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We initially identified c-myc promoter-binding protein 1 (MBP-1) from a human cervical carcinoma cell
expression library which negatively regulates c-myc promoter activity. A recent study demonstrated that MBP-1
acts as a general transcriptional repressor (A. K. Ghosh, R. Steele, and R. B. Ray, Mol. Cell. Biol. 19:2880–
2886, 1999). In order to identify the cellular protein(s) interacting with MBP-1 for transcriptional regulation,
a HeLa cell cDNA expression library was screened using a yeast two-hybrid system. An MBP-1-interacting
cDNA encoding a polypeptide of 140 amino acid residues with an approximate molecular mass of 16 kDa was
identified and named MBP-1 interacting protein-2A (MIP-2A). MIP-2A has a sequence similarity with an
unknown mRNA and SEDL. Mutations in the SEDL gene, located at human chromosome Xp22, has recently
been implicated with an X-linked genetic disease, although the function of SEDL gene product was not
determined (A. K. Gedeon et al., Nat. Genet. 22:400–404, 1999). However, our results suggested the localization
of MIP-2A at human chromosome 19. The specificity of interaction between MBP-1 and MIP-2A was verified
by an in vitro glutathione S-transferase pulldown experiment, a mammalian two-hybrid analysis, and in vivo
coimmunoprecipitation assays. Further analysis revealed that the amino-terminal domain of MBP-1 (amino
acids 1 to 95) interacts with MIP-2A. Immunofluorescent staining suggested colocalization of MIP-2A and
MBP-1 primarily in the perinuclear membrane of cells. Functional analysis demonstrated that MIP-2A relieves
MBP-1 mediated transcriptional repression on c-myc promoter. Additionally, MIP-2A antagonizes cell growth
regulatory role of MBP-1. Taken together, these results suggest the functional interaction of MIP-2A and
MBP-1 in cell growth regulation.

We initially identified c-myc promoter-binding protein 1
(MBP-1) from a human cervical carcinoma (HeLa) cell expres-
sion library (25). MBP-1 is ubiquitously expressed in different
human tissues (26) and is located at human chromosome 1p35-
pter (31). This protein binds to the TATA box sequences of the
c-myc P2 promoter. In vitro transient-transfection assay sug-
gested that MBP-1 negatively regulates both human and
mouse c-myc promoter activity (24, 25) through the N-terminal
half (27, 30). Further studies have shown that MBP-1 and
TATA-binding protein (TBP) bind simultaneously in the mi-
nor groove of the c-myc P2 promoter (4). Ectopic expression of
MBP-1 induces cell death and the reduction of c-myc expres-
sion (24) and regresses tumor growth (28). However, Bcl2, a
cell survival gene (1, 29), protects against MBP-1-mediated
apoptotic cell death, suggesting that, besides c-myc regulation,
MBP-1 exerts a regulatory role on cell growth through other
unknown mechanisms (24).

A recent study indicated that MBP-1, when brought to the
promoter by a Gal4 DNA-binding domain, can significantly
repress transcriptional activity (7). Structure-function analysis
of MBP-1 mutants in the context of the Gal4 DNA-binding
domain revealed that MBP-1 transcriptional repressor do-

mains are located in the N terminus (amino acids 1 to 47) and
C terminus (amino acids 232 to 338). This further suggests that
MBP-1 can modulate cellular gene transcription through an
alternative mechanism, besides blocking the c-myc transcrip-
tion. To understand the regulatory role of MBP-1 in cell
growth, it is important to characterize the interacting cellular
protein(s) and to evaluate molecular mechanisms involved in
MBP-1-mediated transcriptional repression. We undertook a
search for cellular proteins that interact with MBP-1 using a
two-hybrid interaction cloning strategy in yeast. An MBP-1
interacting protein (MIP-2A) was identified which relieves the
transcriptional repression of MBP-1 and antagonizes MBP-1-
mediated cell death. Thus, MBP-1 may regulate transcriptional
modulation by forming a complex with MIP-2A and also exerts
its effect for cell growth regulation.

MATERIALS AND METHODS

Yeast two-hybrid screening. The coding region of MBP-1 was cloned in frame
with the LexA DNA-binding domain into the pLexA plasmid vector (Clontech)
at BamHI and XhoI restriction sites. The yeast strain EGY48 carrying both the
Leu and LacZ reporter genes was transformed with Lex-MBP-1 plasmid DNA
and selected positive clones on a synthetic dropout (sd) His2 Ura2 agar plate.
The positive yeast colonies were tested for MBP-1 expression by Western blot
analysis using anti-LexA monoclonal antibody (Clontech). Lex–MBP-1 positive
yeast cells were grown in appropriate liquid medium lacking histidine and uracil
and transformed with human cervical carcinoma (HeLa) cell cDNA library
(kindly provided by Alain Nepveu, McGill University, Montreal, Quebec, Can-
ada) constructed in pB42AD plasmid vector under the control of an inducible
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promoter Gal1 which drives the expression of library-encoded proteins fused to
the B42 activation domain. Yeast colonies bearing library proteins were primarily
selected on agar plates lacking histidine, tryptophan, and uracil over a period of
7 days. Positive colonies were scraped and replated on galactose-raffinose-con-
taining agar medium lacking histidine, leucine, tryptophan, and uracil following
a 4-h growth period at 30°C in galactose-raffinose-containing liquid medium
lacking the above-mentioned amino acids. Colonies appeared on galactose-raf-
finose agar medium were transferred onto fresh medium and grown, and then we
performed a b-galactosidase (b-Gal) assay. Positive interaction was determined
by the appearance of blue colonies. The b-Gal-positive candidate colonies were
picked up and grown in selective medium for library plasmid isolation. Isolated
plasmids were then transformed into Escherichia coli KC8 strain and selected on
M9-Trp2 agar plates. The putative MBP-1-interacting cDNA inserts were re-
transformed into EGY48 yeast strain bearing the Lex-MBP-1 fusion gene, fol-
lowed by growth on selective medium and a b-Gal assay. Candidate clones were
subsequently sequenced and analyzed.

Chromosomal localization of human MIP-2A. Genomic DNAs from the
NIGMS Hybrid Mapping Panel was obtained from the NIGMS Genetic Mutant
Cell Repository (Coriell Cell Institute for Medical Research, Camden, N.J.).
Mapping panel 2 consisted of DNA isolated from 24 human-rodent cell hybrids
retaining one or more chromosomes. All but two hybrids retained a single intact
human chromosome and therefore mapping panel 2 is referred to as a nonre-
dundant mapping panel. Approximately 5 mg of DNA from hamster, human, and
mouse DNA were digested with BamHI, HindIII, and PstI to find a suitable
restriction fragment length polymorphism (RFLP) or unique genomic fragment
for use of mapping. Subsequently, genomic DNAs from mapping panel 2 were
digested with HindIII. Southern blots were probed with a human 0.75-kb
MIP-2A cDNA as previously described (31). Hybrids were scored for the appro-
priate human-specific restriction endonuclease fragment on autoradiographs.

Plasmid constructs for mammalian two-hybrid analysis. The full-length cod-
ing sequence of putative candidate MBP-1-interacting clone (MIP-2A) was PCR
amplified using a sense primer (59-ATATATTGAATTCATGTCTGG-39) and
an antisense primer (59-GGAATTTTCTCGAGTCAGCTT-39) and cloned in
frame with the DNA-binding domain of Gal4 under the control of the simian
virus 40 promoter (pM1MIP-2A). A hybrid polypeptide containing the transac-
tivation domain of herpesvirus VP16 fused to full-length MBP-1 was also con-
structed (VPMBP-1) using the mammalian expression vector VPFlag (34). Sim-
ilarly, a series of expression plasmids were constructed in VPFlag that encode
hybrid polypeptides containing the VP16 transactivation domain fused to
MBP(1–234), MBP(1–155), MBP(1–95), and MBP(190–338) deletion mutants.

In vitro pulldown experiment. A glutathione S-transferase (GST)–MBP-1
fusion construct was expressed in bacteria and immobilized onto GST-beads (8).
The beads were incubated with [35S]methionine-labeled full-length MIP-2A in
vitro-translated product, followed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and autoradiography as previously described (8).

Coimmunoprecipitation assay. For coimmunoprecipitation, 3 mg of the
VPMBP-1 and pM1MIP-2A or pM1 expression plasmid DNAs was cotransfected
into subconfluent NIH 3T3 cells. Cells were lysed 48 h after transfection in
low-stringency lysis buffer (10 mM HEPES, pH 7.5; 150 mM NaCl; 5 mM EDTA;
0.1% NP-40) containing a cocktail of protease inhibitors and sonicated briefly.
Cleared lysates were immunoprecipitated with monoclonal antibodies to Flag,
followed by the addition of protein A-Sepharose beads. Precipitates were washed
five times with lysis buffer and separated by SDS-PAGE, followed by immuno-
blotting with anti-Gal4 rabbit polyclonal antibody for detection of MIP-2A fusion
protein. A secondary antibody conjugate (anti-rabbit immunoglobulin G–horse-
radish peroxidase; Amersham) was used for detection of the peroxidase signal by
enhanced chemiluminescence.

Immunofluorescence study. HeLa cells were transfected with GalMBP-1
and/or CMVHA–MIP-2A (MIP-2A cDNA cloned in frame with the hemagglu-
tinin [HA] tag in pcDNA3 vector) using Lipofectamine for immunofluorescence
studies. Cells were washed 48 h after transfection and fixed with 3.7% formal-
dehyde in phosphate-buffered saline (PBS) for 30 min. After they were fixed,
cells were washed twice with PBS and permeabilized with 0.2% Triton X-100 in
PBS for 5 min. Cells were incubated with anti-Gal4 rabbit polyclonal antibody,
anti-HA mouse monoclonal antibody, or both for 1 h at room temperature. Cells
were washed and incubated with fluorochrome-conjugated secondary antibodies
for 30 min at room temperature. Finally, washed cells were mounted for confocal
microscopy using a Bio-Rad 1024 confocal microscope as described previously
(9). Fluorescence images were superimposed digitally to allow fine comparison.
Colocalization of green (fluorescein isothiocyanate [FITC]) and red (tetramethyl
rhodamine isocyanate [TRITC]) signals in a single pixel produces yellow color,
while separated signals remain green or red. There was no detectable staining
when normal control sera were used.

Cell transfection and chloramphenicol acetyltransferase (CAT) assay. Full-
length MIP-2A was cloned into pcDNA3 vector at EcoRI/XhoI restriction sites
under the control of the cytomegalovirus (CMV) promoter. GalMBP-1 fusion
protein constructed in CMVGal4 plasmid vector was used in this study (7).
Subconfluent NIH 3T3 cells were transfected with 1.0 mg of Gal4TKCAT re-
porter plasmid, 2.0 mg GalMBP-1, and/or various amounts of CMVMIP-2A
using Lipofectamine. For the mammalian two-hybrid assay, cells were cotrans-
fected with 1.0 mg of Gal4-responsive reporter gene (G5E1bCAT), 2.0 mg of
pM1MIP-2A and 2.0 mg of VPMBP-1 or its deletion hybrid effector plasmids. At
48 h after transfection, cell extracts were prepared, and a CAT assay was per-
formed as previously described (9). In all of the transfection experiments, b-Gal
gene was included to normalize the transfection efficiency.

Transformation assay. Full-length MBP-1 cDNA (pSV2MBP-1) cloned into
pSV2neo vector (25) was used in this study. Mouse embryo fibroblasts (NIH
3T3) were cotransfected with pSV2MBP-1 and CMVMIP-2A or pcDNA3 in a
ratio of 5:1, with appropriate controls (pSV2MBP-1 or CMVMIP-2A alone),
using Lipofectamine. Transfected cells were split 48 h after transfection at a ratio
of 1:9 and treated with 500 mg of G418 per ml for selection of drug-resistant
colonies. At 3 weeks following G418 treatment, cells were fixed and stained with
crystal violet, and then we counted the transformed foci.

Nucleotide sequence accession number. The GenBank accession number is
AF291676.

RESULTS

Yeast two-hybrid screening for MBP-1-interacting proteins.
We undertook a search for cellular proteins that interact with
MBP-1 using yeast two-hybrid interaction cloning. EGY48
yeast cells expressing MBP-1 were transformed with HeLa cell
cDNA library plasmid DNAs, and we selected the candidate
interacting colonies on the basis of their ability to grow in
appropriate selection medium and turn on the LacZ reporter
gene. We picked up 50 clones which were grown in leucine-
deficient selective medium and exhibited b-Gal activity. Plas-
mid DNA was isolated from 21 clones and retransformed into
EGY48 yeast cells expressing Lex–MBP-1 gene for the confir-
mation of positive interaction. All 21 clones exhibited positive
growth on selective medium and b-Gal activity following
retransformation. The putative interacting clones were se-
quenced and analyzed by the BLAST program. Sequence anal-
ysis revealed that the majority of these isolates represent
cDNA clones of “unknown mRNA” (accession no. AF058918),
and we named this novel protein MIP-2A. However, while our
work was in progress, a computer search using the BLAST
program matched MIP-2A with SEDL (accession no. NM-
014563) gene (6). Interestingly, the SEDL coding sequence
(sedlin) has perfect homology with MIP-2A; however, the
function of sedlin has not yet been determined.

Chromosomal localization of human MIP-2A. The coding
sequences of MIP-2A and SEDL genes are identical; however,
there are significant differences in their untranslated regions.
Therefore, we wanted to determine the chromosomal localiza-
tion of MIP-2A. For this purpose, we performed rodent-hu-
man somatic hybridization (31). Hamster, human, and mouse
DNAs were digested with BamHI, HindIII, and PstI to identify
a specific RFLP pattern for MIP-2A gene in each species.
Southern blot analysis was performed using the entire MIP-2A
cDNA, including the untranslated regions as a probe. A hu-
man-specific 1.0-kb fragment was found on Southern blots of
HindIII-digested genomic DNAs from the parental cell lines
(hamster, human, and mouse) (Fig. 1). DNAs from the paren-
tal and the somatic cell hybrid cell lines were digested with
HindIII, Southern blotted, and probed. An analysis of mapping
panel 2 indicated that the human-specific HindIII pattern was
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observed in cell line 19, which contains human chromosome
19. Results from this experiment indicated that MIP-2A is
localized only at human chromosome 19.

Association of MBP-1 with MIP-2A in mammalian cells.
The mammalian version of the conventional yeast two-hybrid
assay was used to ascertain whether the MIP-2A associates
with MBP-1 in mammalian cells (34). For this purpose, we
constructed the mammalian expression plasmid vectors that
encode VPMBP-1 fusion protein and Gal4 DNA-binding pro-
tein fused to MIP-2A (pM1MIP-2A). The mammalian two-
hybrid assay was then performed by transfecting NIH 3T3 cells
with a Gal4-responsive reporter gene (G5E1bCAT) and pair-
wise combinations of the appropriate expression vectors. Re-
porter gene expression was determined by measuring CAT
activity in cell lysates from each transfected culture. A signif-
icant increase in CAT activity was observed following coex-
pression of the VPMBP-1 and pM1MIP-2A hybrid (Fig. 2).
However, CAT activity was not enhanced by coexpression of
the VPMBP-1 and empty vector (pM1). CAT activity was also
detected in pM1MIP-2A and VPFlag vector-transfected cells,
although the level of CAT expression was much lower com-
pared to the hybrid. These results indicated that MIP-2A forms
a complex with MBP-1 in mammalian cells. Specificity of this
interaction was similarly examined using a number of other
cellular proteins (MAD, ZEB, and CtBP) as Gal4 fusion con-
structs for association with MBP-1 or MIP-2A. Results from
these studies suggested that MBP-1 or MIP-2A did not phys-
ically associate with these cellular proteins in a mammalian
two-hybrid assay (data not shown).

MBP-1 interacts with MIP-2A in vitro. An in vitro binding
assay was employed to determine MBP-1–MIP-2A interac-
tions. GST–MBP-1 was expressed in bacteria, immobilized
onto beads, and incubated with 35S-labeled full-length MIP-2A
generated by in vitro translation. The binding mixture was then
subjected to SDS-PAGE, followed by autoradiography. The
results showed specific binding between MBP-1 and MIP-2A
(Fig. 3A). However, the GST-beads did not bind with the in
vitro-translated MIP-2A. The molecular mass of MIP-2A is
about 16 kDa as determined from the relative electrophoretic
mobility of the in vitro-translated product with respect to the
protein molecular mass standards on the same SDS-polyacryl-
amide gel. Similarly, histidine-tagged MIP-2A immobilized
onto Ni-beads or unrelated histidine-tagged protein beads
(used as a negative control) were incubated with 35S-labeled in

vitro-translated full-length MBP-1. Results from this set of
experiment also showed a specific physical association between
MBP-1 and MIP-2A (data not shown). However, an unrelated
viral protein used as negative control failed to show binding
toward the in vitro-translated MBP-1 product.

Detection of MBP-1–MIP-2A complexes in vivo. A coimmu-
noprecipitation assay was also performed using lysates of NIH
3T3 cells cotransfected with VPMBP-1 and pM1MIP-2A or
empty vector as a negative control to verify the in vivo associ-
ation of MBP-1 with MIP-2A. Cell lysates were immunopre-
cipitated with a monoclonal antibody to Flag and separated by
SDS-PAGE. The presence of Gal4–MIP-2A (pM1MIP-2A)
fusion protein was then detected by immunoblotting with
antibodies to Gal4. MIP-2A was coimmunoprecipitated as
Gal4 fusion protein (lane 1) from cells expressing Flag-tagged
MBP-1 (Fig. 3B). However, the empty vector (pM1) alone

FIG. 2. Interaction of MBP-1 with MIP-2A in a mammalian
two-hybrid system. NIH 3T3 cells were transfected with 1 mg of
G5E1bCAT reporter gene, 2 mg of VPMBP-1, and 2 mg of pM1MIP-
2A. A CAT assay was performed at 48 h posttransfection. The amount
of DNA was kept constant in each transfection by adding the empty
vector DNA. The MBP-1–MIP-2A hybrid shows a high level of CAT
activity compared to pM1MIP-2A or VPMBP-1 alone.

FIG. 1. Mapping of MIP-2A in humans to chromosome 19 using a monochromosomal mapping panel. HindIII-digested genomic DNAs from
hamster (h), human (H), and mouse (M) sources, as well as 24 human-rodent somatic cell hybrids (lanes 1 to 22, X, and Y) probed with entire
MIP-2A cDNA. The human-specific fragment is indicated with an arrow and can be seen in the human control and in lane 19, which contain
hamster-human cell hybrid DNA.

VOL. 21, 2001 INTERACTION OF MIP-2A WITH MBP-1 657



expressing Gal4 DNA-binding domain, used as a negative con-
trol, did not exhibit binding to MBP-1 (lane 2) under similar
experimental conditions. Therefore, the specific association of
MBP-1 and MIP-2A in mammalian cells was demonstrated by
two independent procedures: the two-hybrid assay and coim-
munoprecipitation analysis.

Colocalization of MBP-1 with MIP-2A. To determine the
biological significance of interaction between MBP-1 and MIP-

2A, we investigated whether these two cellular proteins colo-
calize in the cells. We first examined the localization of MBP-1
and MIP-2A in GalMBP-1 or CMVHA–MIP-2A transfected
HeLa cells by indirect immunofluorescence. A predominant
perinuclear localization of MIP-2A and a nucleocytoplasmic
localization of MBP-1 was observed (data not shown). When
cells were cotransfected with both the plasmids expressing the
MBP-1 and MIP-2A, immunofluorescent staining exhibited a
predominant colocalization of these two proteins in the pe-
rinuclear region of cells (Fig. 4).

Identification of MIP-2A binding domain of MBP-1. A li-
brary of MBP-1 deletion mutants were constructed by cloning
in frame downstream of the VP16 acidic transactivation do-
main into the vector VPFlag (Fig. 5A) to identify the MIP-2A
binding region of MBP-1 using the mammalian two-hybrid
assay. For this purpose, NIH 3T3 cells were cotransfected with
pM1MIP-2A and these deletion mutants of MBP-1, along with
the reporter gene G5E1bCAT as described earlier. A signifi-
cant increase in CAT activity was noted when MBP-1 N-ter-
minal deletion mutants [VPMBP(1–234), VPMBP(1–155), or
VPMBP(1–95)] and pM1MIP-2A were coexpressed (Fig. 5B).
However, CAT activity was not altered by the coexpression of
MBP-1 deletion mutants and empty Gal4 vector (pM1). No
significant increase in CAT activity was detected in VPMBP
(190–338) and pM1MIP-2A coexpressed cell lysates compared
to pM1MIP-2A and VP16 vector coexpression. These results
suggested that the MIP-2A interacting domain of MBP-1 is
localized within the first 95 amino acid residues. Protein ex-
pression from pM1MIP-2A and MBP-1 deletion mutants was
examined by Western blot analysis (Fig. 5C). Multiple poly-
peptides appearing from some of the MBP-1 deletion con-
structs may represent proteolytically cleaved products, as was
observed earlier (7).

MIP-2A relieves transcriptional repression by MBP-1. To
examine the functional effect of MIP-2A on MBP-1-mediated
transcriptional repression of a Gal4-dependent promoter in
the reporter plasmid Gal4TKCAT, the MIP-2A cDNA frag-
ment was cloned into pcDNA3 expression vector under the
control of CMV early promoter (CMVMIP-2A). GalMBP-1
repressed thymidine kinase (TK) promoter activity approxi-
mately 70% in NIH 3T3 cells. However, cotransfection of
NIH 3T3 cells with GalMBP-1 and increasing amounts of

FIG. 3. MBP-1 physically associates with MIP-2A. (A) In vitro-
translated [35S]methionine labeled MIP-2A was subjected to a GST
pulldown analysis with GST–MBP-1 fusion protein immobilized on
beads (lane 3) or on GST-beads (lane 2). Ten percent of the in vitro-
translated MIP-2A (lane 1) was loaded in gel for electrophoresis. (B)
In vivo coimmunoprecipitation of MBP-1 with MIP-2A. NIH 3T3 cells
were cotransfected with Flag-tagged MBP-1 and Gal4-tagged MIP-2A
or empty vector and lysed after 48 h. MIP-2A-transfected (lane 1) and
vector-transfected (lane 2) cell lysates were immunoprecipitated with a
monoclonal antibody to Flag. Immunoprecipitates were separated by
SDS–12% PAGE and immunoblotted with a rabbit antibody to Gal4
DNA-binding domain. The molecular weight of the MIP-2A fusion
protein band was ascertained from the migration of standard protein
molecular weight markers. The blot was reprobed with a monoclonal
antibody to Flag for the detection of MBP-1. A similar level of MBP-1
expression was detected in each immunoprecipitate.

FIG. 4. Colocalization of transfected GalMBP-1 and CMVHA–MIP-2A in HeLa cells. Immunofluorescent staining was performed following
cotransfection of MBP-1 and MIP-2A into HeLa cells using a rabbit polyclonal antibody against Gal4 DNA-binding domain for MBP-1 (a) and
a monoclonal antibody to HA for MIP-2A (b). (c) Fluorescence images of panels a and b were superimposed digitally for fine comparison.
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CMVMIP-2A restores promoter activity in a dose-dependent
manner (Fig. 6A). Expression of CMVMIP-2A alone had no
significant effect on TK promoter activity under similar exper-
imental conditions. To further examine the correlation be-
tween MIP-2A binding domain of MBP-1 (amino acid residues
1 to 95) and the ability of MIP-2A to relieve MBP-1-mediated
transcriptional repression, the amino- and carboxy-terminal
deletion mutants of MBP-1 encompassing the repressor do-
mains [GalMBP(1–95) and GalMBP(232–338)] were used for
functional analysis. GalMBP(1–95) or GalMBP(232–338) was
cotransfected with CMVMIP-2A and Gal4TKCAT for the
CAT assay. The results suggested that MIP-2A relieves tran-
scriptional repression only from the GalMBP(1–95) construct
(Fig. 6B). To further verify the functional significance of MBP-
1–MIP-2A interaction, two other transcriptional repressor pro-
teins (ZEB and MAD) were used in the in vitro reporter assay.
The results exhibited that MIP-2A does not alter the repressor
activity of ZEB and MAD (data not shown). These studies
suggested a specific association between MBP-1 and MIP-2A
for functional activity.

MIP-2A relieves MBP-1-mediated transcriptional repres-
sion on the c-myc promoter. In order to investigate whether the
interaction of MBP-1 with MIP-2A has an effect on c-myc
promoter activity, an in vitro transient reporter assay was per-

formed. CV1 cells were cotransfected with a c-myc–CAT re-
porter gene (25) and MBP-1 with or without CMVMIP-2A.
MBP-1 alone repressed the c-myc promoter activity approxi-
mately 50%. However, c-myc promoter activity was signifi-
cantly restored following coexpression of MIP-2A with MBP-1
(Fig. 7). On the other hand, expression of MIP-2A alone had
no detectable effect on the c-myc promoter activity. Similar
experiment was done using p53 promoter as a control, where
neither MBP-1 nor MIP-2A had a trans-regulatory effect (data
not shown). Functional association of MIP-2A with MBP-1 for
trans-repression activity was further ascertained using deletion
mutants of MBP-1. An in vitro transient reporter assay using
c-myc–CAT, MIP-2A, and MBP-1 deletion mutants was per-
formed (Fig. 7). Results exhibited that MIP-2A can relieve the
transcriptional repression of c-myc promoter mediated by
the MBP-1 N-terminal half (MBP1–155) but not its C-ter-
minal half, MBP(190–338). Together, these results suggest
that MIP-2A modulates MBP-1-mediated transcriptional re-
pression on the c-myc promoter through protein-protein inter-
action.

Effects of MIP-2A on MBP-1-mediated cell growth suppres-
sion. Previous studies have shown that the overexpression of
full-length MBP-1 induces cell death in murine fibroblasts
(24). To examine the effect of MIP-2A, NIH 3T3 cells were

FIG. 5. Analysis of MIP-2A interacting domain of MBP-1. (A)
Schematic representation of VPMBP-1 deletion mutants used in the
analysis for the MIP-2A interacting domain. The filled box represents
the VP16 transactivation domain, and the open box represents the
MBP-1 sequences. The numbers following MBP are amino acid posi-
tions. (B) Mammalian two-hybrid assay for the MIP-2A interacting
domain of MBP-1. NIH 3T3 cells were transfected with G5E1bCAT
reporter gene and the two indicated expression vectors. A CAT assay
was performed at 48 h posttransfection. The amount of DNA was kept
constant in each transfection by adding the empty vector DNA.
MIP-2A cloned into pM1 expression vector was used as indicated
under pM1. MBP-1 deletion mutants were cloned into VPFlag expres-
sion vector and used as indicated under VPFlag. The use of empty
vector is indicated by “1” sign in the figure. (C) Expression of
pM1MIP-2A and deletion mutants of MBP-1 by Western blot analysis
using monoclonal antibodies to the Gal4 DNA-binding domain and
the Flag epitope, respectively.
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transfected with pSV2MBP-1 or CMVMIP-2A or cotrans-
fected with pSV2MBP-1 and CMVMIP-2A at a ratio of 5:1,
and the G418-resistant colonies were selected over a period of
3 weeks. Following G418 selection, the colonies were stained
and the numbers of resistant colonies were counted. The num-
bers of colonies obtained from three independent experiments
of transfection with MBP-1 alone were markedly reduced
(;87%) compared to CMVMIP-2A-transfected colonies (Fig.
8). However, coexpression of MBP-1 and MIP-2A significantly
increased the number of colonies. These results suggested that
MIP-2A antagonizes MBP-1-mediated cell growth regulation.
Since the C-terminal deletion mutant of MBP-1 [MBP(190–
338)] significantly reduced the cell growth (27), we further
examined its antiproliferative activity in the presence of MIP-
2A. While the expression of MBP(190–338) in NIH 3T3 cells
leads to growth arrest, coexpression with MIP-2A did not sig-
nificantly alter the colony numbers. This raises the question
regarding how MIP-2A antagonizes MBP-1-mediated cell
growth suppression. A plausible explanation comes from the
relief of MBP-1-mediated transcriptional repression of c-myc
by MIP-2A, which plays a role in cell proliferation. However,
the mechanism of cell growth regulation by MIP-2A–MBP-1
interaction remains to be elucidated.

DISCUSSION

Previous studies have shown that MBP-1 transcriptionally
downregulates c-myc promoter activity by direct binding to its
P2 promoter sequences (25). MBP-1 also acts as a general
transcriptional repressor when brought to the promoter using
the Gal4 DNA-binding domain (7), although the molecular
basis of this repressor activity has not been well understood.

Recruitment of histone deacetylase by MBP-1 is one of the
mechanisms by which repression could occur; however, other
factors may also be involved for transcriptional regulation by
MBP-1 (8). Eukaryotic repressors are typically modular, con-

FIG. 7. Association of MIP-2A with MBP-1 relieves repressor ac-
tivity on the c-myc promoter. CV1 cells were cotransfected with the
c-myc–CAT reporter gene and the indicated expression constructs.
The total amount of plasmid DNA was kept constant by the addition
of empty vector in each transfection. Cell extracts were prepared at
48 h posttransfection, and a CAT assay was performed. In each set of
experiments, triplicate transfections were performed and the relative
CAT activities are presented.

FIG. 6. MBP-1-mediated transcriptional repression is relieved by MIP-2A. (A) Effector plasmids (GalMBP-1 and/or CMVMIP-2A) were
cotransfected with Gal4TKCAT as the reporter plasmid in NIH 3T3 cells. The total amount of plasmid DNA was kept constant by the addition
of empty vector in each transfection. Cell extracts were prepared 48 h posttransfection, and a CAT assay was performed. (B) Deletion mutants
of MBP-1 [GalMBP(1–95) or GalMBP(232–338)] were cotransfected with CMVMIP-2A and Gal4TKCAT in NIH 3T3 cells for CAT assay to
determine the functional significance of MBP-1 and MIP-2A interaction. In each set of experiments, triplicate transfections were performed and
the relative CAT activities are presented.
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sisting of a single polypeptide with functionally distinct activi-
ties distributed among the domains (reviewed in reference
(13)). These domains can target different components of the
transcription machinery to affect distinct steps in initiation.
Thus, multiple mechanisms built within a single repressor en-
sure that a gene can be silenced in an efficient manner (20).

In search of the potential partner(s) of MBP-1, a yeast two-
hybrid interacting screening was employed. Our results dem-
onstrated that MIP-2A physically associates with MBP-1 both
in vitro and in vivo. Functional analysis indicates that MIP-2A
relieves the transcriptional repression of MBP-1 and antago-
nizes the MBP-1-mediated cell death in fibroblasts. The spec-
ificity and functional significance of this interaction were ex-
amined using a number of cellular proteins as a control.
Structure-function analysis suggested that MIP-2A binds to the
amino-terminal repressor domain of MBP-1 and relieves the
repressor activity. The association of MIP-2A also relieves
transcriptional repression of MBP-1 on the natural c-myc pro-
moter. Analysis of predicted amino acids suggests that MIP-2A
possesses two potential CKII phosphorylation sites. MIP-2A is
a phosphoprotein (R.B.R. and A.K.G., unpublished observa-
tion); however, the biological significance of phosphorylation
remains to be elucidated. Additionally, the absence of a DNA-
binding domain in MIP-2A raises interesting possibilities for
serving as a coactivator or an adaptor-like molecule in MBP-
1-mediated transcriptional repression. Although MIP-2A ex-
hibited identity with the SEDL coding sequence, this gene is
localized at human chromosome 19 and does not appear to be
a pseudogene (6). Future characterization of MIP-2A genome
should clarify the relationship with SEDL in the context of its
functional relevance.

Protein-protein interactions play a key role in transcriptional
regulation. Repressors interact with their target to transmit

signals to the transcription machinery. However, interaction
with another protein can also impair the ability of a transcrip-
tional repressor to downregulate mRNA synthesis. There are a
number of examples to this phenomenon. The g5 subunit of a
heterotrimeric G protein has been shown to bind specifically to
the adipocyte enhancer-binding protein 1 to attenuate its tran-
scriptional repression (23). On the other hand, the adenoviral
protein E1A is known to exert several biological activities,
including the transformation of cells and the activation or
repression of cellular and viral genes (reviewed in reference
(22)). E1A blocks the ability of the CREB-binding protein
(CBP) to function as a coactivator for a number of transcrip-
tion factors and binds to three sites within CBP. Recent studies
have demonstrated that CBP interacts with SRCAP and influ-
ences its ability to activate transcription (17). Different pro-
moters which utilize CBP to activate transcription have diverse
requirements for coactivators (18). In contrary, Mad member
interacting protein 1 (Mmip1) can suppress the antiprolifera-
tive actions of Mad family of proteins and indirectly upregu-
lates the transcriptional activity of c-myc (11). Another newly
identified Mad-interacting protein (Mmip2) can reverse the
suppressive effect of Mad proteins on c-myc-responsive target
genes and on c-myc–c-ras-mediated focus formation in fibro-
blasts (33). A protein complex may prevent transcription factor
from binding to a specific DNA sequence or from interacting
with basal or other transcription factors (reviewed in reference
(5)). Formation of myc-Max heterocomplexes activate tran-
scription (2, 12, 19) and Mad-Max complexes repress transcrip-
tion (3, 14, 32). Likewise, Mnt or Rox interacts with Max in
vivo and functions as a transcriptional repressor (15, 21). Mga,
a recently identified Max-interacting protein, suppresses tran-
scriptional activation by c-myc and inhibits c-myc-dependent
cell transformation, thereby regulating myc-Max target genes
in vivo (16). Several studies have demonstrated an inverse
correlation between the expression of c-myc and Mad family
proteins (10). Whether a similar correlation occurs between
MBP-1 and MIP-2A is not known at this time. However,
MBP-1, being a negative regulator for c-myc, is concurrently
expressed with c-myc gene in the human breast carcinoma cells
(26). The results presented here further exemplify a complex
regulatory role of MBP-1 in cellular machineries through the
identification of its cellular partner MIP-2A as a negative reg-
ulator of MBP-1 functions.
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