase footprint-

ing assays using a fragment from the reporter construct as a
probe and crude nuclear extracts from transfected COS cells
(Fig. 7A). In addition to the GAL4 sites, the GAL4-CR3HD
fusion protein protected one Sp1 and one CCAAT binding site
(Fig. 7A, lane 2). These sites were not protected in extracts
from untransfected cells (Fig. 7A, lanes 7, 15, and 19). This was
not unexpected since previous studies demonstrated that pro-
tection of these sites necessitates either partial purification of
the cellular extract or isolation of unbound and complexed
DNA following DNase digestion (12, 15, 16, 20, 22, 23, 27, 37,
38). Further analysis with a shorter DNA probe that does not
include the GAL4 binding sites showed that the GAL4-
CR3HD fusion protein could still interact directly with the Sp1

FIG. 4. The hCut repression domain must be tethered to DNA for activity. (A) Relative CAT activity in cellular extracts following transfection of NIH 3T3 cells
with variable amounts of an effector construct encoding the GAL4-hCut fusion protein and tkCAT reporter plasmids containing (GAL4tkCAT) or not containing
(tkCAT) binding sites for the GAL4 DNA binding domain (DBD). The level of CAT activity in cells transfected with the effector plasmid expressing the GAL4 DNA
binding domain only has been set to 100%. Values representing the average of three separate experiments are provided. Plasmid pCH110 (Pharmacia) encoding
b-galactosidase was included as an internal control for transfection efficiency. (B) CAT activity in cellular extracts following transfection of COS cells with the
GAL4tkCAT reporter plasmid and effector constructs encoding the hCut carboxy-terminal domain fused to either the GAL4 DNA binding domain or a nuclear
localization signal (NLS). Transfection assays were repeated at least three times. Results obtained from a single representative experiment are shown. Plasmid pCH110
(Pharmacia) encoding b-galactosidase was included as an internal control for transfection efficiency. (C) Western blot analysis of nuclear extracts from untransfected
COS cells (lane 1) and COS cells transfected with an effector construct encoding the hCut carboxy-terminal domain fused to either the GAL4 DNA binding domain
(lane 2) or a nuclear localization signal (lane 3).
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and CCAAT sites but that the protected regions were not as
wide (Sp1 site) or intense (CCAAT site) (Fig. 7A, lanes 5, 13,
and 14). It is probable that the enhanced protection of these
sites in the presence of the GAL4 sites involves cooperative
DNA binding by the two DNA binding regions present in the
GAL4-CR3HD fusion protein. To verify whether the GAL4-
CR3HD was able alone to bind to these sites or needed to
interact with other endogenous factors, this protein was ex-
pressed in bacteria with a short amino-terminal histidine tail.
The purified fusion protein protected very well the Sp1 site and
weakly the CCAAT site (Fig. 7, lanes 9 and 11). These results
confirm that the Cut repeat 3 and homeodomain specifically
recognize Sp1 and CCAAT sites and probably compete with
the corresponding transcription factors for the occupancy of
these sites.
To verify whether interaction with the GAL4 binding sites

was essential for repression by the GAL4-CR3HD fusion pro-
tein, we performed CAT assays using derivatives of the tkCAT
plasmid which lacked the GAL4 sites. We also tested repres-
sion with a reporter construct in which the single site for the
ClaI restriction enzyme had been deleted. This control was
important since the sequence recognized by this enzyme, ATC
GAT, has been identified as a consensus binding site for Cut
proteins. The results presented in Fig. 7B indicated that the
three tkCAT reporter constructs were repressed to similar
degrees, while basal promoter constructs were not affected.
Thus, repression by the GAL4-CR3HD fusion protein does
not require the presence of GAL4 or ClaI sites and most likely
results from competition for site occupancy with the endoge-
nous Sp1 protein and CBP.

DISCUSSION

In cotransfection experiments, mammalian Cut proteins
were found to repress the expression of genes containing Cut-

specific binding sites (21, 22, 62, 66, 69). In the present study,
we investigated the mechanisms by which Cut proteins effect
transcriptional repression. While some repressors function by
competing with sequence-specific transactivators for binding to
a common or overlapping binding site(s) (6, 62), others appear
to negatively regulate transcription through active repression
(14, 17, 18, 29, 35, 49, 61). Our results suggest that Cut proteins
can repress gene expression through both mechanisms (Fig. 8).
We have demonstrated that the bipartite CR3HD DNA

binding domain can bind to Sp1 and CCAAT binding sites
within the tk gene promoter and that this in itself is sufficient
to down-regulate expression of a tkCAT reporter construct.
These results are in accordance with previous studies which
independently demonstrated that Cut proteins can function as
CDPs upstream of the human gp91-phox gene (44, 62) and of
the sea urchin sperm histone H2B gene (6) or bind to an
Sp1-like binding site within the promoter of the c-myc proto-
oncogene (3, 19, 21, 22). We conclude that Cut proteins have
the potential to prevent the Sp1 and CBP transactivators from
exerting their stimulatory effect on target genes.
While the expression of a large number of genes is stimu-

lated by Sp1 and CBP, it is not clear at this point whether all
promoters containing sites for these transcriptional activators
represent authentic in vivo targets for repression by Cut pro-
teins. Two parameters mainly will determine whether a pro-
moter containing Sp1 and/or CCAAT sites is effectively re-
pressed by Cut proteins: the relative amounts of these activator

FIG. 5. Repression at a large distance from the transcription start site by
GAL4-hCut fusion proteins. COS cells were cotransfected with the GAL4tkCAT
reporter plasmid containing a 1,608-bp spacer DNA (see Materials and Meth-
ods) inserted between the GAL4 binding sites and the tk promoter and effector
plasmids encoding either the GAL4 DNA binding domain (DBD) (lanes 1 and
3) or GAL4-hCut fusion proteins (lanes 2, 4, and 5). Amino acid numbering
refers to the hCut sequence. Transfection assays were repeated at least three
times. Results obtained from a single representative experiment are shown.
Plasmid pCH110 (Pharmacia) encoding b-galactosidase was included as an in-
ternal control for transfection efficiency.

FIG. 6. Two regions of hCut contribute to down-regulate gene expression.
Transfection assays were performed in COS cells, using the GAL4tkCAT re-
porter plasmid. The effector plasmids contained sequences encoding various
portions of the hCut protein fused to the GAL4 DNA binding domain (DBD).
A schematic representation of the hCut protein is displayed at the top, with the
evolutionarily conserved regions depicted as boxes: CC, coiled coil; CR, Cut
repeat; HD, homeodomain. Diagrams of the hCut segments encoded by the
effector plasmids are shown on the right. Plasmid pCH110 (Pharmacia) encoding
b-galactosidase was included as an internal control for transfection efficiency. All
transfection assays were repeated at least three times. Results obtained from a
single representative experiment are shown. Values representing the average of
at least three separate experiments are provided in Table 1 for some of the
effector plasmids.
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and repressor proteins in a given cell and their relative affin-
ities for a specific promoter. Although Sp1 is expressed in
nearly all tissues and is considered a ubiquitous factor, its level
of expression vary greatly from one cell type to another (53, 57;
reviewed in reference 14). At least five CCAAT/enhancer-
binding proteins which also exhibit tissue-specific patterns of

expression have been described (reviewed in reference 54).
From RNase mapping analysis, the murine cut gene appears to
be expressed at low levels in most tissues (56a), but we do not
know whether, as in D. melanogaster, it is present only within a
specific subset of cells in each tissues. It will be important to
investigate the number and DNA binding activities of Cut

FIG. 7. Transcriptional repression by the CR3HD region involves binding to Sp1 and CCAAT sites within the tk promoter. (A) DNase I footprinting analysis of
GAL4-CR3HD fusion protein. The GAL4tkCAT reporter plasmid was cleaved at the BglII site, end labeled, and then digested at either the HindIII or XbaI site. The
radiolabeled fragments thus generated contained (lanes 1 to 3) or did not contain (lanes 4 to 20) the five GAL4 binding sites. The labeled DNA was incubated with
20 mg of crude nuclear extract from transfected or untransfected COS cells or 50 ng of purified bacterially expressed fusion protein as indicated. Lanes 1, 3, 4, 6, 8,
10, 12, 16, and 20 are control lanes in which no protein extract was added. Lanes 13 and 14 differ in the amount of DNase that was used: 1/200 and 1/500 dilutions in
lanes 13 and 14, respectively. (B) Transcriptional repression by the GAL4-CR3HD fusion protein does not require the presence of GAL4 binding sites or of ClaI sites
within the reporter plasmid. Transfection assays were performed in COS cells, using various CAT reporter plasmids and effector plasmids encoding the GAL4-CR3HD
fusion protein (even-numbered lanes) or the GAL4 DNA binding domain (DBD) alone (odd-numbered lanes). Plasmid pCH110 (Pharmacia) encoding b-galactosidase
was included as an internal control for transfection efficiency. A schematic representation of the hCut protein is displayed at the top, with the evolutionarily conserved
regions depicted as boxes: CC, coiled coil; CR, Cut repeat; HD, homeodomain. Diagrams of the hCut segment encoded by the effector plasmids are shown on the right.
Transfection assays were repeated at least three times. Results obtained from a single representative experiment are shown, and values representing the average of three
separate experiments are provided in Table 1 for the GAL4tkCAT reporter plasmid.
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molecules in a variety of cell types and throughout the cell
cycle. In addition, in light of the fact that Sp1 proteins have the
potential to oligomerize and to bind cooperatively to several
sites, the affinity for a given site will be, at least partially,
determined by the presence and the position of other binding
sites in the same DNA region (52, 63). The affinity for a given
site must therefore be evaluated in the context of the entire
promoter. It is likely that Cut proteins also are capable of
cooperative DNA binding, since they contain several DNA
binding domains. This property would make Cut proteins well
suited to compete with Sp1.
Several active repression domains have been found in recent

years, notably within the Drosophila homeodomain proteins
Engrailed (28, 35), Even-skipped (5, 29, 64, 65), and Krüppel
(42, 43, 60, 70), the mammalian proteins YY1 (33, 61), WT1
(49, 50, 57), and Msx-1 (14), and the Drosophila and mamma-
lian Polycomb group proteins (13). Very little is known about
the structure of repression domains, but it has been suggested
that the relative paucity of charged amino acids together with
an enrichment in alanine residues, and occasionally in proline
and glycine residues, is a key feature of these domains (28). In
contrast, Saha et al. (59) have shown that some protein seg-
ments with repressor activity contain a high proportion of basic
residues. It is possible that, as for activation domains, there are
several types of repression domains with different amino acid
compositions. Interestingly, the carboxy-terminal region of Cut
proteins is rich in alanine and proline residues, and this feature
is conserved between Drosophila and mammalian Cut proteins,
suggesting that it is important for function (Fig. 3).
Examination of the human and murine sequences revealed

that the Cut carboxy-terminal region can be divided in three
regions. The first 55 aa immediately downstream of the ho-
meodomain and the 54 most carboxy-terminal residues are
identical except for four substitutions (two of which are con-
servative) and a 3-residue insertion in hCut. In contrast, the
central region diverges markedly, with less than 35% residue

identity. We found that the hCut repression domain could be
subdivided into two subdomains that more or less matched the
region of sequence conservation between human and mouse
cDNA sequences, while the central region had no activity.
Curiously, while the two subdomains could function indepen-
dently of one another, they did not have an additive effect
when expressed together. This observation could suggest that
the two subdomains have the same molecular target and there-
fore are redundant. However, we favor the hypothesis that
each subdomain has a distinct function and therefore may have
an additive effect but that this could not be revealed by using
the tkCAT reporter construct. In this context, the central,
divergent region could play the role of a flexible arm that links
the two repression domains and allow their interactions with
their respective targets.
The precise mode of action of active repression domains is

not yet understood, but several mechanisms have been pro-
posed. One repression mechanism, termed quenching, occurs
when a repressor inhibits a transactivator that is bound next to
it in the promoter (29, 36). This mechanism can be ruled out
for Cut proteins since their repression domains can function at
different positions and at a large distance from the transcrip-
tion start site. Another mechanism involves interaction be-
tween a repression domain and the TATA-binding protein or
other general transcription factors to prevent the assembly of
the preinitiation complex. The ability of an active repression
domain to repress a minimal promoter is generally taken as
indirect evidence for interaction with a component of the basic
transcription machinery. Our results indicate that the repres-
sion domain of Cut proteins has no effect on basal transcrip-
tion but has the ability to repress activated transcription. We
therefore propose that the Cut repression domain hinders the
interactions between some activation domain and a component
of the preinitiation complex. Whether this effect is achieved

FIG. 8. Cut homeodomain proteins repress gene expression by two distinct
mechanisms. (A) Binding of a sequence-specific transcriptional activator con-
taining a DNA binding domain (D) and an activation domain (A) results in
activation (1) of gene expression. (B) The hCut protein is depicted with a DNA
binding domain (D) and a repression domain (R). The hCut protein competes
with an activator, either Sp1 or a CCAAT-binding factor, for binding site occu-
pancy. This prevents transcriptional activation. In addition, once tethered to
DNA via the DNA binding domain, the active repression domain down-modu-
lates (2) gene expression. (C) The hCut protein can bind to DNA at a large
distance from the transcription start site. DNA looping allows the repression
domain to down-modulate gene expression.

FIG. 7—Continued.
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through binding with transactivation domains, the preinitiation
complex, or an adapter molecule remains to be investigated.
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