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Prendergast, G.C.
Introduction
An important goal in breast cancer research is to identify better prognostic tools to predict
the course and relapse of malignant carcinoma, and to uncover and develop foundations for the
development of novel modalities to treat advanced, intractable disease. Malignant breast
carcinomas frequently contain deregulated Myc (Shiu et al. 1993). Notably, deregulation is most
frequently seen in advanced tumors (due to genetic or epigenetic causes) and, where it occurs,
signals poor prognosis (Berns et al. 1992; Borg et al. 1992; Hehir et al. 1993; Watson et al. 1993).
Supporting the importance of the Myc system in breast cancer, the Myc-regulated genes
plasminogen activator inhibitor-1 (Prendergast etal. 1989; Prendergast et al. 1990) and ornithine
decarboxylase (Bello-Fernandez et al. 1993) are also indicators of poor prognosis (Reilly et al.
1992; Sumiyoshi et al. 1992; Manni et al. 1995). The ability of deregulated Myc to drive apoptosis
may provide an Achilles' heel in such cells. Indeed, the ability of the anti-breast cancer drug
tamoxifen appears to use Myc-mediated death mechanisms to exert its activity (Kang et al. 1996).
Therefore, unraveling Myc death mechanisms represent one direction to address a major clinical
need.
As part of an effort to learn how deregulated Myc kills cells, we identified the Myc-binding
protein Binl (formerly called 99). In the background to our proposal we summarized the
circumstantial evidence pointing to a role for Binl as a breast tumor suppressor gene. In the
proposed project, we specifically aimed to:
1. Identify gene mutations and loss of expression in tumor cell lines and primary tumors.
Tasks 1-4 planned for start in year 1 of the grant were all initiated. Those scheduled for
completion were indeed finished but the scope has been broadened to increase the
significance of what were previously planned to be pilot findings.
2. Ectopically express Binl in human tumor and model rodent cell systems and assay its effects on
malignant cell growth, cell cycle progression, and apoptotic index.
None of the tasks planned were scheduled for initiation in this period.
3. Mutate Binl and assay the mutants for growth inhibitory and/or apoptosis activity.
None of the tasks planned were scheduled for initiation in this period.
Binl structure in normal and malignant breast cells
Aim 1. Identify mutations and loss of expression in tumor cell lines and primary tumors
Task 1: Northern and Southern analysis (months 1-12)
Northern analysis. Tumor cell lines, primary tumors, and normal tissues were each analyzed as
planned. We observed that 5/6 breast tumor cell lines had greatly reduced or undetectable levels of
Binl message (HBL100 cells were used as a "normal" cell control in this assay since we have
found they express levels of Binl similar to those found in normal breast tissue). Confirming that
this was not a cell line artifact, 3/6 primary tumors also showed undetectable message levels (the
RNAs from four additional primary tumors were too degraded during the preparation to give
interpretable results; this set of 10 tumors constituted the entire analysis proposed in the pilot study
in year 1 of the project). Normal tissues were also examined for Binl message. We found that all
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normal tissues expressed Binl at a similar basal level. These results were published as part of our
initial Binl publication (see Appendices for reprint) (Sakamuro et al. 1996) One of the
conclusions of this study was that loss of Binl message was a frequent occurrence in breast cancer
cells.
Southern Analysis. The frequent loss of expression in breast cancer cells prompted us to
hypothesize that the Binl gene may be deleted. To examine this possibility, we performed
Southern analysis on tumor cell line DNA. Southern blots probed with a Binl cDNA indicated that
in one non-expressing cell line, SK-BR-5, the gene was almost wholly deleted, and in a second,
SK-BR-3, the locus was abnormal (see Figure 1). We extended this analysis to the 5' end of the
gene after its cloning and characterization was completed (Wechsler-Reya et al. 1997). This part of
the gene, which includes only exon 1 in addition to the 5' flanking region, is -50 kb upstream of
the main body of the gene which is seen by the cDNA probe. Consistent with the other data, SKBR-5 also showed deletion in the 5' end. Other differences in the 5' end appeared to reflect a
restriction length polymorphism (Figure 1 and data not shown). In conclusion, 1/6 breast tumor
cell lines exhibited Binl deletion. However, this begged the question why Binl expression was
lost in the other 4/5 tumors showing lack of message.
A).

B).
B^H*/*,^
^"1 « % % |1
——■—
~
J * 5> xl| I
1 ? u ** <j A \''\ V* ** ■ * • ■
f v ? \ £ | £ |
* •
*
/
, V

Figure 1 Binl gene
status in breast cancer
cell lines.
Genomic
DNAs were probed with
Binl cDNA (A.) or a :
genomic Xba I fragment
•
i
e> I
'"■ *^*
encompassing the 5
t
flanking region and exon 1
4
of the gene. SK-BR-5 %
exhibited extensive deletion ::" *"*
at this locus; SK-BR-3 had
abnormal organization. .

-'DIMM -is- -j# £■ "■>< -m, ~<m *'«&

#

*K*R,iBHPr

♦

*"* *
, t"*

This analysis is currently being extended to a set of 16 tumor + matched normal breast
tumors that we have accumulated. In addition to Southern analysis, we will also look for loss-ofheterozygosity (LOH) in pairs of normal/tumor DNA, using a highly polymorphic microsatellite
marker we have identified in intron 5 of the Binl gene (Wechsler-Reya et al. 1997).
Since gross gene deletion is not seen, but there is a frequent lack of message, we are
extending the Southern analysis to examine the hypothesis that aberrant gene methylation leads to
epigenetic suppression of gene expression. This test will employ genomic DNAs digested by
methylation-sensitive or -insensitive restriction enzymes, blotted, and hybridized to 5' end probes.
The expectation is that where RNA is expressed (e.g. HBL100) we will see fewer signs of
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methylation than in tumor cell lines (e.g. ZR-75-1) where Binl message is absent but no signs of
gene abnormality are detected.
Task 2. Immunoprecipitation analysis (months 1-12)
To confirm loss of expression in tumor cells, we have performed Western blotting of tumor cell
lines and immunohistochemistry of primary tumors (each a more desirable measurement of steadystate protein levels than immunoprecipitation [IP]).
Western analysis confirmed loss of expression in all lines that showed no Binl message.
Furthermore, it extended loss of expression to 6/6 tumor cell lines by revealing lack of protein in
BT-20, that had exhibited levels of message similar to HBL100, and a truncated protein in SK-BR3, which had showed gene abnormality by Southern (see Figure 2). These findings argue that the
messages in BT-20 and SK-BR-3 are mutated, although we have yet to confirm this. To extend
and confirm these findings in primary tumors, we performed immunohistochemistry on 3 primary
tumors and 3 normal tissues. We observed that each normal sample showed the expected pattern
of nuclear staining, confirming expression in normal breast ductal epithelial cells. In stark
contrast, none of the tumor sections exhibited staining. These results were reported in our initial
report on Binl (see Appendices for reprint) (Sakamuro et al. 1996).
CO

Figure 2. Binl Western analysis in
breast tumor cell lines. WI-38 normal kD
diploid fibroblasts serves as a positive for 118expression. The results show that even 86tumor lines that express Binl message lack «^
normal Binl protein (SK-BR-3 shows a 52,
mutated truncated protein where as BT-20
shows none at all).
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We are currently working to expand the immunohistochemical analysis using a larger
sample size of breast tumor sections.
Task 3. Genomic PCR (months 6-36)
Limited LOH analysis of tumor + matched normal samples of genomic DNA using a polymorphic
microsatellite in the Binl gene have not revealed positive results to date, suggesting that gross
deletion of the gene is not common. However, we have not yet examined a sufficient number of
DNA pairs to make any definitive conclusions.
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Task 4: Hybrid mismatch analysis (months 1-48)
We have not yet initiated this analysis. Instead, in its place we have begun an RT/PCR and DNA
sequencing project to directly identify alterations in tumor messages (where present). We will also
perform this analysis on message expressed in the 3/6 primary tumors initially identified and any
that we find in the additional 16 tumors currently being examined.
Aim 2. Ectopically express Binl in human tumor and model rodent cell systems and assay its
effects on malignant cell growth, cell cycle progression, and apoptotic index.
Tasks 5,6.7. Biological assays.
Although these tasks were not scheduled for initiation in this grant period, we have moved ahead
and begun them. Preliminary results showing that Binl can suppress the oncogenic activity of not
only Myc, but also the adenovirus El A, HPV E7, and mutant p53 genes has been obtained. This
activity is selective insofar as Binl did not affect the oncogenic activity of the SV40 large T
antigen. This line of work is informative because it suggests that Binl can inhibit malignant cell
growth through both Myc-dependent and Myc-independent mechanisms, broadening its potential
application in breast cancer. In addition, this line of work suggests that Binl may interact with the
Rb/E2F system in the cell (which is targeted by the El A and E7 proteins in transformed cells) and
with the p53 system, which is frequently altered in many types of carcinoma, including breast
cancer.
In an effort to obtain appropriate vector and cell line systems, we have developed a
recombinant Binl adenovirus and are in the process of characterizing a set of MCF7 cell lines
containing indictable Binl genes (based on the sheep metallothionein promoter, which we have
found to be sufficiently non-leaky for use). The adenoviral vector has been confirmed for Binl
protein expression; we are currently sequencing it to confirm an intact wild-type coding region.
Aim 3. Mutate Binl and assay the mutants for growth inhibitory and/ore apoptotic activity.
Tasks 8.9: Generation and of Binl mutants and analysis of their biological activities.
Although these tasks were not scheduled for initiation in this grant period, we have moved ahead
and begun them. A set of deletion mutants in Binl has been developed and assayed for inhibitory
activity against the Myc, E1A, mutant p53, and E7 oncogenes in a model rodent fibroblast
transformation system. This work has revealed where the important functional domains of Binl
lie, a first step in assessing the prospects for development of therapeutic approaches.
This work was important to start earlier than originally planned because we realized that as
we defined mutations in the Binl gene in breast cancer cells, we would need mechanism-dependent
assays to determine whether they represented polymorphisms or "silent" changes or true loss-offunction mutations. With these assays in place, we are now in a better position to confirm
genetically significant alterations in breast cancer cells in Binl.
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Conclusions
The studies described above that were performed in year one support the conclusion that Binl is
normally expressed in breast cells but is frequently lost in tumor cells. This loss may reflect gene
deletion, as we have seen an example of this, but more frequently may reflect either missense or
nonsense mutations as well as epigenetic mechanisms that shut off gene expression (e.g.
methylation). A further conclusion of this year's work is that Binl can inhibit malignant cell
growth via both Myc-dependent and Myc-independent mechanisms, thus extending its antiproliferative potential in breast cancer cells. The analysis of Binl performed during this line of
work sets the stage for a functional analysis of breast cancer cell mutations anticipated to be
identified this year in our panel of 22 tumors, as the work progresses.
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The Putative Tumor Suppressor BIN1 Is a Short-Lived Nuclear Phosphoprotein, the
Localization of Which Is Altered in Malignant Cells1
Robert Wechsler-Reya,2 Katherine Elliott, Meenhard Herlyn, and George C. Prendergasr3
The Wistar Institute, Philadelphia. Pennsylvania 19104

ABSTRACT
BIN1 is a putative tumor suppressor that was identified in a genetic
screen for polypeptides that interact with the MYC oncoprotein. Using a
set of six monoclonal antibodies, we identified and examined biochemical
features and localization of cellular BIN1. Epitope mapping indicated that
a putative nuclear localization motif and the MYC-binding domain were
among the regions recognized by five antibodies. In immunoprecipitation
and Western analyses, cellular BIN1 was identified in human and rodent
cells as a monomeric phosphoprotein of \fr -70,000. Pulse-chase experiments showed that BIN1 was short-lived, with a half-life of ~Z h. Cell
immunofluorescence experiments revealed overlapping but unique nuclear localization patterns distinguished by two different antibodies. In
normal cells, BIN1 was predominantly nucleoplasmic but was also present
in a subnuclear compartment. Conversely, in a panel of tumor cells that
expressed BIN1, the predominant localization was the subnuclear compartment. Taken together, the results suggested that the antibodies recognized different isoforms or conformations of BLN1, the localization of
which varied between normal and tumor cells. This study will facilitate
further analysis of the structure and regulation of BIN1 in normal and
malignant cells.
INTRODUCTION
The identification and analysis of tumor suppressors is of major
importance for improved diagnosis and treatment of solid tumors.
BIN1 is a novel protein that has features of a tumor suppressor in
carcinoma of the breast, prostate, and liver (1). It was originally
identified through its interaction with the MYC oncoprotein. which
has a major role in many human cancers (2-4). A role for BIN1 in
controlling neoplastic cell growth and cell cycle transit has been
suggested by several observations. First. BIN1 inhibits malignant cell
transformation by both MYC and the adenovirus El A protein (1).
Second. BIN1 is related to amphiphysin. a neuronal protein that is the
autoimmune target of paraneoplastic disorders associated with breast
and lung cancer (5. 6), and to RVS167. a negative regulator of the cell
cycle in yeast (7). Third, although widely expressed in normal cells.
BIN is poorly expressed or undetectable in -50% of carcinoma cell
lines and primary breast carcinomas examined (1). Fourth, deficits in
expression are functionally significant, because ectopic BIN1 can
inhibit the growth of tumor cells that lack endogenous expression (1).
Finally, the human BIN I gene has been mapped to chromosome 2ql4
(8), within a mid-2q region that is deleted in -42% of metastatic
prostate cancers (9). and at the syntenic murine locus, in >90% of
radiation-induced myeloid leukemias (10).
Taken together, these results have prompted the hypothesis that
BIN1 is a tumor suppressor, the loss of which may contribute to

growth deregulation in cancer cells. A prerequisite for testing this
hypothesis is biochemical analysis of cellular BIN1, which has been
poorly characterized. A polyclonal antiserum that was generated previously recognized a BIN 1-related polypeptide as well as BIN1 (1), so
a more specific reagent was sought. Here, we report the characterization of a set of mAbs"1 that identify cellular BIN1 is a short-lived
nuclear phosphoprotein the localization of which is altered in malignant cells.

MATERIALS AND METHODS
Hybridoma Production. BALB/c mice were immunized with the BIN1
recombinant fusion protein GST-99Pst (1). Hybridomas were generated using
the nonsecreting murine myeloma T3X63Ag8.Sp2/0 and by EL1SA as described (11). All anti-BINl mAbs were of the IgGl« isotype. and the hybridomas secreted 5-10 /xg/ml IgG into the culture supernatant.
Plasmids. BIN1 deletion mutants were generated by standard PCR methodology, except where indicated. Inserts were subcloned for expression into
the vector pcDNA3 (Invitrogen). Full-length BIN1 and BIN1AMBD have been
described (1). BIN1ABAR-C was generated by dropping an internal .4/7111
restriction fragment from full-length BIN1. resulting in a deletion of amino
acids 125-207 from the BAR domain (1). The remaining mutants were
generated by standard PCR methodology using the oligonucleotide primers
995'(Bam), 993'SH3(Xho) (1). and others, the sequence of which is derived
from the B1N1 cDNA sequence (GenBank accession no. U68485). BIN1AUI
lacks amino acids 224-248: BIN1ANLS. amino acids 251-269: BIN1ASH3.
amino acids 384-451: the other mutants lack the residues indicated. The
integrity of PCR-generated fragments was verified by DNA sequencing.
IP. IPs were performed in NP40 buffer essentially as described (12).
"S-methionine-labeled BIN! mutant polypeptides were generated by 1VT
according to the protocol provided by the vendor (Promega). For IP. 10 i±\ of
an IVT reaction were mixed with 100 u.1 of hybridoma supernatant and 20 p.1
of protein G-Sepharose beads (Pharmacia) in 1 ml NP40 lysis buffer [50 m.\i
Tris-HCl (pH 8.0). 150 m.M NaCl, and \ac NP-40] and incubated I h at 4aC on
a nutator shaker. Polypeptides bound to beads were washed four times with the
same buffer, resuspended in 2 X SDS-PAGE gel loading buffer, boiled for 3
min. fractionated on llTr SDS polyacrylamide gels, and fluorographed.
C2C12 myoblasts (a gift of D. Goldhamer, University of Pennsylvania.
Philadelphia. PA) were cultured in DMEM containing 15% fetal bovine serum
and penicillin/streptomycin. Cells were labeled for 4 h in growth medium
lacking methionine and cysteine (Life Technologies. Inc.) with 100 pCi/ml
EXPRESS label (NEN) or in growth medium lacking phosphate (Life Technologies, Inc.) with 1 mCi/ml cP-orthophosphate. Lysates prepared in NP40
buffer and phenylmethylsulfonyl fluoride, leupeptin. and aprotinin were centrifuged for 15 min at maximum speed in a microcentrifuge chilled to 4°C.
Extract protein was precleared by a 1-h incubation at 4°C with 20 u.1 of protein
G-Sepharose beads. Complexes formed after IP of 0.5 mg of precleared extract
with 100 u.1 of hybridoma supernatant in 1 ml of NP40 buffer were collected
on 20 u.1 of protein G-Sepharose beads and analyzed as above. Nonreducing
conditions were maintained in one experiment by omitting DTT from all gel
loading and preparation buffers. For the phosphatase experiment, immunoprecipitates were treated for 15 min with 10 units of calf intestinal alkaline
phosphatase (Boerhinger-Mannheim) before SDS-PAGE and fluorography.
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immunogen and the regions required for IP by
each antibody are shown.
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Western Blotting. Ceil extracts were prepared in NP40 buffer from human
HepG2, MCF7, WI-38. and HeLa cells obtained from the American Tvpe
Culture Collection cultured as described above. Fifty ße of cell protein were
fractionated on 10% SDS-polyacrylamide gels, transferred to Hvbond ECL
nitrocellulose (Amersham Corp.). and processed using a 1:20'dilution of
hybndoma supernatant using standard methods (12). Blots were probed with
a 1:1000 dilution of horseradish peroxidase-conjugated antimouse IsG
(Boehringer-Mannheim) for the secondary antibodv and developed usin» a
chemiluminescence kit (Pierce), following a protocol provided bv the vendor
Pulse-Chase Analysis. COS cells cultured as above were transfected as
described (13) with 20 ßS of the BIN I expression plasmid CMV-99fE 11)
Thirty-six h later, cells were pulse-labeled for 30 min with 100 MCi/mi
EXPRESS label (NEN) in growth medium lacking methionine and cvsteine
(Life Technologies. Inc.). washed twice with PBS. and re-fed with normal
growth medium. After 0, 2. 5. or 10 h, cell extracts were prepared and
processed for IP. SDS-PAGE. and fluorography as described above.
Cellular Immunofliiorescence. Ratl fibrobl'asts. human SAOS-2 osteosarcoma cells, LNCaP prostate carcinoma cells, or HeLa cells were seeded into
the same growth medium as above on glass coverslips. After ovemiaht
incubation, cells were processed for indirect immunofluorescence using a L20
dilution of hybndoma supematants essentially as described (14). Cells were
fixed with 1% paraformaldehyde/PBS, permeabilized with 0.2% Triton X-100/

99F
99G
99H
991

99D
99E

PBS. incubated with primary BIN! mAb in 0.1% Triton X-I00/PBS for
1 h followed by a secondary fluorescein-conjugated antimouse IgC antibodv
iBoehnnger-Mannheim). mounted in Fluoromoum G (Southern Biotechnology), and viewed on a Leica immunofluorescence microscope. Photographic
exposures were 2-5 s for 99D and 10-15 s for 99E.

RESULTS
Epitope Mapping of a Set of BIN1 Monoclonal Antibodies. To
generate mAbs specific for BIN1. mice were immunized with GST99Pst. a glutathione S-transferase fusion polvpeptide containins
amino acids 189-398 of human BiNI (1). Screening for GST-99Pstreactive immunoglobulins in hybndoma supematants was performed
by ELISA. Six hybridomas that were strongly positive for the GST99Pst immunogen and negative for unfused GST (designated 99D
through 991) were characterized further.
To map the epitopes recognized by each of the antibodies, hybndoma supematants were assayed for the ability to immunoprecipitate
BINI and a variety of BINI deletion mutants (a detailed description
of the mutants will appear elsewhere7). IPs were performed as de-

K. Elliott and G. C. Prendergast. unpublished results.
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IP (C2C12)

A)
Fig. 1 Recognition of a M, -70.000 cellular
BIN1 polypeptide in human and rodent cells. A.
detection of B1N1 in C2C12 cells by IP. Proteins
immunoprecipitated by 99D from "S-labeled
C2C12 cell extracts were subjected to SDS-PAGE
and fluorography. Control, murine anli-lgD was
used added instead of 99D: block, 99D was preincubated with immunogen before IP. S. Western
analysis of BIN I in human and rodent cell lines. A
Western blot of extracts from the cell lines indicated was probed with mAb 99D (left). The relative
level of expression of BIN1 RNA in each line is
indicated below the blots.
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To test the ability of 99D to recognize cellular BIN1, C2C12 cells
scribed in the "Materials and Methods." Briefly, supernatants were
35
were
labeled with 35S-methionine/cysteine and lysed in NP40 buffer.
mixed with S-methionine-labeled polypeptides generated by IVT.
and immune complexes were precipitated with protein G-agarose. Lysates were then subjected to IP with 99D or an isotype-matched
Precipitates were then washed four times in IP buffer, fractionated by control antibody (anti-IgD). As shown in Fig. 2A, 99D (but not
SDS-PAGE, and fluorographed. A polyclonal rabbit serum (anti- anti-IgD) precipitated a protein with a molecular weight of ~70,000,
99Pst) raised against the same immunogen was included as a positive consistent with the size of the polypeptide encoded by a full-length
control. In control experiments, none of the antibodies reacted with cDNA (1). The band detected was specific because preincubation of
any of several nonspecific IVT products tested (data not shown). 99D with unlabeled GST-99Pst prevented its appearance on the gel.
Moreover, a band of similar size was detected by Western blot
However, as shown in Fig. 1A, each of the rnAbs precipitated BIN I
analysis in WI-38, HeLa. and Ratl cells, which express BIN1 mRNA.
and the majority of the deletion mutants tested.
The mutants not precipitated by a given antibody provided infor- but not in MCF7 or HepG2 cells, which do not (Fig. 25). 99D did not
mation about the region(s) of BIN1 required for binding by that recognize by either IP or Western blotting a Mr -45.000 Binl-related
antibody. The region required for binding of 99D mapped to a polypeptide that was detected previously with a polyclonal antiserum
33-residue segment of the MBD (amino acids 323-356). The region (1). Taken together, the results suggested that BIN1 was a Mr
bound by 99F, 99G, and 99H mapped to the putative NLS located at -70.000 polypeptide that could be detected in both human and rodent
amino acids 251-269. Recognition by 991 also required the NLS: cells.
We examined the biochemical characteristics of cellular BIN1 in
however, this antibody inefficiently precipitated a mutant lacking
BAR-C. a region that comprises approximately the COOH-terminal C2C12 cells, which express high levels of the protein. Because the
half of the BAR domain of BIN1 (1). This result suggested that sequence of BIN1 includes three cysteines. we determined first
BAR-C may contribute to or affect recognition of the 991 epitope. 99E whether intermolecular disulfide bonds might stabilize oligomeric
appeared to recognize a noncontiguous epitope that included elements forms of BIN1 in vivo. Cell lysates and BIN1 immunoprecipitates
in BAR-C and the 33-amino acid MBD segment. The regions required were fractionated on either nonreducing or reducing gels. Western
for recognition by 99E and the anti-99Pst antiserum were similar, blotted, and probed with 99D. As seen in Fig. 3A, the mobility of
except that anti-99Pst required a more COOH-terminal region of the BIN1 was similar in both gels, indicating that BIN1 did not undergo
MBD than did 99E. The epitopes in BAR-C could be mapped to a disulfide-mediated oligomerization in vivo. We concluded that cellu17-amino acid segment between amino acids 189 and 206 because this lar B1N1 was a MT -70.000 monomeric polypeptide.
Analysis of the BIN1 amino acid sequence with the algorithm
was the only part of BAR-C included in the GST-99Pst immunogen
(1). A summary of the regions required for recognition by each PPSEARCH/PROSITE revealed several consensus sites for serine/
antibody is shown in Fig. Iß. We concluded that at least three separate threonine or tyrosine phosphorylation (data not shown). Therefore, to
determine whether BIN1 is a phosphoprotein, we immunoprecipitated
epitopes located within the MBD, NLS, and BAR-C regions of B1N1
BIN1 from extracts of C2C12 cells that had been metabolically
were recognized by this set of antibodies.
32
35
Cellular BIN1 Is a Monomeric Phosphoprotein of Mr -70,000. labeled with either P-orthophosphate or S-methionine/cysteine. A
In a series of Western blotting experiments with bacterially expressed specific Mr -70,000 band was detected in extracts derived from each
polypeptides, 99D exhibited the highest sensitivity and specificity of labeling reaction (see Fig. 35. top), arguing that BIN1 was indeed
the antibodies generated (data not shown). Therefore, 99D was the phosphorylated in vivo. Interestingly, in "P-labeled extracts, at least
chief reagent used to identify and characterize BIN1 by Western four less abundant polypeptides of Mr -200.000, 110,000, 90,000,
80,000. and 60,000 were also observed. These polypeptides were
analysis and IP. We examined two human lines that express the BIN1
message, WI-38 diploid fibroblasts and HeLa cervical carcinoma specifically immunoprecipitated because their appearance was
cells, and two that lack it, HepG2 hepatocarcinoma and MCF7 breast blocked by preincubation of the antibody with immunogen. Their
carcinoma cells (1). We also examined two rodent cell lines. C2C12 absence from Western blots suggested that they might represent
and Ratl. C2C12 is a skeletal myoblast line (15) that was included as proteins that coprecipitate with BIN 1. To confirm that the Mr -70.000
represented a phosphorylated species, immunoprecipitates from
a positive control because BIN1 had been observed to be highly band
35
S- and 32P-labeled C2C12 cells were incubated with calf intestinal
expressed in murine skeletal muscle (1). Ratl is an immortalized and
before SDS-PAGE. This treatment reduced the intensity
serum-regulated fibroblast line useful for cell growth and transforma- phosphatase
32
of
the
P-labeled
but not the 35S-labeled BIN1 species (see Fig. 35.
tion experiments.
3: !60
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32P
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block

35S
99D

A)
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Fig. 3. Cellular BIN1 is a monomeric phosphoprotein.
i\. similar mobility of BIN I in reducing and nonreducing
gels. Proleins immunoprecipitated by 99D from unlabeled C2CI2 cell extracts were subjected to electrophoresis in a nonreducing SDS-polyacrylamide gel. blotted,
and probed with 99D. The nonspecific bands represent
the IgG heavy and light chains of 99D in the immunoprecipitate that are recognized by the secondary antibody
used to probe the Western blot. B. IP from "S- or
'-P-labeled cell extracts. Proteins immunoprecipitated
from C2C12 cell extracts were subjected to SDS-PAGE
and fluorography (top). In a separate experiment, immunoprecipitates were treated with calf intestinal alkaline
phosphatase before SDS-PAGE and fluorography as
above [bottom).
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bottom). We concluded that cellular BIN1 was a monomeric phos- with 99D displayed fluorescence in the nucleoplasm. A similar pattern
was observed in C2C12 murine myoblasts and IMR-90 human diploid
phoprotein.
Cellular BIN1 Is Short-Lived. BIN1 was initially identified fibroblasts (two "normal" cell types) and in cells in sections of normal
through its interaction with the putative transactivation domain of the colon and breast tissue (data not shown). In contrast, cells stained with
MYC oncoprotein (1). MYC is induced as quiescent cells enter the 99E showed fluorescence in a punctate subnuclear domain. The patcell cycle and has a half-life of only 15-20 min in vivo (16-19). terns observed with each of these antibodies were specific, because
Therefore, it was of interest to determine whether BIN1 was growth their appearance was blocked by preincubating the antibodies with
regulated and/or short lived. To address the first issue. Northern and immunogen. The punctate pattern produced by 99E was similar to that
Western analyses were performed using RNA and protein isolated observed previously using anti-99Pst to stain ß/AV-transfected HepG2
from Ratl fibroblasts that were proliferating, growth arrested at con- cells (which lack endogenous BIN1 or BINl-related proteins: Ref. 1),
fluence, or quiescent and induced to enter the cell cycle by serum consistent with the fact that the epitopes recognized by each antibody
stimulation. The results indicated that BIN1 mRNA and protein were
constitutively expressed and that their steady-state levels did not vary
during the cell cycle (data not shown).
To examine the half-life of BIN1, a pulse-chase experiment was
performed in transiently transt'ected COS cells. Briefly, ceils transfected with a BIN1 expression vector were pulse labeled for 30 min
with "S-methionine/cysteine and then lysed immediately (pulse) or
washed and incubated for 2. 5. or 10 h in normal growth medium
before lysis (chase). Lysates from each time point were subjected to
IP with 99D and BIN1 labeling was assessed by SDS-PAGE and
fluorography. We observed a ~2-fold reduction in the intensity of the
BIN1 band at each time point, indicating that BIN1 had a half-life of
~2 h (see Fig. 4).
Distinct Nuclear Localizations of BIN1 in Normal and Tumor
Cells. To examine the localization of BIN1 in ceils, we conducted
immunofluorescence experiments in normal Ratl cells using 99D.
99E. and 99F, which represented the three epitope specificities present
among the six mAbs generated. We did not observe cell staining with
Fig. 4. Cellular B1N1 has a ~2-h half-life. COS cells were transiently transt'ected with
99F, suggesting that the NLS epitope was masked or absent from
BIN1 expression vector. Thirty-six h later, cells were labeled for 30 min with ''SBIN1 species in Ratl cells under the experimental conditions used for amethionine/cysteine.
and the label was chased by the addition of normal growth medium.
detection. In contrast, 99D and 99E recognized overlapping but dis- After the times indicated, cell extracts were prepared and processed for IP. SDS-PAGE.
tinct localizations of BIN 1 in the nucleus (see Fig. 5A). Cells stained and fluorography.
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99E
block

99D
block

f BINl in normal cells. Rail fibroblasts were processed for indirect
F!<r S RIM I is loeali7£d in the nucleoDlasm or a subnuclear domain of normal proliferating or tumor cells. A. detection of l_
....
,„F„~
irru^fluo«etuf^Dor 9^E Tl.e maemiicauon in the 99E panel is rueher to .l.ustrate the fine punctate pattern seen. Block annexes were premcu ated wrth .mmunogen before
"d"nofBINl in tumor cells that express endogenous BINl. SAOS-1 LNCaP. and HeLa cells were processed tor md.rec, ,mmunotluores«nce w.th 99D.

were related. Therefore, although the basis for the staining difference
between 99D and 99E was not entirely clear, the similarity between
99E and anti-99Pst supported the conclusion that the punctate pattern
was not artifactual. These results indicated that 99D and 99E identified BINl species that could be distinguished in cells by differences
in their nuclear localization.
Previous results indicated that BINl expression is lacking or altered at
the level of RNA in -50% of carcinoma cells examined (1). In rumor
cells that expressed BINl RNA. we wished to examine the localization of
BINl protein because of the possibility that altered localization patterns
may have consequences for protein function. Therefore, we stained HeLa
cervical carcinoma. SAOS-2 osteosarcoma, and LNCaP prostate carcinoma cells, each of which had been demonstrated to express the BINl
message (l).s In each cell line, both nucleoplasmic and subnuclear
punctate staining was observed (see Fig. 5B). In SAOS-2 and LNCaP
cells, the punctate pattern predominated; in HeLa cells, the two compartments were stained more equally. However, in each case, the localization
pattern varied significantly from that observed in proliferating Ratl cells.
where nucleoplasmic staining clearly predominated. Taken together, the
results indicated that different isoforms or conformations of BLN1 were
associated with different subnuclear localizations in normal or rumor
cells.
3

K. Elliott. D. Sakamuro and G. C. Prendergast. unpublished results.

DISCUSSION
In this study, we characterized a set of BIN 1 monoclonal antibodies
and used these reagents to identify cellular BINl as a short-lived
nuclear phosphoprotein. In addition, we found that antibodies recognizing different epitopes stained BINl species that were located in
different nuclear compartments and that were expressed preferentially
in normal or tumor cells.
In a series of Western blotting and IP experiments, we identified
cellular BINl as a monomeric phosphoprotein with an apparent molecular weight of -70.000. Although larger than its predicted molecular weighU50.000), the size of cellular BINl was consistent with the
size of a full-length BINl cDNA expressed in COS cells, which
migrates aberrantly in SDS gels due to a MBD determinant (1). In
addition, the abundance of cellular BINl correlated well with the level
of steady-state message in each of the cell lines examined. These
observations, together with the fact that its precipitation could be
blocked by preincubation of the precipitating mAb with immunogen,
suggested that the protein was in fact cellular BINl. In pulse-chase
experiments, we found that the half-life of BINl was -2 h, approaching (hat of MYC. which is approximately 30 min (16-19). Although
a relatively rapid turnover rate would allow BINl levels to be tightly
regulated, we found that the steady-state level of BINl did not vary in
normal Ratl cells that were proliferating, quiescent, or induced to
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enter the cell cycle by growth factor stimulation. The fact that BIN1
is phosphorylated in vivo raises the possibility that its function(s) may
be regulated by changes in phosphorylation. If so, the formation or
function of a MYC-BIN1 complex might be regulated posttranslationally. In future studies, it will be necessary to examine this issue, as
well as to determine whether the phosphorylation status of BIN1
affects its MYC-dependent or MYC-independent growth-inhibitory
activity (1).
The antibodies developed for this study recognized at least three
distinct epitopes in BIN1. 99D recognized a MBD epitope and was a
"pan" antibody in the sense that it recognized BIN1 species in the
nucleoplasm and a subnuclear punctate compartment in several cell types.
Because it recognizes a region of the MBD. 99D may be useful to inhibit
BIN1 interaction with MYC in vitro or in vivo. 99E recognized a
noncontiguous epitope composed of BAR-C and MBD elements that was
detected only on cellular BIN1 species located in a subnuclear compartment. The contribution of BAR-C and MBD elements to the epitope
suggested that these regions may be proximal to each other in certain
forms of native BIN1. 99F recognized a NLS epitope that was not
detected in cellular BIN1 species in Ratl cells, suggesting that the NLS
region of the protein might be obscured or missing in these cells. Interestingly, we have found i ecently that 99F recognizes a cytoplasmic form
of BIN1 in C2C12 myoblasts induced to differentiate by serum withdrawal.9 The nature of this polypeptide and its relationship to the forms
of BIN1 observed in proliferating C2C12 cells that are not recognized by
99F are currently under investigation.
The differences in staining observed with each of these antibodies
suggest that several forms of BIN 1 may be present in cells. One
possible explanation for this is that BIN1 adopts different conformations (which mask or reveal certain epitopes) at different cell loci.
However, we have recently discovered that BIN1 is subjected to
alternate splicing.10 This raises the possibility that the different staining patterns represent different BIN1 isoforms that lack or include the
epitopes required for binding by particular antibodies.
An unexpected finding of this study was that the localization of
cellular BIN1 varies significantly in normal and malignant cells. In
normal cells, where growth is regulated, BINI is located primarily in
the nucleoplasm. but a fraction of the protein is located in a subnuclear
punctate compartments.). In tumor cells, where growth is deregulated,
the subnuclear punctate localization predominates. The basis for the
subnuclear staining pattern is unclear. The dot-like structures do not
represent nucleoli. which can be readily distinguished by their lack of
staining {e.g., see SAOS-2 cells in Fig. 55). Several other subnuclear
domains have been characterized (reviewed in Ref. 20). Two such
domains that may be germane to BIN1 and its growth-inhibitory
activities are the ND10 domain (21), which is reorganized by viral
proteins that induce DNA replication (22-24), and a BRCA1/RAD51associated domain, which is subject to cell cycle regulation (25-28).
Whatever the basis for the different staining patterns observed in
normal and tumor cells, these observations raise the possibility that
there is a correlation between the localization and growth regulatory
capacity of BIN 1. In future work, it will be important to define the
basis for the various localization patterns identified and determine
whether they have different consequences for MYC-dependent and
MYC-independent growth-inhibition activities (1).
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BIN1 is a novel MYC-interacting
protein with features of a tumour
suppressor
Daitoku Sakamuro, Katherine J. Elliott, Robert Wechsler-Reya & George C. Prendergast

BIN1 is a novel protein that interacts with the functionally critical Myc box regions at the
N terminus of the MYC oncoprotein. BIN1 is structurally related to amphiphysin, a breast
cancer-associated autoimmune antigen, and RVS167, a negative regulator of the yeast
cell cycle, suggesting roles in malignancy and cell cycle control. Consistent with this
likelihood, BIN1 inhibited malignant cell transformation by MYC. Although BIN1 is
expressed in many normal cells, its levels were greatly reduced or undetectable in 14/27
carcinoma cell lines and 3/6 primary breast tumours. Deficits were functionally significant
because ectopic expression of BIN1 inhibited the growth of tumour cells lacking
endogenous message. We conclude that BIN1 is an MYC-interacting protein with
features of a tumour suppressor.
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The MYC oncoprotein plays a central role in cell growth,
apoptosis and malignancy (reviewed in refs 1-4). Following mitogenic stimulation of quiescent cells, MYC is
rapidly induced and remains elevated, suggesting that it
is needed for continuous cell growth. Its activation is sufficient to induce quiescent cells to enter the cell cycle3,
while its inhibition can block mitogenic signals and drive
cells toward terminal differentiation6-10. MYC can also
induce apoptosis, an event that occurs if its expression
is uncoupled from the orchestration of other cell cycle
regulatory events. For example, following growth factor
withdrawal, cells that contain normal MYC downregulate its expression and exit the cell division cycle, while
cells that contain deregulated MYC maintain its expression and undergo apoptosis11,12. The molecular basis
for these divergent biological effects is presently
unknown.
A large body of evidence indicates that MYC can act
as a transcription factor, with the C-terminal region
involved in oligomerization and specific DNA recognition and the N-terminal region involved in transcriptional activation and repression (reviewed in refs 3,4,13).
However, the extent to which strictly transcriptional
activities account for all of MYC's biological activities is
unclear. This issue might be clarified by elucidating the
function of Myc boxes 1 and 2 (MB1 and MB2), two segments of evolutionary conserved sequence whose
integrity is critical for transformation and apoptosis12'14.
MB1 constitutes part of the N-terminal transcriptional
activation domain (TAD) and contains cell cycle-regulated phosphorylation sites that may regulate TAD activity 15-19 MB2 has also been implicated in
transactivation15 but a more important function maybe
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its role in transcriptional repression, which is mediated
through promoter initiator (Inr) elements and is essential for transformation20.
The Myc boxes, and MB1 in particular, are mutated in
retroviral Myc genes and are hotspots for mutation in
lymphomas and some carcinomas21-23. Notably, the
mutations found in lymphomas are frequently homozygous22. One interpretation of this finding is that the
mutations cause a loss of MYC's ability to respond to
negative regulators or to activate apoptotic pathways.
Two studies have reported that some lymphoma mutations relieve inhibition of transactivation by pl07 (refs 19,
24), a retinoblastoma (Rb)-related cell cycle regulator
that can associate with the MYC N-terminal region24'25.
However, the significance of these results is uncertain as
pi07 has modest effects on MYC's transforming activity, is not a tumour suppressor, and has not been assigned
any role in apoptosis. For these reasons, we have speculated that MYC may interact with other cellular polypeptides with greater significance for tumorigenesis. In this
report we describe the identification of a Myc box-dependent binding protein, BIN1, which potently inhibits MYC
transformation and has features of a tumour suppressor.

BIN1 is related to amphiphysin and RVS167
To identify proteins that interact with the N terminus of
MYC, we focused on MB1 because it is the major hotspot
for mutation in tumours and because, as the site of in vivo
phosphorylation events18, it must be located on the
polypeptide surface. To isolate candidate interacting proteins, a nontransactivating portion of MB1 was empirically chosen and used as 'bait' in a two hybrid screen
(see Methods). Approximately 100 of several hundred
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Fig. 1 BIN1 primary structure and relationship to amphiphysin and RVS167. a,
Predicted primary sequence of human BIN1 from the 99f cDNA. Identities to
the murine clone #99 ORF are depicted by asterisks; a six residue alignment
gap is indicated by dashes. The SH3 motif is underlined and the NLS motif is
underlined and italicized. It should be noted that ongoing genomic sequencing has revealed a difference between the N-terminal 5 residues of the 99f ORF
shown here (MLWNV) and the ORF within a putative 5' exon of the human S/W7
gene (MAEMGSKG). b, Structural relationship of BAR family proteins. Alignment of BIN1, human amphiphysin63 and S. cerevisiae RVS16733 was performed using the PILEUP algorithm of the Wisconsin Genetics package for the
VAX computer and adjusted by visual inspection. Identities are boxed. Light
shading demarcates the BAR domains and dark shading the SH3 domains; the
unique BIN1 NLS is hatched; the lack of similarity between the BIN1 MBD and
the central domains of amphiphysin and RVS167 are indicated by different
hatching patterns in these regions. The amino acid residue positions that limit
the extent of each region in BIN"!, amphiphysin63, and RVS16733 are noted.
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MB 1-interacting candidates obtained in a screen of ~3 x
107 cDNAs from a 10.5E murine embryo library were
analysed by a mating strategy26. Nonspecific interactions
with empty vector, lamin, the small GTP-binding protein
RhoB, or a protein kinase C (PKC) peptide were discarded. The PKC peptide contained a phosphothreonine
site resembling the MB1 T58 site which is recognized by
glycogen synthase kinase-3 (ref. 27), an enzyme present
and active in yeast28. This peptide was used to control for
nonspecific peptide interactions (due to kinases, phosphatases, or peptidases). Analysis of 19 MBl-specific
clones revealed that a single set of sequences was represented; one isolate, clone #99, was analysed in more
detail. Clone #99 contained a 135-amino acid (aa) open
reading frame (ORF) unrelated to known sequences.
Preliminary results using clone #99 as a probe on northern blots indicated that a ~2.4-kb RNA was specifically
recognized in both human and murine cells.
Cloning and sequence analysis of a ~2.0-kb human
cDNA revealed a 451-aa ORF of predicted MW 50,049
that included a nuclear localization signal (NLS), a Src
homology 3 (SH3) domain, and a central region of
-89% identity to clone #99; this central region was
implicated as the MYC-interacting region (Fig. la). The
predicted gene product was termed BIN1, for box-dependent myc-interacting protein-1. The near identity of
murine and human BIN1 sequences strongly suggested
that they were functional homologs. The presence of
70

the NLS suggested a nuclear location and function consistent with physiological MYC interaction; the presence of the SH3 domain, a protein-protein interaction
interface found in many signal transduction proteins29,
suggested a role in signalling and interaction with other
proteins. The SH3 domain was not involved in MYC
interaction, as clone #99 lacked the complete domain and
could still bind MYC (see below).
Comparison to the DNA database revealed extensive
similarity in the terminal regions to two polypeptides,
amphiphysin and RVS167 (Fig. lb). Amphiphysin is a
neuronal protein30 that is the putative autoimmune antigen in breast cancer-associated Stiff-Man syndrome31, a
paraneoplastic neurological condition32 seen in a small
fraction of breast cancer patients. The meaning of this
relationship was unclear but suggested connections of
BIN1 to cancer. RVS167 is a negative regulator of the
cell cycle in the yeast S. cerevisiae*5. This relationship
suggested a role in cell cycle control and supported the
notion of a negative regulatory or functional role for
MB1. The high degree of structural similarity between the
N-terminal regions of BIN 1, amphiphysin, and RVS167
argued that they may share molecular function(s). For this
reason, we have termed the N-terminal region of these
proteins the BAR (Bjnl/Amphiphysin/RVS167) domain.
These BAR-containing proteins all contained C-terminal
SH3 domains that were separated from the BAR domains
by sequences unique to each protein (Fig. lb).
nature genetics volume 14 September 1996
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Fig. 2 BIN1 protein
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BIN1 and the dot a
45-kDBIN1-related
polypeptide.
b,
Accumulation of the
42-kD BIN1AMBD polypeptide and detection of the 45-kD BIN1 -related protein. COS cells
were transfected with empty vector, CMV-BIN1, or CMV-BIN1AMBD and analysed as
before, c, Detection of BIN1 in IMR90 normal human dipioid fibroblasts. Metabolically
labelled cultures of IMR90 cells were subjected to immunoprecipitation and SOSPAGE/fluorography as above, d, Nuclear localization of BIN1 in transiently transfected
HepG2 cells. HepG2 cells were transfected with empty vector or CMV-BIN1 and
processed for indirect immunofluorescence using the polyclonal anti-BIN1 antisera.

BIN1 is a 70-kD nuclear polypeptide
A polyclonal antiserum was raised to a recombinant
glutathione-S-transferase (GST) fusion protein which
included the unique central region of BIN 1 overlapping
with the clone #99 ORF (the terminal regions were omitted from the immunogen to reduce possible crossreaction with other BAR family proteins). When incubated
with metabolically labelled extracts from COS cells transiently transfected with a BIN1 expression vector (CMVBIN1), this antisera immunoprecipitated two
polypeptides with apparent MW of 70 kD and 45 kD
(Fig. 2a). Both polypeptides were specifically recognized
since their appearance was blocked by preincubating
antisera with a molar excess of the GST-BIN1 immunogen but not with unfused GST. By several criteria we
established that the 70-kD species was BIN1 while the 45kD species represented a BIN 1-related polypeptide. First,
in COS cells transiently transfected with a viral haemagglutinin (HA) epitope-tagged BIN1 construct, only the
70-kD polypeptide was recognized by an anti-HA monoclonal antibody (Fig. 2a). Second, the in vitro translation
(IVT) product from the full-length cDNA also displayed
a mobility of 70 kD (data not shown). Third, only the 45kD polypeptide was detected in untransfected MCF7
breast tumour cells (Fig. 2d), which lacked BIN1 RNA
(see below), or in cells transfected with empty vector (Fig.
2b). This proved that the 45-kD species was not a coprecipitant or a processed or degraded form of BIN 1. Consistent with its assignment as a BIN 1-related protein,
the 45-kD species was detected by western blotting in several human cell lines (data not shown). We observed
stable accumulation of a polypeptide with a predicted
and apparent MW of 42 kD following COS transfection with CMV-BIN1AMBD (Fig. 2b), a deletion construct lacking the central region implicated as the
MYC-binding domain (MBD, aa 270-377; see below).
This result indicated that full-length BIN1 migrated
aberrantly at 70 kD, instead of at the predicted MW of
50 kD, because of an MBD determinant.
To establish that the BIN1 cDNA encoded a polypeptide similar to that found in normal cells, metabolically
nature genetics volume 14 September 1996

labelled extracts from IMR90 human dipioid fibroblasts
were subjected to immunoprecipitation analysis. A similar 70 kD polypeptide was specifically recognized by
immune but not preimmune sera (Fig. 2c). The cellular
localization of BIN 1 was examined by indirect immunofluorescence of transiently transfected cultures of HepG2
hepatocarcinoma cells, which, like MCF7 cells, lack
detectable BIN1 RNA (see below) and therefore provided an internal control for any crossreacting polypeptides. HepG2 cells transfected with CMV-BIN1 exhibited
a bright nuclear staining pattern which was absent from
cells transfected with empty vector (Fig. 2d). The nuclear
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Fig. 3 Myc box-dependent interaction, a, GST-99 expression. A
GST-clone #99 fusion protein was purified from recombinant E. coli
and examined by SDS-PAGE and Coomassie staining, b, Selective biochemical interaction between MYC and GST-99. Binding
assays were performed with equivalent quantities of GST or GST99 and the indicated in vitro translated polypeptides. The bound
fraction was analysed by SDS-PAGE and fluorography. IVT, onetenth volume of in vitro translated polypeptide added to each
binding reaction was examined.
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Fig. 4 BIN1 inhibits MYC transformation in a manner requiring the
integrity of MYC MB1 and the presence of the BIN1 MBD. a,
Selective requirement of the MBD for MYC inhibition. REFs were
transfected with a 2:1:1 ratio of empty vector, CMV-BIN1, or CMVBIN1AMBD, activated RAS, and MYC, E1A, or SV40 T antigen
expression vectors and transformed foci were scored two weeks
later. The data represent three to seven trials for each transfection.
The data are depicted as the percent of foci induced by oncogenes
+ vector, as appropriate, b, Dominant inhibitory activity of MBD.
REFs were transfected as above except with a 2:1:1 ratio of empty
vector of CMV-ATG99, a clone #99 expression vector, to oncogene
plasmids. In this experiment, a MYC frameshift mutant, MYC-FS,
was included to establish that the augmentation of foci formation
by CMV-ATG99 was MYC-dependent.

localization was consistent with the presence of a NLS in
the BIN1 sequence and with a nuclear site of MYC interaction. We conclude that the BIN1 cDNA encodes a
nuclear protein with an apparent MW of-70 kD, identical to a protein found in normal human fibroblasts.
Biochemical association between BIN1 and MYC
To confirm a biochemical interaction with MYC, we
expressed the clone #99 ORF in E. coli as a GST fusion
protein (GST-99; Fig. 3a) and tested for binding to [35S] methionine-labelled MYC or control polypeptides synthesized by rVT. While unfused GST did not bind MYC,
the GST-99 fusion was able to bind MYC in a specific
manner (Fig. 3b). Although only the MB1 portion of
MYC was used as 'bait' in the two hybrid screen, binding of GST-99 required both the MB1 and MB2 portions
of the full-length oncoprotein, since deletion of either
box region significantly reduced MYC binding. We interpreted this to mean either that MB1 was occluded in the
MB2 deletion mutant or that MB1 was sufficient for
interaction in yeast because of overexpression or other
conditions which facilitated binding (for example, particular bait fusions). In the binding assays, approximately 10% of the input MYC protein bound to GST-99.
This was not due to weak avidity because, once formed,
the MYC-GST-99 complex was stable in buffers containing up to 500 raM NaCl. Binding was also observed
with a MYC MB1 mutant, MYC T58M, which has lost
the T58 negative regulatory phosphorylation site. GST99 did not interact detectably with other nuclear transforming proteins, such as the SV40 T antigen or the
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adenovirus E1A gene products, nor did it bind the MYCrelated
basic/helix-loop-helix/'leucine
zipper'
(b/HLH/Z) protein upstream stimulatory factor (USF).
In addition, the other MYC-interacting polypeptides
MAX, pl07, or YY1 did not associate with GST-99 (data
not shown). We conclude that BIN1 directly and specifically associates with MYC in a manner that depends
upon the critical Myc box regions.
BIN1 inhibits MYC transformation
The ability of BIN 1 to associate with MYC depended on
the presence of MB1 and MB2, which are required for
transformation activity14,20'27. Therefore, we tested the
effects of BIN1 and BIN1AMBD on MYC transformation
in the RAS cooperation assay34 performed in primary rat
embryo fibroblasts (REFs). For specificity controls, additional experiments were performed in which MYC was
replaced by either adenovirus E1A or SV40 T antigen,
which can also cooperate with RAS in this assay. As MYC
mutants that cannot be phosphorylated at the MB 1 T58
residue have been reported to escape pl07-mediated
inhibition of transactivation19, we also asked whether the
MYC T58M mutant could escape any effects of BIN1.
Finally, as the original clone #99 ORF was partial and
encoded essentially only the MBD, we anticipated that it
might act in a dominant negative manner. Therefore, the
effects of a clone #99 expression vector on MYC transformation were also examined.
The BIN1 -containing vectors, alone or with activated
RAS, lacked transforming activity. However, when
cotransfected at a 2:1:1 ratio with MYC and JMS, BIN1
selectively inhibited focus formation ~7-fold (Fig. 4a).
Inhibition could be titered by decreasing the ratio of
BIN1 to MYC and RAS in the transfected DNA (data not
shown). Moreover, inhibition was dependent on MYC
binding, since BIN1AMBD, which lacks the MYC-binding domain, was inactive in this assay. The loss of inhibition could not be attributed to protein instability, since
BIN1AMBD was shown to stably accumulate in transfected cells (Fig. 2b), and could inhibit transformation
by E1A (see below). In contrast to its effects on wild-type
MYC, BINI did not efficiently inhibit transformation by
MYC T58M, even though this mutation did not affect
binding (Fig. 3b). Thus, mutation of the MB1 T58
residue or deletion of the BIN1 MBD relieved BIN1
inhibition of MYC transformation.
We anticipated that E1A would be inhibited by BIN1
since E1A acts similarly to MYC in focus formation and
apoptosis assays12'34"36. Confirming expectations, BIN1
inhibited cell transformation by E1A. In contrast, cell
transformation by T antigen was unaffected. This result
argued that the effects of BIN1 on MYC and El A were not
due to toxicity or to nonspecific inhibition of the transformed phenotype. Notably, while BIN1AMBD lacked
the ability to inhibit MYC, it could still suppress ElA
transformation. This suggested that BIN1 inhibited MYC
and ElA by different mechanisms. We could not rule out
the possibility that intrinsic differences in the sensitivity of ElA and MYC to BIN1 inhibition were due to a
reduced activity of BIN1AMBD. However, the difference in susceptibility to BINIAMBD was consistent with
the observation that MYC, but not ElA, could associate
with the BIN1 MBD region (Fig. 3b).
When a clone #99 vector was introduced into REFs
instead of BIN1, an effect opposite to that of the fullnature genetics volume 14 September 1996
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Rg. 5 Lack of BIN1 expression in breast and liver carcinoma Northern analysis (a, b, c, d, e) and immunohistcchemistry (r) were performed
to examine expression in normal and tumour cells. RNA integrity and
quantity is indicated by the bottom panels showing ethidium bromidestained RNA in gefs before transfer, a, Normal murine tissues. Northem analysis of total RNA from whole murine embryo E9.5-12.5 and
indicated adult tissues are shown, b, Human tumour cell line panel.
WI38 is a human diploid fibroblast line that serves as a positive control for normal expression, c. Human breast carcinoma cell lines.
HBL100 is a non-tumorigenic breast cell line that serves as a normal
control for expression, d. Primary human breast tissues. HBL100 is a
positive control for expression. 438 and 763 are representative of
normal BIN1 expression seen in primary breast tissue, e, Primary
human breast carcinomas. HBL100 and MCF7 are positive and negative controls for expresston, respectively, f, Immunohistochemistry of
human breast tissue sections. Sections were stained with a Bin1
monoclonal antibody and with the cytosolic dye light green. The left
panel shows morphologically normal ductal epithelia, the right panel,
a portion of a tumour mass. Arrowheads indicate cell nuclei.

length protein was observed. Cotransfection of clone
#99 with MYC and RAS led to a ~2.4-fold augmentation
of MYC transformation activity (Fig. Ab). This result
suggested that clone #99 acted to dominantly inhibit an
endogenous REF Binl protein. Confirming a dominant
inhibitory effect, we observed that titration of clone #99
into the REF assay could reverse inhibition of MYC arid
RAS by BIN1 (data not shown).
The in vitro biochemical association results, together
with the REF transformation data, provided genetic evidence that BIN1 and MYC could interact in vivo. First,
mutations in either molecule (T58M in MB1, MBD in
BIN!) eliminated BIN1 inhibition. Second, a portion of
BIN1 encompassing the MBD alone (clone #99)
increased MYC transforming activity through a dominant inhibitory activity. Finally, since the MBD was sufficient and the Myc boxes were necessary for association
in vitro (Fig. 3b), there was good correlation between the
regions involved in protein-protein association and the
regions required for biological action. We conclude that
BIN1 inhibits MYC by directly interacting with it in

BIN1 is absent in tumour ceils
BIN1 was hypothesized to be a tumour suppressor gene
product, because it inhibited transformation by MYC
through interaction with a region that is mutated in
tumours. Since a hallmark of tumour suppressors is loss
of function in tumour cells (due to genetic or epigenetic causes), we performed northern analyses of RNA from
murine and human cells. We found that BIN1 message
was ubiquitous in normal cells. In murine tissues, levels
were highest in embryo, adult brain and adult muscle,
nature genetics volume 14 September 1996

with lower levels seen in all other tissues examined (Fig.
5a). At least two transcripts could be seen in embryo and
brain, suggesting alternate splicing or differentially regulated sites of RNA initiation or polyadenylation in these
tissues. In human cells, similar levels of BIN1 RNA were
seen in WI-38 normal diploid fibroblasts and tumour cell
lines derived from various tissues, with the notable exception of HepG2, a hepatocarcinoma cell line, and MCF7,
a breast carcinoma cell line, where no message was
detected (Fig. 5b).
Further analysis of breast carcinoma cells indicated
that BIN1 expression was frequently missing. BIN1 RNA
was absent or reduced in 5/6 breast carcinoma cell lines
examined (Fig. 5c). The absence did not reflect the
integrity of the RNA, nor the general lack of expression
of BIN1 in these breast cells, because message was plainly detectable in HBL100, a flat non-tumorigenic breast
cell line (Fig. 5c), as well as in a panel of RNAs isolated
from primary breast tissues (Fig. 5d). Similar deficits
were also seen in 3/6 cervix, 1/2 lung, and 3/6 other liver
tumour cell lines (data not shown), suggesting that lack
of BIN 1 expression may be common to many carcinomas. We also observed a lack of BIN1 message in RNA
isolated from 3/6 primary breast tumours (Fig. 5e).
These data indicated that lack of expression was not a feature of tumour cell line establishment or long-term culture in vitro. Finally, we corroborated the data from
primary tumours by immunohistochemical analysis of
breast tissue sections, using a BIN 1-specific monoclonal antibody (R.W.-R., D.S., M. Herlyn and G.C.P., unpublished results; an example of these data is shown in Fig.
5/). Cells were counterstained with the cytoplasmic dye
light green. BIN1 staining was present in the cell nuclei
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Fig. 6 BIN1 selectively inhibits colony formation in cells lacking
endogenous expression. HeLa, HepG2, and MCF7 cells were
transfected with the plasmid CMV-BIN1 or with empty vector,
passaged 1:4 into three dishes each, and selected for the neomycin
gene present on each plasmid by culturing in G418. Drug-resistant
colonies were scored 2-3 weeks later. The data are depicted as the
percentage of colonies obtained with empty vector.

of morphologically normal ductal epithelia (Fig. 5/, left
panel). The pattern seen was consistent with the nuclear
localization seen earlier (Fig. 2d) and was specific since
incubation of sections with secondary antibody alone
produced no staining (data not shown). Consistent with
the results from northern analysis, there was little or no
staining of frank carcinoma cells (Fig. 5f, right panel). We
concluded that BIN1 expression may be frequently missing in carcinoma of breast and other tissues.
BIN1 inhibits tumour cell growth
To assess the significance of the BIN1 deficits seen in carcinoma cells, we determined the effect of ectopic BIN1
expression in tumour cells lacking endogenous BIN1.
This was done by performing G418-resistant cell colony
formation experiments with cell lines shown to contain
(HeLa) or lack (HepG2, MCF7) BIN1 message. In the latter cell lines, a BIN1 vector carrying a neomycin-resistance gene exhibited a ~3-fold reduction in colony
formation efficiency relative to empty vector alone (Fig.
6). This could not be explained by either a general toxic
effect or reduced transfection efficiency because the
colony formation efficiency of both vectors was similar
in HeLa cells. When examined by immunoprecipitation, cell populations derived from pooled colonies
which emerged from BIN1 -transfected HepG2 cultures
showed no evidence of expression (data not shown),
consistent with an incompatibility with cell growth. We
concluded that the expression deficits seen in carcinoma
cells were functionally significant and that BIN1 was
capable of exerting a tumour suppressor activity.
Discussion
We have identified BIN1 as a novel protein that specifically interacts with MYC and inhibits its oncogenic activity. Cell transformation experiments using MYC and
BIN1 mutants provided genetic evidence of m vivo interaction. The primary structure of BIN 1 suggested a negative role in cell cycle control and hinted at connections
to breast cancer. Consistent with a role as a tumour suppressor, BIN1 expression was found to be ubiquitous in
normal cells but frequently missing in carcinoma cells,
where the deficits were demonstrated to be functionally significant.
The structural similarity of BIN 1 to amphiphysin is
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provocative given the compelling causal links between
MYC deregulation and breast carcinoma3'-42. Although
the meaning of the amphiphysin relationship is unclear,
it prompts consideration of the immunological as well
as the functional aspects of BIN 1 in breast cancer. The
relatedness of BIN1 to RVS167 suggests a function in cell
cycle control. RVS167 is a nonessential gene product
that is required for nutrient-deprived yeast cells to exit
the cell cycle33. Consistent with the structural relationship, BIN1 appeared to be dispensable for growth, while
enforced expression could suppress MYC transformation
and tumour cell proliferation. Despite this parallel, however, BIN1 was unable to complement an RVS167 null
mutation (G.C.P., unpublished data), indicating that
these proteins are structurally related but are not functionally homologous. The difference may be due to the
present of divergent sequences in the central region of
each protein, where the BIN1 MBD is found. Nevertheless, it is reasonable to search for clues to BIN1 function
among the features shared with other BAR family members. The most obvious one is the presence of a SH3
domain in the C terminus. SH3 domains are typically
observed in signal transduction proteins which control
or are affected by changes in cell structure29. Indeed,
RVS167 has been implicated in actin cytoskeletal control
and budding33 and amphiphysin may have a role in
synaptic vesicle endocytosis43. By analogy, one would
predict that BIN1 has a role in signal transduction linked
to some aspect of cell structure control, presumably in
the nucleus.
The basis for BIN1 activity is not yet clear. BIN1 structure lacks obvious features of a transcription factor or
transcriptional adaptor protein. However, the role of
the Myc boxes in transcription15'20 and the ability of
MYC T58M to escape inhibition by BIN1, suggests that
Binl may act by affecting transcription. We observed that
T58 mutation did not affect BIN1 binding, but could
relieve inhibition of MYC transformation. Others have
reported that T58 mutation does not affect pl07 binding but can relieve pi 07 inhibition of MYC transactivation19,24. Consistent with the possibility that it may act
at least in part by blocking transactivation, data from preliminary experiments indicate that BIN1 can inhibit
MYC-dependent transactivation of a-prothymosin (S.
Gaubatz, K.E., D.S., G.C.P. and M. Eilers, unpublished
results), ornithine decarboxylase (D.S. and G.C.R,
unpublished results) and CDC2 (T. Born, K.E., D.S.,
G.C.R and J. Feramisco, unpublished results), three
MYC-regulated genes44'45,46. The means by which BIN1
acts appears to be different, though, because unlike pi07,
BIN1 does not appear to affect transactivation from
minimal promoters containing multimerized MYC binding sites (K.E. and G.C.R, unpublished data). In future
work it will be important to determine whether this
effect of BIN1 represents an active inhibitory role or
simply reflects a passive effect of MYC binding, due to
competition for functional association with bona fide
transcriptional adaptor proteins.
Our results are consistent with a role for BIN1 in MYC
regulation, like that proposed for p 1 0724,2D, but they are
also consistent with a role in MYC-mediated apoptosjsi 1,12 we have previously shown that MYC can induce
apoptosis in epithelial cells by p53-independent mechanisms47 and the frequent loss of BIN 1 in carcinomas is
intriguing in this regard. However, regardless of how it
nature genetics volume 14 September 1996
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acts, our results support the notion that BIN1 interacts
with MYC in vivo to some functional end. One caveat to
this interpretation is that coimmunoprecipitation experiments performed in an effort to identify a cellular complex containing BIN1 and MYC have yielded largely
negative results to date. Some evidence of specific association has been obtained from extracts from Sf9 insect
cells coinfected with recombinant baculoviruses. However, even under such conditions of overexpression, only
a small fraction of BIN 1 has been seen to remain associated with MYC following immunoprecipitation (K.J.E.,
unpublished results). Given that the BIN1 interaction
may be regulatory in nature, a complex between fulllength proteins maybe inherently unstable, transient, or
require unidentified cofactors or extraction conditions
to remain stably associated following cell lysis. Moreover,
given the difficulties widely experienced with MYC biochemical analyses, the question of in vivo interaction
might be best addressed by using a genetic approach
based on transcription experiments. In future work,
such experiments could also be used to test whether
Myc box mutations seen in tumour cell MYC genes can
defeat BIN1 inhibition and whether MYC mutation
might be functionally equivalent, in some cases, to loss
of BIN1 expression.
Several lines of evidence support the conclusion that
BIN1 represents a tumour suppressor function. First,
BIN1 selectively inhibits cell transformation by MYC,
which is involved in many human cancers. Second, BIN1
shows structural similarity to RVS167, a negative regulator of the yeast cell cycle which is dispensable for proliferation. Third, BIN1 is ubiquitously expressed in
normal tissues but frequendy missing in carcinoma cells.
Fourth, BIN1 selectively inhibits the growth of carcinoma cells lacking endogenous expression. These results
show that the observed expression deficits are functionally significant, rather than simply correlated with loss
of genomic integrity, and formally demonstrate that
BIN1 can act as a tumour suppressor. Finally, the human
BIN1 gene has been mapped to chromosome 2ql4 (ref.
48), a locus lying within a mid-2q region deleted in 50%
of metastatic prostate carcinomas49 and, at the syntenic
murine locus, in 90% of radiation-induced myeloid
leukaemias50. In future work, it will be important to
determine whether lack of BIN1 expression, where it
occurs, is due to genetic or epigenetic causes.
Note added in proof: The murine homologue of BIN1
was cloned recently in an expression screen for novel SH3
domain-containing proteins (Sparks, A.B., Hoffman,
N.G., McConnell, S.J., Fowlkes, D.M. & Kay, B.K. Nature
Biotech. 14, 741-744, 1996).

modules whose interactions might be occluded in full-length
polypeptides. The yeast strain L40 (MATa trpl-901 ku2-i,U2
LYS2::(lexAop)4-HISi URA3::(lexAop)s-lacZ) was used in the
assay. Approximately 3 xlO' TRP*LEU+ transformants were
examined in the primary screen, 200-300 of which were also
HIS'LacZ*. One hundred clones cured of the bait plasmid were
tested for interaction by a mating strategy using AMR70 (R.
Sternglanz, unpublished data). Test baits in AMR70 included
the original lexA-MBl construct and a set of negative controls
including no insert, lamin26, the small GTP-binding protein
RhoB51, or the peptide FTRHPPVLTPPDQEVI derived from rat
protein kinase C ß2, which contains a threonine phosphorylation
site analogous to MB1 residue T58 (G.C.P. and K. Koblan, unpublished results).
Biochemical association assay. The ~0.5-kb murine clone #99
cDNA insert on a C/aI-£coRI fragment was substituted for a
similar fragment in pE47 (ref. 52), making pATG-99. The pATG99 ORF included an initiator methionine, added a 15-aa N-terminal extension (3 aa from E47 and 12 aa from VP16) to the 135
residue clone #99 ORF, and retained the translational termination site derived from the two hybrid vector. Expression of the
ATG99 polypeptide was confirmed by in vitro translation from
pATG-99. The pATG-99 insert was subcloned into pGEX-2T
(Pharmacia) and GST-99 polypeptide was expressed and purified
from E. coli cell extracts on glutathione-Sepharose (Pharmacia),
using protocols supplied by the vendor. [3:,S] -methionine labelled
polypeptides were generated by IVT using TNT rabbit reticulocyte lysates (Promega). Expression plasmids included the c-Myc
expression plasmid CMV Hmj3; CMV Hm subclones containing
the MB1 deletion aa 49-101 (ref. 14), MB2 deletion aa 120-140
(ref. 20), or both deletions; the adenovirus E1A expression plasmids pl2S, pl3S; the SV40 T antigen expression plasmid (provided by F. Rauscher); and CMV-USF20. Approximately 2.5 ug of
GST or GST-99 and 10 ul of an IVT reaction were added to 0.5
ml binding buffer (10 mM Tris-HCl pH 7.5, 5 mM EDTA, 500
mM NaCl, 0.25% NP40), incubated 1 h at 4°C on a nutator
shaker, washed four times with binding buffer, and analysed by
SDS-PAGE and fluorography.
cDNA cloning and characterization. Using standard methods, a
human skeletal muscle X.ZAPII cDNA library (Stratagene) was
hybridized with [32P] -labelled clone #99 insert and washed under
low stringency conditions (2x SSC, 42 °C). The complete DNA
sequence of a subcloned ~2.0-kb cDNA, p99f, was determined
using the dideoxy method with Sequenase (US Biochemicals) and
assembled and analysed with MacVector software (IBI/Kodak). .
DNA database comparisons were performed using BLAST client
software.

Expression vectors. BIN1 expression vectors were constructed as
follows. CMV- BIN 1 was generated by subcloning a 1.6-kb fcoRI
fragment from p99f that contained its entire predicted coding
sequence into pcDNA3 (Invitrogen), a mammalian cell expression vector that contains a cytomegalovirus enhancer/promoter
and a 3' polyadenylation signal. BIN1 CMV-HA was constructed by substituting a Pv»II-£coRI coding region fragment from
CMV-BIN1 for an £a>RV-£coRI fragment of neoCMV-hem rhoA
(G.C.P., unpublished results), a RhoA expression plasmid that
Methods
Two hybrid assay. A two hybrid system-16 and a murine embryo included an 8 residue N-terminal viral haemagglutinin (HA)
E10.5 cDNA library (a gift from S. Hollenberg) were used to epitope recognized by the monoclonal antibody 12CA5 (ref. 52).
identify clones that interacted with the MB1 peptide EDI- The HA-Binl polypeptide created included residues 1-47 from
WKKFELLPTPPLS (human MYC aa 47-62). The bait plasmids the M terminus of HA-RhoA and residues 52-451 of Bin! in
were based on pBTM116 (P. Bartel and S. Fields, unpublished CMV-HA-Binl, adding an N-terminal extension that proved
results), which uses lexA as a DNA binding component and con- necessary for immunoprecipitation by anti-HA antibody 12CA5
tains a TRP1 marker. The library vector, pVP16, uses a region of (ref. 54). CMV-BIN1AMBD deleted aa residues 270-377 in CMVherpes simplex virus VP16 as a transcriptional transactivating BINI. It was generated by ligating two separate PCR fragments
component and contains a LEU2 marker. cDNA synthesized generated by the 5' primer CCGGATCCGCGATGCTCTGfrom 10.5d murine embryo RNA was size-selected by random GAACGTGGTGACG and the 3' primer GCGAATTCGTTGTDNAse I treatment to -0.5 kb, treated with Klenow enzyme, CACTGTTCTTCTTTCTGCG (fragment encoding 1-269) and
Noti linkered, and subdoned into pVP16 (S. Hollenberg, unpub- the 5' primer CGGAATTCACCATGGGTTTCATGTTCAAGlished data). This cDNA library was designed to express protein GTACAG and the 3' primer CCGCTCGAGTCATGGGACC-
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CTCTCAGTGAAGTT (fragment encoding 378-451). This construction included the nonspecific amino acids EFTM at the
fusion junction due to the restriction site added. CMV-ATG99
was generated by subcloning the insert from pATG-99 into
pcDNA3.
LTR Hm, which contains a Moloney long terminal repeat-driven normal human MYC gene, and pT22, which contains an activated Ha-RAS gene, have been described34'". LTR Hm T58M was
generated by subcloning in LTR Hm a fragment containing the
T58M mutation from the less potently transforming vector CMV
Hm T58M45. A nontransforming MYC frameshift mutant (MycFS)
was constructed by digestion of LTR Hm with at a unique BsfEII
in exon 2 of the human MYC gene, filling with Klenow enzyme,
and self ligation. The MycFS polypeptide encoded by this mutant,
LTR Hm/Bst, is frameshifted at aa residue 104 (G.P., unpublished
data). neoCMV T and plA/neo, encoding SV40 T antigen and adenovirus El A, were obtained from N. Kohl.
Tissue culture. Human COS, HeLa, HepG2, MCF7, and IMR90
cells were cultured in Dulbecco's modified Eagle's media
(DMEM) supplemented with 10% fetal bovine serum (Sigma)
and 50 U/ml each penicillin and streptomycin (Fisher). Primary rat embryo fibroblasts (REFs; Whittaker Bioproducts) were cultured and transfected as described56. Briefly, secondary passage
REFs seeded into 10 cm dishes were transfected overnight by a
calcium phosphate coprecipitation method57 with 5 ug each of
oncogene plasmids and 10 ug of other plasmids indicated, then
passaged 1:5 the next day and fed with normal growth media until
foci were scored by methanol fixation and crystal violet staining
12-14 d later. In some experiments, 0.5 mg/ml G418 was added
the day after passaging to address the possibility that BIN1 inhibited cell growth as well as focus formation. Colony formation
assays in HeLa, HepG2, and MCF7 were performed by seeding
-3 x 105 cells in 3 cm dishes and transfecting the next day with
2 ug CMV-BIN1 or vector using Lipofectamine (Gibco/BRL).
Cells were passaged 48 hr after transfection at a 1:10 ratio into 6
cm dishes containing media with -0.6 mg/ml G418. Cell colonies
were scored by crystal violet staining 2-3 wk later.
Immunoprecipitation. Two BIN1 antibodies were used in this
study. A polyclonal antisera used in the protein characterization
experiments (Fig. 2) was generated by immunizing rabbits with
a GST fusion protein containing aa residues 189-398 of BIN1
(GST-99Pst) through a commercial service (Rockland, Inc., Boyerstown PA). A BINl-specific monoclonal antibody, 99D, was
used in the coimmunoprecipitation and immunohistochemical
experiments (Figs 3c, Sg). 99D was raised to the same immunogen as used for the polyclonal antiserum and is specific for the
-70 kD BIN1 polypeptide (R.W.-R., D.S., M. Herlyn and G.C.P.,
unpublished data).
IMR90 or transiently transfected COS cells were metabolically
labelled for 2-4 h in DMEM media lacking methionine and cysteine (Gibco) with 75-125 uCi/ml EXPRESS labelling reagent
(NEN) and cell extracts were prepared with RIPA buffer containing the protease inhibitors leupeptin, aprotinin, phenylmethylsulfonyl fluoride, and antipain58. Extracts were centrifuged
at 20000g for 15 min at 4°C before use. Before the addition of
BIN1 antibodies, extracts were precleared by a 1 h treatment
with prebleed sera or normal mouse IgG and 20 ul of a 1:1 slurry of protein G Sepharose beads at 4°C on a nutator (Pharma-
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cia). Immunoprecipitation proceeded at least 90 min at 4 °C followed by the addition of protein G beads and a further 30 min
incubation. Beads were collected by brief centrifugation, washed
four times with buffer, boiled in SDS gel loading buffer, fractionated on 10% gels, and fluorographed.
Immunofluorescence. HepG2 cells (~5x 103) were seeded onto
glass cover slips in 6 cm dishes and the next day transfected
overnight with 4 ug CMV-BIN1 or pcDNA3. Two days later cells
were washed and processed for immunofluorescence essentially
as described59, using 5 ug of protein A Sepharose-purified antiBIN1 IgG and a 1:1000 dilution of fluorescein-conjugated antirabbit IgG (Cappel) as the secondary antibody. Stained cover slips
were digitally analysed on a Leitz confocal microscope.
Immunohistochemistry. Frozen human breast tumour tissues
were a gift from D. Herlyn. Tissue sections on cover slips were prepared for staining by fixing 30 min at 4 °C with 4% paraformaldehyde and permeabilizing by treatment 3 min with 0.1% Triton
X-100. Endogenous peroxidase was quenched by incubating slips
20 min in 0.3% methanol. Tissue was blocked 20 min with 10%
normal goat serum in PBS/0.1% BSA, washed, and incubated 30
min in the same buffer with 1:10 dilution of hybridoma supernatent. The BIN1 staining pattern was identified by incubation
30 min with a goat horseradish peroxidase-conjugated antimouse antibody (Jackson ImmunoResearch) followed by a 5
min incubation with substrate. Before mounting, slides were
counterstained with by a 1 min incubation with 0.04% acidified
solution of the cytoplasm dye light green. Stained sections were
photographed at x500 magnification.
Northern analysis. Total cytoplasmic RNA was isolated as
described60 from human WI-38 cells and tumour cell lines. Total
RNA was isolated as described61 from frozen normal and tumour
breast tissues obtained from the Cooperative Human Tissue Network (Philadelphia, PA). Total RNA from murine embryo and
adult tissues was a gift from L. Benjamin. RNAs were fractionated on formaldehyde gels and hybridized to [32P] -labelled BIN1
cDNA probes62.
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Abstract

BIN1 is a putative tumor suppressor that was identified through its interaction with the
MYC oncoprotein. To begin to identify elements of BIN1 whose alteration may contribute to
malignancy, we cloned and characterized the human BIN1 gene and promoter. Nineteen exons
were identified in a region of >54 kb, six of which were alternately spliced in a cell type-specific
manner. One alternately spliced exon encodes part of the MYC-binding domain, suggesting that
splicing controls the MYC-binding capacity of BIN1 polypeptides. Four other alternately spliced
exons encode amphyphysin-related sequences that were included in brain-specific BIN1 species,
also termed amphiphysin isoforms or amphiphysin II. The 5' flanking region of BEN1 is GC-rich
and lacks a TATA box but directs transcriptional initiation from a single site. A -0.9 kb fragment
from this region was sufficient for basal transcription and transactivation by MyoD, which may
account for the high levels of BIN1 observed in skeletal muscle. This study lays the foundation
for genetic and epigenetic investigations into the role of BIN1 in normal and neoplastic cell
regulation.

Wechsler-Reya et al.
Introduction

The identification of tumor suppressor genes in solid tumors is a major goal of cancer
research. BIN1 is a novel MYC-interacting protein that has features of a tumor suppressor in
certain carcinomas, including those of the breast, liver, cervix, and prostate (1). BIN1 is related to
amphiphysin, a neuronal protein that is a paraneoplastic autoimmune antigen associated with breast
and lung cancer (2,3), and to RVS167, a negative regulator of the cell cycle in yeast (4). Although
widely expressed in normal cells, BIN1 is functionally deleted in -50% of carcinoma cell lines and
primary breast carcinomas examined (1). The human BIN1 gene is located at chromosome 2ql4
(5), within a mid-2q region that is deleted in -42% of metastatic prostate cancers (6). We have
hypothesized that BIN1 is a tumor suppressor whose loss contributes to growth deregulation in
cancer cells. As a prerequisite to examining this hypothesis, the exon organization, exon-intron
boundaries, splice patterns, and promoter of the human BIN1 gene were defined.

Wechsler-Reya et cd.
Materials and Methods

Cloning and analysis. Genomic clones were isolated from a WI-38 diploid fibroblast
XFIX phage library (a gift of L. Showe) using a BIN1 cDNA probe (1). Six phage inserts
designated in Figure 1 were subcloned in pBS+ (Stratagene) and analyzed by extensive restricting
mapping and Southern analysis with BIN1 cDNA probes (1). Large scale sequencing of genomic
DNA tuat hybridized to BIN1 cDNA probes, comprising -20 kb of the >54 kb locus, was
determined using an automated DNA sequencer. The sequence data were assembled manually with
assistance from Mac Vector and AssembLIGN software. Exons and other gene features were
identified and/or confirmed by visual inspection or computer-aided comparison of BIN 1 cDNAs
and ESTs in Genbank, using SIM and ClustalW (pairwise or multiple sequence alignments),
TBLASTN (DNA database comparisons), Matlnspector, and TESS (promoter binding site
identification), accessed through the Baylor College of Medicine Human Genome Center Home
Page on the World Wide Web. The Genbank accession number for BIN1 cDNA is U68485 and
for BEN1 genomic sequences are U83999 through U84004.

RT-PCR. The substrate for RT-PCR was 2 u.g of total cytoplasmic RNA isolated as
described (7). Murine RNAs were a gift of L. Benjamin. Human RNAs were isolated from WI38 fibroblasts, HeLa cells, or Rh30 rhabdomyosarcoma cells that were cultured as described (1).
RNA and 50 pmol oligo-dT (Pharmacia) were added to diethylpyrocarbonate (DEPC)-treated water
(final volume 11 uJ), heated 4 min at 70°C, and quenched on ice. RT reactions (20 u.1) was
prepared by mixing 4 u.1 5X buffer (250 mM TrisHCl pH 8.3/375 mM KC1/15 mM MgCl2), 1 U^l
25 mM dNTPs, 2 (il 0.1 M dithiothreotol (DTT), 1 U RNAse inhibitor, and 100 U Moloney
murine Leukemia Virus (MoMLV) RT (GibcoBRL). This mixture was incubated 1 hr at 42°C,
heated to 94°C for 5 min, and diluted to 100 (il with DEPC-treated water. Ten microliters of the
diluted reaction was used as substrate for 30 cycles of PCR (50 (il) (45 sec 94°C/45 sec 55°C/1
min 72°C) with 0.5U Taq polymerase (Pharmacia) in IX buffer/0.2 mM dNTPs/1.5 mM MgCl2.

Wechsler-Reya et al.
Separate PCR reactions were performed to generate 5' (N-terminus; exons 3-7), midsection (exons
6-11), and 3' (C-terminus; exons 11-16) segments of the BIN1 coding region. For amplifying
products from human BIN1 message (1), the 5' and 3' primer pairs used were as follows. For the
5'

(N-terminus)

product,

AAGGATCTCCGGACCTACCT

CACATTCATCTCCTCAAACACC

(cT7/ext)

and

(ptx7cc); for the midsection product,

TGAAGCCAAAATTGCCAAGGC (dT3/ext) and TGGCTGAGATGGGGACTTG (5ATG99);
and

for

the

3'

(C-terminus)

GGAGAATTCGCGATGCCTGCAAAAGGGAACAAGAGC

product,
(99Fsp)

and

GGACTCGAGTCATGGGACCCTCTCAGTGAAGTTC (99SH3anti). For amplifying products
from murine BIN1 message (8), the 5' and 3' primer pairs used were as follows. mNTsenl (5CAGTGCGTCCAGAATTTC) and mNTantil (5'-AACACCTTCTGGGCTTTG); mMIDsenl (5'AAGCCCAGAAGGTGTTCGAG) and m5ATG99 (5'-TGGCTGAGATGGGGACTT); and
mCTsenl

(5'-CTGAGATCAGAGTGAACCATG)

and

mCTantil

(51-

CACCCGCTCTGTAAAATTC). Products were fractionated on agarose gels, blotted, and
hybridized, or isolated and subcloned for DNA sequencing.

Primer

extension.

Three

pmol

of

the

oligonucleotide

primer

ACAGCGGAGCCAACTGAC (PEprimer#2) end-labeled with y^P-ATP was annealed to 10 (ig
of WI-38 total cytoplasmic RNA for 12 hr at 58°C in hybridization buffer (40 mM PIPES pH 6.4,
1 mM EDTA, 0.4 M NaCl, 80% formamide). The annealed RNA was ethanol precipitated and
resuspended in 20 jil RT reaction buffer (see above) plus 50 ug/ml actinomycin D (BMB). The
reaction mixture was incubated 1 hr at 42°C and stopped by the addition of sequencing gel loading
buffer. A standard a35S-dATP DNA sequencing reaction was performed with the same primer
using clone p31.2 as the template (see Figure 1). The primer extension and sequencing products
were cofractionated on a 12% DNA sequencing gel and autoradiographed for 15 min (extension
reaction) or overnight (sequencing reaction).
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Transcription assays. pGL-Bgl was generated by subcloning a 886 Bgl II fragment
including proximal 5' flanking sequences from p31.2 into the luciferase reporter plasmid pGL2Basic (Promega).

The hosts for transfection, C2C12 cells or IOT1/2 cells (a gift of D.

Goldhamer), were cultured in DMEM containing 15% fetal calf serum and penicillin/streptomycin.
Cells (4 x 104 per 60 mm dish) were transfected (9) with 5 jig pGL-Bgl or pGL2-basic, 4.5 jig
pSK+ (Invitrogen), and 0.5 |ig CMV-ßgal. For MyoD activation, a murine MyoD expression
construct under control of the ßactin promoter (a gift of D. Goldhamer) was substituted for pSK+.
Cells were harvested and processed for luciferase activity two days post-transfection using a
commercial kit (Promega).
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Results

BIN1 gene structure and exon-intron organization. A physical map of the human
BIN1 gene was constructed from a set of phage clones isolated from a WI-38 diploid fibroblast
genomic library (see Figure 1). To identify exons and exon-intron boundaries, the DNA sequence
determined from six genomic segments (GenBank accession numbers U83999 through U84004)
was compared to BIN1 cDNA sequences from several sources, including the original BIN1 clone,
RT-PCR products from human RNAs, and the DNA database (1,8,10-12). With the exception of
exon 1, all exons were located within a -38 kb contig. An additional noncontiguous clone
contained exon 1 and 5' flanking sequences, with the latter extending ~3 kb upstream of the RNA
cap site (see below). Given the structure of this clone, the size of intron 1 would be inferred to be
at least 17 kb. Thus, we concluded that the human BIN1 gene spanned a minimum of 54 kb.

The DNA sequence of each exon and proximal introns are shown in Figure 2. Based on
the characteristics they encode, the BIN1 exons can be grouped into four sets, termed the BAR
(Binl/Amphiphysin/Rvsl67-related), unique, brain-specific, and protein-protein interaction sets,
respectively. Exons 1-8 encode the BAR domain of BIN1 (1). In this group, exon 1 included a
different 5' UTR and N-terminal coding sequence (MAEMGSKG) compared to the original BIN1
cDNA (MLWNV) (1). The genomic sequence was judged to accurately represent the 5' end of the
BIN1 mRNA, because (i) expressed sequence tag (EST) and cDNA sequences identical to the
genomic but not the 5' BIN1 cDNA sequence were present in the DNA database; (ii) cDNAs
whose structure matched the original cDNA clone could not be identified by RT-PCR in any tissue;
and (iii) the 5' end of the cDNA was found to contain an inversion of 64 bp derived from the
middle of the cDNA (previously missed because the inversion fortuitously contained a translation
initiation site). Exons 9-11 encode a unique region of BIN1 that is functionally undefined and
unrelated to amphiphysin and RVS167. The unique-1 (Ul) and unique (U2) regions are encoded
by exons 9 and 11, respectively, separated by a nuclear localization-like motif encoded by exon 10.
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Exons 12A-12D encode amphiphysin-related sequences that were not found in the original BIN1
cDNA (see Figure 2B). These exons are spliced into larger isoforms of BIN 1 message detected in
brain and muscle, alternately termed amphiphysin isoforms or amphiphysin II (1,10-12) (see
below). Exons 13-16 encode the C-terminal region of BIN 1 implicated in protein-protein
interactions. Exons 13-14 and 15-16 encode the Myc-binding domain (MBD) and the Src
homology 3 (SH3) domain, respectively, the latter of which is also a feature of amphiphysin and
RVS167(lT

Alternate splicing of BIN1 RNA. To examine patterns of BIN1 splicing, RT-PCR
was performed using RNAs isolated from three human cell lines, WI-38 diploid fibroblasts, HeLa
cervical carcinoma, and Rh30 rhabdomyosarcoma (a muscle tumor line). The observations in
human cells were extended using RNAs isolated from a set of normal murine tissues. All cells and
tissues examined were previously shown to express BIN1 RNA by Northern analysis (1).
Oligonucleotide primers derived from BIN1 sequences were used for RT-PCR of fragments
spanning exons 3-7 (5' end), 7-11 (midsection), and 11-16 (3' end). For analysis of murine
RNAs, oligonucleotide primer sequences were derived from the sequence of SH3P9, a murine
BIN1 cDNA (GenBank accession U60884; ref. 8). Products from these reactions were
fractionated on agarose gels, blotted, and hybridized to a BIN 1 cDNA probe, or subcloned and
sequenced.

-Amplification of the 5' end of BIN1 yielded a single product in all cell lines examined,
indicating this region was not subjected to alternate splicing in these cells. In contrast,
amplification of the central and 3' regions revealed several alternate splicing events. In the central
region, two products of similar abundance were observed in WI-38 fibroblasts that differed in the
presence or absence of exon 10 sequences. Messages including exon 10 sequences were not
detected in BIN1 messages from any of the other tissues or cell lines examined, suggesting this
splice form was relatively uncommon and thus regulated. Amplification of the 3' end revealed
8
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additional splice forms. Two products of similar abundance were detected in all cell types which
differed in the presence of exon 13 sequences, which encodes part of the Myc-binding domain
(MBD) (1,13). The coordinate appearance of each species suggested that exon 13 was alternately
spliced but in a unregulated fashion. Additional species that included sequences derived from
exons 12A-12D were detected in murine brain (E9.5 RNA also included one of these species).
Interestingly, while exon 12A-12D sequences were not detected in any other normal murine
tissues, exon 12A was included in RNA species in each of the established human cell lines. It was
unclear whether the difference in exon 12A splicing reflected tissue-specific regulation, cell line
establishment, or neoplastic transformation. Nevertheless, taken together with the brain-specific
events, this observation suggested that splicing of exons 12A-12D was uncommon in most tissues
and thus may be regulated.

To determine which combinations of exons appeared in various BIN1 RNAs, we
performed RT-PCR using exon 9 and 16 primers (which span all the alternately spliced exons) and
subcloned and sequenced the products. We confined this analysis to RNAs isolated from WI-38
and HeLa cells, where exons 10, 12A, and 13 are alternately spliced, to focus on the events in
proliferating rather than postmitotic cells. The results, which are summarized in Figure 3B,
showed that seven of the eight RNA species theoretically possible in these cell lines were in fact
generated (the one that was not detected was the -10+12A-13 species). We concluded that exons
10, 12A-12D, and 13 of BIN 1 were alternately spliced and that splicing of exons 10 and 12A-12D
splicing was likely to be regulated.

Definition of 5' flanking sequences sufficient for basal transcription and
MyoD activation. Definition of the BIN1 promoter was of interest for two reasons. First,
previous work suggested that epigenetic mechanisms might underlie the loss of BIN1 expression
in breast tumor cells (1). Therefore, characterization of the BIN1 promoter would permit an
examination of tumor DNA for alterations in DNA methylation or transcription factor interactions
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which might account for loss of expression. Second, we have observed previously that BIN1 is
expressed at high levels in skeletal muscle and murine C2C12 myoblasts (1,14). For this reason,
we predicted that the BIN1 promoter might be activated by MyoD, a master regulator of muscle cell
differentiation (15).

In order to identify the BIN1 promoter, it was first necessary to pinpoint the site(s) of
transcription initiation. To this end, primer extension analysis was performed on RNA from WI38 diploid fibroblasts. By comparing the genomic sequence to that of a murine BIN1 cDNA (8),
which has a long 5' UTR, a primer that was likely to hybridize within 100 nt of the RNA cap site
was chosen. RT-mediated primer extension yielded a 33 nt product (see Figure 4). Together with
the DNA sequence of the 5' flanking region generated by this primer, we were able to map the 5'
end of BIN1 RNA in WI-38 cells to the guanine residue designated +1 in Figure 5.

Determination of the genomic sequence upstream of the RNA cap site indicated that the 5'
flanking region was GC-rich and lacked a TATA box but contained a consensus binding site for
TATA-binding protein (TBP) at -79 (see Figure 5). Supporting the possibility that MyoD may
regulate BIN1, a consensus recognition site for MyoD was located at -238. Consistent with a
possible promoter function, computer search algorithms identified consensus sites for several other
transcription factors in this region (data not shown). Finally, among the 694 nucleotides upstream
of exon 1, -18% were composed of CpG dinucleotides, indicating the presence of a CpG island
typical of many TATA-less promoters. These observations suggested that the 5' end of the BIN1
gene we cloned might contain a functional promoter.

The transcriptional potential of the 5' flanking region was tested in a transient transfection
assay. An 886 bp Bgl II restriction fragment was cloned into the luciferase reporter plasmid
pGL2-Basic, allowing transcription to be initiated at the BIN1 cap site. The resulting plasmid,
pGL2-Bgl, was transfected into C2C12 myoblasts, which express high levels of endogenous Binl
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RNA (14). As shown in Figure 5C, within two days after transfection, pGL2-Bgl exhibited -100fold greater activity that the control plasmid pGL2-Basic (see Figure 6A).

To determine whether pGL2-Bgl included sequences that were sufficient for regulated
expression, the plasmid was introduced with or without a MyoD expression vector into IOT1/2
fibroblasts (which do not express MyoD but in response to it differentiate into myoblasts). As a
positive control for MyoD responsiveness, a second set of transfections used a luciferase reporter
driven by a mutated ornithine carboxylase promoter (ODCASmut-luc) containing a MyoD E box
response element (J. Cleveland, unpublished results). We observed that the activity of both
reporters was increased up to ~7-fold the basal level by MyoD cotransfection (see Figure 6B). The
effect was dose-dependent because higher ratios of MyoD:reporter plasmids increased reporter
activity. We concluded that the 5' flanking sequences of the BIN1 gene constituted a promoter
sufficient for directing transcription in myoblasts.
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Discussion

We have characterized the structure and some of the regulatory features of the human BIN1
gene. Nineteen exons were identified within a >54 kb region of DNA previously mapped to
chromosome 2ql4 (5). The primary BIN1 transcript was found to be extensively spliced,
resulting in at least seven different species in proliferating cells and an even larger number in
postmitotic cells of the brain. Characterization of the BIN1 promoter defined a region sufficient to
direct inducible transcription in muscle cells, where BIN1 is highly expressed. Thus, BIN1 is
subjected to tissue-specific regulation at the levels of transcription and splicing.

Exons 10 and 13 were two of the three exons found to be alternately spliced in proliferating
cells. Exon 10 splicing was relatively uncommon, since it appeared only in messages from WI-38
in addition to skeletal muscle (the source of the original BIN1 cDNA). Exon 10 encodes a basic
amino acid-rich region that closely resembles a nuclear localization signal (NLS). However, this
region may not act as an NLS because we have observed recently that its presence is neither
necessary nor sufficient for nuclear localization (14,16). Therefore, exon 10 splicing probably has
other implications. Exon 13 splicing was ubiquitous but apparently unregulated, since an
approximately similar quantity of+13 and -13 RNA species were detected in all cells examined.
Since this exon encodes a significant part of the MBD, it is likely that its alternate splicing affects
the MYC-interacting potential of BIN 1. Taken together, an interesting implication of our results is
that there"are two classes of BIN1 polypeptides that exist in cells, one that can interact with MYC
and one that can not.

Four exons identified in this study, 12A-12D, were not included in the original BIN1
cDNA but were detected by RT-PCR in a subset of messages in brain. The existence of brainspecific exons was suggested previously by Northern analysis, which revealed a larger message(s)
in brain in addition to the ubiquitously expressed smaller species (1). Our findings confirmed
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those of others who have recently identified exon 12A-12D sequences in brain and muscle cDNA
species, alternately termed amphiphysin isoforms or amphiphysin-II (10-12). Another cDNA
species identified by these workers imply the presence of an additional 93 bp brain-specific exon in
intron 6 (which is unrelated to amphiphysin or RVS167); however for unknown reasons we were
unable to confirm its presence in the expected location either by RT-PCR or direct DNA
sequencing. Exons 12A-12D encode sequences related to amphiphysin, so their introduction
would be expected to increase the amphiphysin-like character of BIN1. Alternate splicing of exon
12A-12D in a subset of brain messages may therefore provide a mechanism to augment or vary
certain amphiphysin functions in neurons, while retaining BIN1 functions in the same cell.

Interestingly, we found that exon 12A was spliced into a subset of messages in the human
cell lines WI-38, HeLa, and Rh-30, but not into messages in normal nonneuronal tissues. The
significance of exon 12A splicing in these cells is unclear. However, since we did not detect the
+12A-13 isoform in cells, an interesting possibility is that +12A and -13 isoforms are functionally
redundant (that is, they each lack the ability to interact with and inhibit the oncogenic properties of
MYC). If so, the appearance of +12 isoforms in WI-38 and HeLa cells may reflect an aberrent
splicing event that relieves MYC down regulation by BIN1 (1), thereby promoting immortalization
or establishment. In general, the extensive splicing we have documented in BIN1 opens the
possibility that splice site mutations or altered splicing via epigenetic mechanisms may be germane
to tumorigenesis. Two important goals of future work will be to (i.) assess the activities of
different splice forms of BIN1 for MYC interaction, cell localization, and inhibition of neoplastic
cell growth, and (ii.) determine whether there are altered splice patterns in tumor cells that could
compromise the growth inhibitory activity of BIN 1.

The BIN1 promoter is characterized by a high CpG content but otherwise exhibits the
features of a housekeeping promoter. We showed that the muscle determination factor MyoD can
upregulate the BIN1 promoter and identified an E box site that might mediate MyoD-induced
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activation. Transcriptional activation by MyoD and/or other helix-loop-helix proteins may
contribute to the strong upregulation of BIN 1 levels in differentiated neurons and muscle cells
(1,10). Since the BIN1 promoter is rich in CpG residues, it is highly susceptible to the alterations
in CpG methylation status which are common in cancer cells and which form the basis for loss of
some tumor suppressors such as pl6INK4 in lung cancers (17). Other mechanisms by which
promoter activity might be altered in cancer cells include genetic mutations or epigenetic changes in
the activity of transcriptional regulatory factors. The stage is now set to determine the basis for the
frequent loss of BIN1 expression in certain solid tumors such as breast carcinoma (1).
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Figure Legends

Figure 1.

Physical map of human BIN1 gene.

Exons are numbered and shaded to

indicate their relative coding position within the BIN1 polypeptide. BAR, Ul, NLS, U2, MBD,
and SH3 represent the Bin/Amphiphysin/RVS167 homology region, unique-1 region, nuclear
localization motif, unique-2 region, MYC-binding domain, and Src homology-3 domain,
respectively (1,16). Ul and U2 are functionally undefined sequences which are unique to BIN1
and not conserved in amphiphysin or RVS167. Exons 12A-12D were absent from the original
BIN1 cDNA but were detected in brain-specific messages by RT-PCR, sequence analysis, and
database comparisons (see text). The triangle above the BIN1 polypeptide diagram indicates the
position where residues encoded exons 12A-12D are inserted. The dark hatched bar above exon 1
depicts the 886 bp Bgl II promoter fragment analayzed in this study. Dashed lines represent the
inserts of various phage clones.

Figure 2. Exon-intron structure. (A.) Exon and proximal intron sequences. The figure is
read left to right, with complete exons shown in the left panel and introns following each shown in
the right panel. Register is 50 bp per line. Sizes of intron gaps noted are exact, if sequenced;
otherwise estimated from restriction mapping. (B.) Similarity between exon 12A-12D and
amphiphysin sequences. Alignment of the predicted open reading frames of BIN 1 exons with aa
298-239 of human amphiphysin (18).

Figure 3.

Alternate splicing of exons 10, 12A-12D, and 13. (A.) RT-PCR.

Human

cell lines (top panel) and normal murine tissues (bottom panel) were analyzed. Total cytoplasmic
RNA was isolated and used as template for RT-PCR as described in the Materials and Methods.
Products were fractionated on 1.5% agarose gels, stained with ethidium bromide, and
photographed. The exons present in the PCR bands was confirmed by DNA sequencing. (B.)
Summary of BIN 1 splice products. Splice forms identified in WI-38 and HeLa cells are depicted.
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The relative location of the PCR products within the BIN1 cDNA are illustrated at the bottom of the
figure; the 5' product includes exons 3-7; the midsection product, exons 7-11; and the 3' product,
exons 11-16. Exons 10 and 13 but not 12A were included in the original BIN1 cDNA isolated
from muscle cells (1).

Figure 4. RNA cap site mapping. Primer extension using WI-38 RNA was performed as
described in the Materials and Methods. A DNA sequencing reaction was performed in parallel
using the same primer and genomic clone p31.2 as template. The two panels are from different
exposures of the same autoradiograph.

Figure 5. Structure of the 5' flanking region. The DNA sequence of the 886 bp Bgl IIBgl II promoter fragment noted in Figure 1 is presented. The RNA cap site is indicated by +1;
exon 1 is shown in upper case letters. Single underlining indicates the antisense sequence of the
oligonucleotide used for the primer extension experiment. Double underlining indicates a potential
binding site for TBP at -79, identified by Matlnspector (19), and a single E box consensus binding
site for MyoD at -237, identified by visual inspection.

Figure 6.

Promoter activity of 5' flanking sequences. (A.) Basal transcription.

C2C12 cells were transfected with 5 u.g of the luciferase reporters indicated and processed 48 hr
later as described in the Materials and Methods. pGL2-Basic is the no insert control vector. pGLBgl contains the -0.9 kb Bgl II-Bgl II fragment whose sequence is shown in Figure 5.

(B.)

MyoD activation. IOT1/2 cells were transfected and processed as above except that the transfected
DNAs included the indicated amounts of a MyoD expression vector. ODCAmut-luc is a positive
control reporter for MyoD responsiveness (see text). The data represent the average of two trials.
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EXON
G»CGCTCCGCCTCCGTCAGTTGGCTCC3CTGTCGGGTTGCGCGGCGTGG
CGCGCAAGATCTCTCCCCGCGCGAGAGCGGCCCTTGCCACCGGGCGAOSC
CTGCGCCGOaiGGCÄGAGAJIEGGCAGTAAAGGGGTGACGGCGGGAAAGA
TCGCCÄGCAACGTGCAGAAGAAGCTCACCCGCGCGCAGGAGAAG
GTTCTCCAGCAGCTGGGGAAGGCAGATGAGACCAAGGATGAGCAGTTTGA
GCÄGTGCGTCCAGAATTTCAACAAGCAG

3

CTGACGGAGGGCACXCGGCTGCAGAAGGATCTCCGGACCTACCTGGCCTC
CGTCAAAG

4

CC^TGCACGAGGCrPCCAAGAAGCTGMTGAGTGTCTGCAGGAGGTGTAT
GAGCCCGATTGGCCCGGCAGGGATGAGGCAAACAAGATCGCAGAG

5

AACAACGACCTGCTGTGGATGGATTACCACCAGAAGCTGGTGGACCAGGC
GCTGCTGACCÄTGGACACGTACCTGGGCCAGTTCCCCGACATCAAG

6

TCACGCATTGCCAAGCGGGGGCGCAAGCrrGGTGGATACGACAGTGCCCGG
CACCÄCTACGAGTCXKTTCAAACTGCCAAAAAGAAGGATGAAGCCAAAAT
TGCCAAG
GCCGAGGAGGAGCTCATCAAAGCCCAGAAGGTGTTTGAGGAGATGAATGT
GGATCTGCAGGATGAGCTGCCGTCCCTGTGGAACAG

7
8

CCGCGTAGGTTTCTACGTCAACACGTTCCAGAGCATCGCGGGCCTGGAGG
AAAACTTCCACAAGGAGATGAGCAAG

9

CTOACCAGAACCTCAATGATGTGCTGGTCGGCCTGGAGAAGCAACACGG
GAGCAACACCTTCACGGTCAAGGCCCAGCCCAG

10

AAAGAAAAGTAAACTOTTTTCGCGGCTGCGCAGAAAGAAGAACAG

11

TGACAACGCGCCTGCAAAAGGGAACAAGAACCCTTCCGCCTCCAGATGGC
TCCCCTGCCGCOkCCCCCGAGATCAGAGTCAACCACGACCAGAGCCGGCC
GGCGGGGCCACGCC03GGGCCÄCCCTCCCCAAGTCCCCATCTCAG
CTCCGGAAAGGCCCACCAGTCCCTCCGCCTCCCAAACACACCCCGTCCAA
GGAAGTCAAGCAGGAGCAGATCCTCAGCCTGTTTGAGGACACGTTTGTCC
CTGAGATCAGCGTGACCACCCCCTCCCAG
TTTGAGGCCCCGGGGCTTATCTCGGAGCAGGCCAGTCTGCTGGACCTGGA
CTTTGACCCCCTCCCGCCCGTGACGAGCCCTGTGAAGGCACCCACGCCCT
CTGGTCAG
TCAATTCCATGGGACCTCTGGGAG

12A
12B
12C
12D
13
14
15
16

CCCACAGAGAGTCCAGCCGGCAGCCTGCCTTCCGGGGAGCCCAGCGCTGC
CGAGGGCACCTTTGCTGTGTCCTGGCCCAGCCAGACGGCCGAGCCGGGGC
CTGCCCAA
CCAGCAGAGGCCTCGGAGGTGGCGGGTGGGACCCAACCTGCGGCTGGAGC
CCAGGAGCCAGGGGAGACGGCGGCAAGTGAAGCAGCCTCC
AGCTCTCTTCCTGCTGTCGTGGTGGAGACCTTCCCAGCMCTGTGAATGG
CACCGTGGAGGGCGGCTGTGGGGCCGGGCGCTTGGACCTGCCCCCAGGTT
TCATGTTCAAG
GTACAGGCCCAGCACGACTACACGGCCACTGACACAGACGAGCTGCAGCT
CAAGGCTGGTGATGTGGTGCTGGTGATCCCCTTCCACAACCCTGAAGAGC
AG
GATGAAGGCTGGCTCATGGGCGTGAAGGAGAGCGACTGGAACCAGCACAA
GAAGCTGGAGAAGTGCCGT«X^3ICITCCCCGAGAACTTCACTGAGAGGG
TCCCAJSACGGCGGGGCCCAGGCAGCCTCaSGGCGTGTGAAGAACACCTC
TTTTGAAGAGCAAAGGGAAATCAAGAGGAGACCCCCAGGCAGAGGGGCGT
TCTCCCAAAGTTTAGGTCGTTTTCCAAAGAGCCGCGTCCCGGCAAGTCCG
GCGGAATTCACCAGTGTTCCTGAAGCTGCnXnCT^CTCTAGTTGAGTTTC
TGGCGCCCCTGCCTCTGCCCGCATGTGTGCCTGGCCGCAGGGCGGGGCTG
GGGGCTGCCGAGCCACCATACTTAACTGAAGCTTCGGCCGCACCACCCGG
GGAAGGGTCCTCTTTTCCTGGCAGCTCCTGTGGGTGGGGCCCAGACACCA
GCCTAGCCTGCTCTGCCCCGCAGACGGTCTGTGTGCTGTTTGAAAATAAA
TCTTAGTGTTC

INTRON
gtgagcgagccggagccccagcagccgcggagtcccagccgccgcggagc
...intron 1 (217 kb)...
cactntcctttccaaggtaacactctccccttctctntnggnttcggcag

attggtgagtgtgggtggcccttggccttagggagtttgtgaaaattcgg
...intron 2 (-5 kb)...
ggactgggtgtgccaccagtccctgacctggtccttgtccttctctttgc
gtagggaggcaggcagaagcgcacctggcccgtgtagagctggtgggtgc
...intron 3 (16 bp)...
ggacaagcgctatcagtgggaggcccacatacttoctttctgccccacag
gtgagcatgggacaggtgggcctgcccttctcagagggccctctggtctc
...intron 4 (362 bp)...
ggtgtggcccagccctcctggtggcactgtcgtgctcttgcctgtctcag
gtgagagacccacttgcagatctgccctgctctggcctggagggaactgg
...intron 5 (769 bp)...
ctcagcaggggtgccaggccccgcttagtgccctcctctgtctgccccag
gtaagggctggaggcgggtcggggcagcgtctgcagggggctgagagagg
...intron 6 (-3.5 kb)...
gggctggctgggacgcccaacagaggggaatgacccgtgctgccccccag
gtgaggcccggcacggtgcccagcctgcgtggggcagtgtccagtctgcg
...intron 7 (186 bp)...
tgtcctgacctgcctgttcacctggcccccatccttccgcccttctgtag
gtaggccatggggacccctctgaggggccacaccccaccctggccgaggg
...intron 8 (1275 bp)...
ccgtttggtggccttggaggccccccacctcctcactgtctctcctgcag
gtgcgtgcggggagagccctggcgcccctgactgtgtgcacggcaggggc
...intron 9 (1373 bp)...
cctggcctttctccagaatgaaggcctccacctcccgtccgtccccacag
gtaccggcagtgagtgctgcgggaggggcgcagaggcccgcgccctggct
...intron 10 (1339 bp)...
tgtgccttggccccccaacactgggctccctttcttgtcctcccccacag
gtagggagngaagttttggtagaaggtcccaagccntccatcnatntcgt
...intron 11 (1408 bp)...
gctctgctgtgccttcccgcgcggcccctcacccgccgccgacccacagc
gtcagccgcggccgccgcggcccagctctcctctcttcctgccctctcag
...intron 12A (-4 Kb)...
ccagcttaacactaactgcttcctcctctgctgctgctgctgctgccaag
gttggttgtgcccaccactgcccatgggcccaccagcttccaggtgccca
...intron 12B (460 bp)...
tctctaacctctgtgctaactgtccttctcgccctcactgctgcgctcag
gttaagctgcactctgctctttgtccaccccctgggggaaccactctttc
...intron 12C (1062 bp)...
ccccggcctccccgccccctccctgttctctcctcgtggcctgttaccag
gtaagtgcccacctccagcccctgtctggcttgtccccagtetctagggg
...intron 12D (1012 bp)...
tggctgtgtcctgtcctgtgtctgaccccaagccggcatttatgttgcag
gtaagacagcagggacaaagccctgccttttcctccctgccgcccgcctg
...intron 12 (142 bp)...
tgtccttggaccaccttccctgctcagctgacccgtacctctgccaccag
gtgagcccacagcctctgactgctgcagtccctcggtgccctggtgggca
...intron 13 (179 bp)...
gggctggaggtgggacggaaggtctgacttgcgatccgcatcctctgcag
gtgagggctgggtggggcccccacaccncanggggaccaccnngcatcct
...intron 14 (1687 bp)...
gggtgganccccttgctcatccctgtgcgacctgntgctctgcccctcag
aaaacaaaatgaaacaaaaaaaaaatgataaaaactctcagaaaacgtgt
gtgtatttgttctccctcttcttgtccgtgagtgcggatggaaccgtgtn
atctgtggctttcttactgagatggtctgcccccgaaggcccgctgccct
gncgctggtgcaccacagggcttcaccccctgtcccctggggttcttagg
ggtggtcacctggangtcanggactgggggcttgggttaaggggcttggc
cacccatctcttgtcccanaaatcttgctnactgcccccctaact
...3'
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agatctcgttcctcgatcccggcgcgttggttgtaaagtaggaacagtaatagcacctacctctagggccacggagaccg

-695
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-615
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Abstract

BIN1 interacts with the N-terminal region of the MYC oncoprotein and has features of a tumor
suppressor. BIN1 inhibits cell transformation by MYC but also by adenovirus El A, and, as shown
here, by mutant p53. In this report, we demonstrate that BENl inhibits MYC transactivation and we
identify regions of BIN1 needed to suppress cell growth via both MYC-dependent and MYCinde^f.ident mechanisms. Similar to its requirement for inhibiting MYC transformation, BIN required
its MYC-binding domain (MBD) to inhibit transactivation of ornithine decarboxylase, a physiological
MYC target gene. Experiments in which BIN1 was fused to the DNA binding domain of the yeast
transcription factor GAL4 suggested that BIN1 acts as an adaptor to recruit a repression function(s).
Rat embryo fibroblast (REF) cotransformation and HepG2 tumor cell growth assays were used to
define functionally important regions outside of the MBD. An N-terminal region termed BAR-C was
crucial to inhibit MYC transformation but was also needed to efficiently inhibit El A transformation. A
second region located between BAR-C and the MBD, termed Ul, was crucial for inhibiting E1A or
mutant p53, but largely dispensible for inhibiting MYC. Finally, although dispensible elsewhere,
BINl's C-terminal SH3 domain was required to inhibit transformation mutant p53. In HepG2 cells,
the MBD was essentially dispensible but BAR-C, Ul, and SH3 were each important for efficient
growth suppression. We concluded that BIN1 can inhibit the transactivating properties of MYC and
can suppress cell growth through at least three mechanisms, two of which are MYC-independent.

Introduction

MYC is a central regulator of cell proliferation and apoptosis that is frequently activated in
human malignancy (reviewed in Cole, 1986; Evan et al., 1995; Henriksson and Liischer, 1996;
Prendergast, 1997). In normal cells induced to divide, MYC levels rapidly increase and remain
elevated, indicating it is required continuously for cell growth. Deregulated expression of MYC is
sufficient to drive cells into the cell cycle and prevents cell cycle exit. Conversely, suppression of
MYC blocks mitogenic signals and can contribute to terminal differentiation. MYC can also induce
apoptosis, an activity which is manifested in normal cells where its expression is uncoupled from other
cell cycle regulatory events. This feature is intriguing insofar as it may present an Achilles heel in
tumor cells that contain deregulated MYC. The oncogenic properties of MYC are believed to be a
consequence of its ability to act as a transcription factor. However, the exact mechanism underlying its
action is not yet clear.

In an effort to address this issue, we previously identified a cellular polypeptide, BIN1, which
interacts with the putative transcriptional regulatory domain of MYC (Sakamuro et al., 1996). The
interaction depends upon the integrity of the so-called MYC boxes, two evolutionarily conserved
segments which are necessary for both cell transformation and apoptosis. A role for BIN1 in
controlling cell growth and cell cycle transit has been suggested by several observations. First, BIN1
inhibits cell transformation by MYC but also by adenovirus E1A (Sakamuro et al., 1996). Second,
BIN1 is related to amphiphysin, a neuronal protein which is the autoimmune target of paraneoplastic
disorders associated with breast and lung cancer (David et al., 1994; Dropcho, 1996), and RVS167, a
negative regulator of the cell cycle in yeast (Bauer et al., 1993). Third, although widely expressed in
normal cells, BIN is poorly expressed or undetectable in -50% of carcinoma cell lines and primary
breast carcinomas examined (Sakamuro et al, 1996). Fourth, deficits in expression are functionally
significant, because ectopic BIN1 can inhibit the growth of tumor cells which lack endogenous
expression (Sakamuro et al., 1996). Finally, the human BIN1 gene has been mapped to chromosome

2ql4 (Negorev et al., 1996), within a mid-2q region that is deleted in -42% of metastatic prostate
cancers (Cher et al., 1996), and at the syntenic murine locus, a site deleted in >90% of radiationinduced myeloid leukemias (Hayata et al., 1983).

We investigated the effects of BIN 1 on MYC transactivation and defined the regions of BIN 1
required to inhibit oncogene-mediated cell transformation or tumor cell growth. The data support a
potential physiological link between BIN1 and MYC by showing that BIN1 can affect the"
transcriptional as well as the oncogenic properties of MYC. Furthermore, the results establish a
broader role for BIN1 in cell growth regulation and delineate the regions needed to block cell growth
through at least three mechanisms, only one of which is MYC-dependent.

Results

Construction and expression of BIN1 deletion mutants. To begin to define BIN1
functional regions, we generated a set of deletion mutants in p99f, a full-length BIN1 cDNA
(Sakamuro et al., 1996). BAR-C and SH3 domain deletions encompass terminal regions of BIN 1 that
are structurally related to the neuronal protein amphiphysin and to the yeast cell cycle regulator
RVS167. BAR-C represents the C-terminal half of the N-terminal BAR region, whose nomenclature
reflects the homology with these proteins. The SH3 domain is located at the C-terminus, immediately
adjacent to the MBD, and is dispensible for interaction with MYC (Sakamuro et al., 1996). Several
deletions encompassed parts of the central region which is not conserved in amphiphysin or RVS-167.
These parts include the unique-1 (Ul) region, a nuclear localization signal-like motif (NLS), the MBD,
as initially defined (aa 270-389), or subsections of the MBD, including aa 270-288, aa 270-315 (also
refered to as the unique-2 (U2) region), and aa 323-356. To confirm expression of mutant
polypeptides, extracts from metabolically labeled COS cells transfected with vectors for each were
processed for immunoprecipitation with 99DEFI, a mixture of four anti-BINl monoclonal antibodies
(Wechsler-Reya et al., 1997a). The apparent and predicted MWs of the mutants did not coincide in

each case because of the presence of a determinant for aberrent gel mobility that maps to the MBD
region (Sakamuro et al., 1996). However, each mutant was observed to accumulate as efficiently as
full-length BIN 1 (see Figure 1).

BIN1 inhibits transactivation of ornithine decarboxylase by MYC in an MBDdependent manner. We previously showed that BIN1 interacted with MYC and inhibited its
oncogenic activity (Sakamuro et al., 1996). The interaction requires the presence of Myc boxes 1 and
2,' two N-terminal segments which are crucial for the biological functions of MYC (Henriksson and
Liischer, 1996; Prendergast, 1997). Because the Myc boxes are part of the putative transactivation
domain (TAD) of MYC (Kato et al., 1990), we investigated the ability of BIN1 to affect MYC
activation of ornithine carboxylase (ODC), a well-characterized physiological target gene (BelloFernandez et al., 1993; Wagner et al., 1993; Tobias et al., 1995; Packham and Cleveland, 1997) that
has been implicated in cell transformation, tumorigenesis, and apoptosis (Auvinen et al., 1992;
Moshier et al., 1993; Packham and Cleveland, 1994; Shantz and Pegg, 1994; Manni et al., 1995).
The ODC reporter gene used, ODCALuc, includes the 5' end of the murine ODC gene containing 5'
flanking sequences, exon 1, intron 1, and exon 2; intron 1 contains the two E-box CACGTG sites that
are recognized by the physiological MYC/MAX oligomer and that are required for MYC transactivation
(Bello-Fernandez et al., 1993; Packham and Cleveland, 1997). NIH3T3 cells were used as a host for
transient transfection of ODCALuc, a c-MYC expression vector, and expression vectors for BIN1, a
BIN1 mutant lacking the MYC-binding domain (BIN1AMBD), or empty vector. As a positive control
for suppression, we added trials including instead of BIN1 the retinoblastoma (Rb)-related protein
pi07, which has been reported to interact with the MYC TAD and inhibit its activity (Beijersbergen et
al., 1994; Gu et al., 1994). Two days post-transfection, cells were harvested and cell lysates were
prepared and assayed for luciferase activity.

1995). BIN1 and pi07 each reversed this effect (see Figure 1A). The BIN1 inhibition was relieved

by deletion of the MBD, which is both sufficient to bind MYC and necessary to inhibit MYC
transformation (Sakamuro et al., 1996). An augmentation of MYC transactivation by BIN1AMBD
was seen in some trials. To rule out that BINl's inhibitory activity was cell type-dependent, we
compared the effects of BIN1 and BIN1AMBD in HeLa and NIH3T3 cells. We observed a similar
MBD-dependent inhibition in each cell type (see Figure IB). The inability of BIN1AMBD to suppress
MYC activity in these experiments was not due to polypeptide instability nor to general loss of
function*&jcause BIN1AMBD accumulated similarly to wild-type BIN1 in transfected COS cells and
was-also capable of inhibiting E1A transformation ((Sakamuro et al., 1996); and see below). We
concluded that BIN1 inhibited the E box-dependent transactivating activity of MYC in an MBDdependent manner.

BIN1 recruits a repression activity that is sensitive to target gene context. We
were interested in knowing whether BIN1 could inhibit MYC TAD activity outside of a target gene
context, similar to pl07 (Hoang et al., 1995; Smith-Sorensen et al., 1996). In addition, we wished to
distinguish between the possibilities that BIN1 acted passively, by occluding coactivators, or actively,
by delivering a repression function (either intrinsic to BIN1 or mediated by BIN1 interaction). To
address the first issue, we tested whether BIN1 could inhibit the transcriptional activity of a GAL4
chimera, GAL4-MYC( 1-262) (Kato et al., 1990), which includes all of MYC except for the b/HLH/LZ
domain which mediates oligomerization with MAX and physiological DNA binding. To address the
second issue, we generated chimeric DNA binding molecules that could deliver BIN1 to DNA in a
MYC-independent fashion, to see if BIN1 had a repressive quality on its own.

HeLa cells were transfected with the GAL4 reporter gene GAL4-Elb-luc and equivalent
amounts of expression vectors for GAL4-MYC( 1-262) and either BIN1 or no insert. Cell lysates were
prepared two days posttransfection and processed for luciferase activity. In HeLa cells, we observed
that the activity of GAL4-MYC( 1-262) was an average of 2.3-fold greater than unfused GALO.
Notably, BIN1 did not inhibit the activity of GAL4-MYC( 1-262), but instead actually augmented it

approximately 60% (data not shown). Recently, it was reported that the relative transactivation activity
of GAL4-MYC is as much as - 100-fold greater in U20S osteosarcoma cells (Smith-Sorensen et al.,
1996). Therefore, we conducted a similar set of experiments in U20S cells using either ODCALuc
and wt MYC or GAL4-Elb-luc and GAL4-MYQ1-262). In these cells, GAL4-MYC( 1-262) activity
was very high but was readily inhibited by BIN1. However, we could not validate this effect as a
bona fide MYC inhibitory activity, because in U20S we were unable to demonstrate MYC
transactivation of ODC, a physiological target gene. In addition, the inhibitory activity in U20S was
MBD-independent because BIN1 and BIN1AMBD each suppressed GAL4-MYC( 1-262) similarly
(data not shown). Taken together, we interpreted the data to mean that BIN1 might affect transcription
by two mechanisms, but that only one of these may be physiological relevant because it was MBDdependent, linked to a validated MYC activation function, and sensitive to genetic context.

To investigate the basis for transcriptional inhibition, BIN1 was fused in frame to the DNA
binding domain of the yeast transcription factor GAL4, generating GAL4-BIN1. To control for the
potential of the MBD to introduce MYC or MYC-binding coactivators to a GAL4-BIN1 DNA binding
complex, chimeras that lacked the MBD (GAL4-BIN1AMBD) were also tested. HeLa cells were
transfected with the reporter gene GAL4-Elb-luc and equivalent amounts of expression vectors for
unfused GAL4 DNA binding domain (GALO), GAL4-BIN1, or GAL4-BIN1AMBD, and cell lysates
were processed for luciferase activity as before. We observed that full-length BIN1 was essentially
benign but that BIN1AMBD was repressive, exhibiting a ~2.5-fold reduction in activity relative to
GALO (see Figure 2A). This effect was specific because GAL4-BIN1ÄMBD elicited <20% change in
the activity of pGL2-basic, a luciferase reporter gene lacking GAL4 sites (data not shown).

To distinguish between the possibilities that this repressive activity was intrinsic to BIN1 or
was recruited through interactions with BEN1, we asked if the activity could be titered. One would
predict that if the activity was intrinsic, BIN1 would not affect repression by GAL4-BIN1ÄMBD when
included in the transfected DNA. Alternately, if the activity was recruited to the reporter gene through

interactions with BIN1, one would predict that BIN1 would compete for the activity and therefore titer
the repressive effect. In this experiment, we found that BIN1 or BIN1AMBD similarly relieved the
relative inhibitory activity of GAL4-BIN1AMBD (see Figure 2B). Thus, we interpreted the result to
mean that BIN1 was not intrinsically repressive but instead acted as an adaptor for repressive
functions. To map the region(s) of BIN1 required to recruit this function, we cotransfected HeLa cells
with GAL4-BIN1AMBD and various BIN1 deletion mutants and then measured the relative
transcriptional activity. This experiment revealed that a crucial region was the so-called Ul region, a
functionally undefined segment located in the midsection of BIN 1 (see Figure 2C). We concluded that
BIN1 functions as an adaptor for a repression activity and that the integrity of the Ul region is crucial
for the effect.

BAR-C is required with the MBD to suppress MYC transformation. We
previously showed that BIN1 suppresses MYC-dependent focus formation as measured by the RAS
cooperation assay in primary rat embyro fibroblasts (REFs) (Land et al., 1983; Ruley, 1983). To map
regions required for suppressing MYC transformation, REFs were transfected with expression vectors
for MYC, activated RAS, and full-length or mutant BIN1, and transformed cell foci were scored two
weeks later. Consistent with previous results, wild-type BIN1 suppressed focus formation by MYC
~6-fold relative to the empty vector control. Most of the deletion mutants inhibited focus formation as
efficiently as wt BIN1. Notably, the NLS-like motif and the SH3 domain were each dispensible for
inhibition. In contrast, deletion of either BAR-C or aa 323-356, a central MBD segment, relieved
inhibition. The MBD was originally defined as a region located between aa 270-389. However, the
N-terminal segment located between aa 270-315 was dispensible. Thus, the critical part of the MBD
was located to a 66 residue segment between aa 323-389. Because it was dispensible for inhibiting
MYC, we renamed the aa 270-315 region the unique-2 (U2) region (since like Ul it is not conserved
in amphiphysin or RVS167). The inability of BIN1A323-356 or BIN1ABAR-C to inhibit MYC was
not due to instability of the mutant polypeptides, because each accumulated stably in COS cells similar
to wt BIN1 (see Figure 4). Moreover, these mutants did not suffer a general loss of activity (e.g. due

to protein misfolding), because they were able to suppress MYC-independent transformation (see
below). However, consistent a specific lack of activity, exogenous BIN1ABAR-C and BIN1A323356 messages could be detected by Northern analysis of RNA from pools of foci that harvested and
cultured (data not shown). We concluded that BAR-C along with the MBD was required to suppress
MYC transformation.

Ul is crucial and BAR-C is important for suppressing E1A transformation; Ul
and SH3 are both crucial to suppress mutant p53 transformation. We previously showed
that BIN1 could inhibit ElA-dependent transformation of REFs in a manner that was MBDindependent (Sakamuro et al., 1996). This result result implied that, in addition to its ability to inhibit
MYC-dependent growth, BIN1 could also inhibit growth via a MYC-independent mechanism(s). To
further investigate the scope of BINl's inhibitory properties, we tested whether BIN1 could also
inhibit REF cotransformation induced by oncogenic RAS and a dominant inhibitory mutant of p53.
We then proceeded to assay various BIN1 deletion mutants to determine whether there was any
overlap in the regions required to inhibit MYC-independent and MYC-dependent cell transformation.

BIN1 was found to inhibit transformation by mutant p53, as well as by MYC and E1A, but the
domain requirements for each oncogene were different (see Figure 5). Inhibition of focus formation
by mutant p53 was less potent than MYC or El A, with a 3-fold inhibition of mutant p53 seen under
the same conditions relative to a 6- to 7-fold inhibition of the other oncoproteins. While necessary to
inhibit MYC, the MBD was dispensible to inhibit either mutant p53 or El A, indicating a MYCindependent mechanism of action. As before, the NLS-like motif was also dispensible. In strong
contrast, Ul deletion relieved inhibition of either mutant p53 or El A and deletion of SH3 abolished
inhibition of mutant p53. BAR-C was required for efficient inhibition of El A, but the effect of BARC deletion was more subtle compared to the effect of Ul deletion. As before, the lack of activity of
BIN1AU1 and BIN1ASH3 could not be explained by polypeptide instability or a general loss of
activity, since each mutant was able to suppress MYC transformation. However, consistent with a

selective lack of activity, exogenous BIN1AU1 or BIN1AU1 and BIN1ASH3 messages were detected
by Northern analysis of RNA from pools of foci cultured from cells transfected with El A or mutant
p53, respectively (data not shown). Thus, the domains required to inhibit E1A and mutant p53 were
overlapping, but distinct, and in each case different from those required to block MYC. We concluded
that BIN1 could inhibit MYC-independent transformation through two mechanisms that required Ul or
the SH3 domain, respectively.

BAR-C, Ul, and SH3 are each important for efficient suppression of tumor
cell growth.

We previously showed that BIN1 can suppress the proliferation of HepG2

hepatocarcinoma cells, which lack endogenous BIN1 expression, using a G418-resistant colony
formation assay (Sakamuro et al., 1996). This assay was used to assess the ability of the BIN1
deletion mutants to suppress tumor cell growth. HepG2 cells were transfected with neomycin
resistance gene-marked vectors for full-length or mutant BIN1 and G418-resistant colonies were
scored approximately 3 weeks later (see Figure 6). We observed that deletion of NLS or the MBD had
no significant effect. However, an overlap with MYC requirements for inhibition existed insofar as
BAR-C deletion provided the most-potent, though partial, relief of BIN1 inhibition. Deletion of Ul
and SH3 also partially relieved inhibition. The observation that none of these domains were
completely dispensible, as was the case in REF transformation, indicated that each contributed to
efficient inhibition in tumor cells. We concluded that BAR-C, Ul, and SH3 were each important for
suppression of tumor cell growth by BIN1.

Discussion

In this study, we showed that BIN1 can inhibit the transcriptional as well as the oncogenic
properties of MYC. We also showed that BIN1 can inhibit cell transformation by mutant p53 as well
as by adenovirus El A, through MYC-independent mechanisms. Finally, we identified regions outside
of the MBD that are crucial to inhibit cell transformation or maligant cell growth, through MYC-
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dependent or MYC-independent mechanisms. The functional regions of BIN1 mapped in this study
are summarized in Figure 7. Our findings support the hypothesis of a physiological link between
BIN1 and MYC and suggest that BIN1 may have a broad role in regulating cell growth by diverse
mechanisms.

BIN1 and transcription.

We found that BIN1 could inhibit the ability of MYC to

transactivate ODC, a likely target gene, in a manner that required the MBD, a domain that is sufficient
for MYC interaction (Sakamuro et al., 1996). Analysis of this activity indicated that it was not
intrinsic but instead reflected an adaptor function which could recruit a repression activity(s). Such an
adaptor function fits well with the function of BIN1 that is hinted at by the presence of an SH3
domain, a feature of many cytosolic adaptors. The BAR domain was implicated in the recruitment of a
repressor function, suggesting a transcriptional role for this region. We showed here that BIN1 can
inhibit MYC activation of an E box-dependent gene. In the accompanying paper, BIN1 was also
shown to inhibit MYC activation of cdc2, a putative E box-independent target gene (Born et al, 1997).
Thus, the ability of BIN 1 to interact with the N-terminal TAD domain of MYC may allow it to inhibit
transactivation of both E box-dependent and E box-independent classes of target genes.

We observed that BINl's ability to inhibit the MYC TAD varied with genetic context. These
observations are consistent with previous observations that BIN1 could not inhibit MYC
transactivation of an artificial promoter containing multerized MYC/MAX binding sites (Sakamuro et
al., 1996). Taken together, the data suggested that MYC target genes such as ODC provide a special
context that reveals BIN1 activity. In light of this aspect, it is intriguing to note that the current set of
genes most widely considered to be physiological MYC target genes, including ODC and CDC25,
each have the MYC/MAX binding sites located in the first or second intron rather than a more
"traditional" location in the 5' flanking region (Henriksson and Liischer, 1996; Prendergast, 1997).
BINl's need for a bonafide genetic context, a feature that differs from pl07, provides additional
support for the possibility that BIN1 and MYC may interact physiologically. While promoter
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organization may partly explain the selectivity of BIN 1, a nuclear adaptor role, perhaps operating to
integrate transcriptional and cell cycle functions, is also like to be relevant. BIN1 lacks an intrinsic
repressive quality so it may only inhibit MYC activation if it can interact with repression functions. If
the availability, repressive potential, or BIN1 interactive capability of these functions depend upon
additional factors, as one might anticipate, then one would expect BIN1 to be insufficient to inhibit
MYC transactivation in all cases. Thus, given biochemical and architectural differences among
promoters, BIN1 may be able to exert a repressive effect at some but not all MYC target loci. This
possibility presents an opportunity for combinatorial regulation of sets of target genes that may
distinguish the different biological actions of MYC. Tests of such a model will become possible as
greater numbers of candidate MYC target genes are accumulated.

BIN1 and cell growth regulation. We found that BIN1 required both MBD and BAR-C
function to suppress MYC transformation. A 45 aa segment (aa 270-315) located at the N-terminal
end of the previously defined MBD was shown to be dispensible, indicating that the critical MBD
region is located immediately upstream of the SH3 domain. Characterization of the human BIN1 gene
structure has indicated that this region is encoded by two exons, with the more 5' exon closely
overlapping the aa 323-358 deletion which relieves MYC suppression (Wechsler-Reya et al., 1997b).
Interestingly, this exon is alternately spliced in many cells. Thus, a segment of the MBD defined here
to be crucial for suppressing the oncogenic activity of MYC is regulated in vivo by splicing. The
nature of the BAR-C function required is unclear. Given that gene activation by MYC is widely
believed to be necessary for cell transformation (Henriksson and Liischer, 1996; Prendergast, 1997), it
is tempting to speculate that this function may overlap or interact with the one in Ul implicated in
transcriptional repressor recruitment. Further analysis will be needed to determine if this is the case.

We extended the scope of BINl's growth inhibitory action by showing that BIN1 can suppress
transformation by mutant p53 as well as by El A. Notably, these capabilities depended upon regions
that were dispensible for suppressing MYC activities. Inhibition of MYC-dependent growth depended
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SW*

upon the MBD and BAR-C, while inhibition of MYC-independent growth inhibition depended upon
Ul and SH3. Interestingly, there was not an exact overlap in the regions required to suppress either
El A or mutant p53. El A suppression depended mainly upon Ul; BAR-C was also important for
efficient suppression, but it was clearly secondary to Ul. Mutant p53 suppression similarly depended
upon Ul, but there was also a unique requirement for the SH3 domain. We inferred from these
different requirements that there are at least two mechanisms by which BIN1 can block MYCindependent growth.

=»*

Three regions shown to be important for suppressing oncogene-mediated REF transformation,
BAR-C, SH3, and Ul, were also demonstrated to be critical for BIN1 to exert a tumor suppressor-like
activity in HepG2 cells. The finding that no one domain was crucial for growth inhibitory activity, as
had been the case in REF assays, is perhaps unsurprising given that many regulatory pathways are
altered in tumor cells. The need for each of the domains identified in the REF assay suggested that
suppression of both MYC-dependent and MYC-independent pathways is needed to efficiently block
tumor cell growth. The reason that the MBD was dispensible in HepG2 was unclear, especially since
these cells overexpress MYC (D.S., unpublished observations), although one rn^ght interpret the
finding to imply that MYC-independent growth pathways are dominant.

Non-MBD regions of BIN1.

Based on its sequence, which is nearly identical to

"classical" NLS elements, we had tentatively assigned an NLS-like motif in the central region of BIN1
a role in nuclear localization (Sakamuro et al., 1996). However, several lines of evidence have called
this into question. First, while BIN1 localizes to the nucleus of growing cells (Sakamuro et al, 1996;
Wechsler-Reya et al., 1997a), indirect immunofluorescence experiments have indicated that
BIN1ANLS can also localize to the nucleus as well as BIN1 or the other deletion mutants used in this
study (K.E. and G.C.P., unpublished results). Second, the NLS-like sequences in BIN1 are encoded
by an exon in the human gene which is subjected to alternate splicing (Wechsler-Reya et al., 1997b),
and forms of BIN 1 derived from RNAs lacking this exon can still localize to the nucleus (R. Wechsler-
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Reya and G.C.P., unpublished observatiosn). Thus, although from its sequence it may be sufficient
for nuclear localization, the NLS motif in BIN1 is clearly not necessary, since other regions of BIN1
appear to substitute efficiently.

Important roles for the BAR-C, Ul, and SH3 regions were revealed by this study. BAR-C is
a highly charged region of 84 aa predicted to be largely a helical in character (K.E., unpublished
observations). It ^compasses three exons in the human gene (Wechsler-Reya et al., 1997b) so may
contain functionally smaller units. Consistent with the possibility that it encodes at least one domain,
we have found that a BAR-C expression cassette can specifically inhibit E1A transformation ~2-fold
(G.C.P., unpublished observations). Ul is a 28 aa region, not conserved in amphiphysin or
RVS167, that is located between the ends of the BAR domain and the NLS-like motif in BIN1. This
region is encoded by a single exon in the human gene (Wechsler-Reya et al., 1997b). While too small
to constitute a domain itself, it may contain or contribute elements that are important for intra- or
intermolecular interactions. The SH3 domain has a unique loop 4 insert that may affect binding
specificity (Koyama et al., 1993; Sparks et al., 1996), although its nuclear interaction targets in are not
yet known. The requirement for suppressing mutant p53 is intriguing given direct interactions that
have been seen in vitro between the BIN1 SH3 domain and p53 (D.S, unpublished observations),
possibly through a polyproline (PP) region in the N-terminus that is required for efficient growth
suppression (Walker and Levine, 1996) and that we have shown is a critical apoptotic effector domain
(Sakamuro et al., 1997). This link, while speculative, might be germane to gain-of-function effects of
mutant p53 in cell transformation that are derived from activities other than oligomerization (Dittmer et
al., 1993). In future work, it will be important to focus on the BAR-C, Ul, and SH3 regions as a
means to gaining insight into the functions of BIN1 in cell growth control.
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Materials and Methods

Plasmid constructions. The following plasmids have been described. CMV-BIN1 and
CMV-BIN1AMBD express a full-length BIN1 cDNA or a deletion mutant lacking the MYC-binding
domain (MBD) (Sakamuro et al., 1996). LTR Hm contains a Moloney long terminal repeat-driven
normal human c-myc gene (Kelekar and Cole, 1986); plA/neo contains the 5' end of the adenovirus
type 5 genome including the E1A region (Maruyama et al., 1987); LTR p53ts encodes a temperaturesensitive dominant inhibitory mutant of murine p53 (Michalovitz et al., 1990); and pT22 contains an
activated H-ras gene (Land et al., 1983). ODCALuc, whose construction has been described
(Packham and Cleveland, 1997), contains a luciferase expression casette downstream of a -2.5 kb
genomic DNA fragment that includes 5' flanking sequences, exon 1, intron 1, and exon 2 from the
murine ODC gene. Gals-SV40-luc is a GAL4 reporter; GALO expresses the DNA binding domain of
GAL4 (aa 1-143); and GAL4-MYC( 1-262) encodes a chimeric polypeptide which includes all of
human MYC except its DNA binding b/HLH/LZ region (Kato et al., 1990). CMV-pl07 is a derivative
of the cytomegalovirus enhancer/promoter-containing vector pcDNA3 (Invitrogen) containing human
pl07 cDNA (Zhu et al., 1993).

BIN1 deletion mutants and GAL4 fusion genes were subcloned for expression in pcDNA3, the
same vector used to express BIN1 and BIN1AMBD. BIN1ABAR-C was constructed by dropping an
internal Afl IE restriction fragment from CMV-BIN1, resulting in a deletion of aa 125-207 from the
BAR domain (Sakamuro et al., 1996). The remaining mutants were generated by standard PCR
methodology using the oligonucleotide primers 995'(Bam), 993'SH3(Xho) (Sakamuro et al., 1996)
and others whose sequence is derived from the BIN1 cDNA sequence (Genbank accession number
U68485).

The integrity of PCR-generated fragments was verified by DNA sequencing.

Oligonucleotides and details for each construction, omitted to conserve space, are available from
G.C.P. BIN1AU1 lacks aa 224-248; BIN1ANLS, aa 251-269; BIN1ASH3, aa 384-451; the other
mutants lack the residues indicated. GAL4 fusions were generated in two steps by first subcloning the
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143 aa DNA binding domain from GALO into pcDNA3 and then ligating in-frame full-length BIN1,
BIN1AMBD, or MBD (aa 270-383) sequences downstream.

Cell culture. COS, HeLa, HepG2 cells from the ATCC were cultured in Dulbecco's
modified Eagle's media (DMEM) supplemented with 10% fetal bovine serum (Atlantic) and 50 U/ml
penicillin and streptomycin (Fisher). NIH3T3 cells were cultured in DMEM supplemented with 10%
calf serum (Gibco) and antibiotics (transfections were performed in media containing 10% fetal calf
serum). 'Rat embryo fibroblasts (REFs) were obtained from Whittaker Bioproducts and cultured as
described (Prendergast et al., 1992). For transformation assays, secondary passage REFs seeded in
10 cm dishes were transfected overnight by a calcium phosphate coprecipitation method (Chen and
Okayama, 1987) with 5 u.g each of oncogenic RAS plus MYC, E1A, or mutant p53 expression
plasmids and 10 |ig of BIN 1 plasmid or empty vector. Cells were fed and the next day passaged into
1 15 cm dish (MYC transfections) or 3 10 cm dishes (ElA or mutant p53 transfections). Foci were
scored by methanol fixation and crystal violet staining 12-16 days later. Colony formation assays in
HepG2 cells were performed by seeding ~3 x 105 cells in 6 cm dishes and transfecting the next day
with 2 jig plasmid DNA using Lipofectamine (Gibco/BRL). Cells were passaged 48 hr after
transfection at a 1:10 ratio into 6 cm dishes containing media with -0.6 mg/ml G418 and cell colonies
were scored by crystal violet staining ~3 weeks later.

Immunoprecipitation. COS cells were metabolically labeled for 2 hr in DMEM media
lacking methionine and cysteine (Gibco) with 100 uCi/ml EXPRESS labeling reagent (NEN) and cell
extracts were prepared with NP40 buffer containing the protease inhibitors leupeptin, aprotinin,
phenylmethylsulfonyl fluoride, and antipain (Harlow and Lane, 1988). Extracts were centrifuged at
20000 g for 15 min at 4"C before use. Extracts were precleared by a 1 hr treatment with prebleed sera
or normal mouse IgG and 20 jil of a 1:1 slurry of protein G Sepharose beads at 4"C on a nutator
(Pharmacia). A mixture of BIN1 monoclonal antibodies was used for immunoprecipitation (50 jil each
99D,E,F,I) (Wechsler-Reya et al., 1997a). Immunoprecipitation proceeded 1 hr at 4°C followed by
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the addition of protein G beads and a further 30 min incubation. Beads were collected by brief
centrifugation, washed four times with buffer, boiled in SDS gel loading buffer, fractionated on 10%
gels, and fluorographed.

Transactivation assays.

NIH3T3 and HeLa cells seeded into 6 well dishes were

transfected in duplicate wells as described above with 1.5 jxg ODCAS-luc, 3 jig LTR-Hm, 1.5 u.g
vectors indicated, and 0.5 u.g CMV-ßgal (to normalize for transaction efficiency). pcDNA3 was
added to bring the total DNA per each 2 well transfection to 6.5 ug DNA. The experiment shown in
Figure IB was similar except that a 1:4:6.5 ratio of ODCAS-luc:LTR-Hm:BINl vectors was used.
For the experiments using GAL4 fusions, HeLa cells seeded similarly were transfected with 2 jig
Gal5SV40-luc reporter, 4 jig of the indicated chimeric gene, and 1 u.g CMV-ßgal. Two days posttransfection, cell extracts were prepared and analyzed for luciferase and ßgalactosidase activity using a
commercial kit (Promega), following the protocol provided by the vendor.

Northern analysis. Total cytoplasmic RNA was isolated as described (Prendergast and
Cole, 1989) from pools of G418-resistant HepG2 cell colonies or REF foci. RNAs were-fractionated
on formaldehyde gels and hybridized to 32P-labeled Binl cDNA probes (Church and Gilbert, 1984).
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Figure Legends

Figure 1.

Structure and expression of BIN1 deletion mutants.

COS cells were

transfected with the BIN1 expression vectors indicated and metabolically labeled with
methionine/cysteine two days later.
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S-

Cell extracts were prepared and subjected to

immunoprecipitation with a mixture of BIN 1 monoclonal antibodies. Immunoprecipitates were
processed by

Figure 2.

SDS-PPLGE

and fluorography.

BIN1 inhibits MYC transactivation of ornithine carboxylase in an MBD-

dependent manner. (A.) MBD-dependent inhibition of MYC transactivation. NIH3T3
cells were transfected with a 1:2:1 ratio of ODCAS-luc luciferase reportenMYC vectonplasmids
indicated. Cell extracts were prepared and processed for reporter activity two days posttransfection. (B.) BIN1 inhibition is independent of cell type. NIH3T3 or HeLa cells were
transfected with a 1:4:6.5 ratio of ODCAS-luc, MYC, and the plasmids indicated and processed
as before.

Figure 3.

BIN1 has an intrinsic transcriptional repression activity that is sensitive to

genetic context. (A.) Intrinsic repressive quality of BIN1. HeLa cells were transfected
with a 2:1 ratio of the indicated GAL4 fusion vector and GAL4 luciferase reporter and cell
extracts were processed for luciferase activity as above. (B.) The repressive activity of BIN
can be titered. HeLa cells were transfected with a 2:2:1 ratio of vectors for GAL4-BINAMBD,
BIN1 or BIN1AMBD, and GAL4 luciferase reporter and cell extracts were processed for
luciferase activity as before. (C.) Ul is critical for titration of BIN1 repression activity. HeLa
cells were transfected with a 2:3:1 ratio of vectors for GAL4-BINAMBD, BIN1 or
BIN1AMBD, and GAL4 luciferase reporter and cell extracts were processed for luciferase
activity as before. In each experiment, the activation activity is represented as a percentage of
GALO activity.
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Figure 4.

BAR-C and a region of the MBD are required to inhibit MYC

transformation.

REFs were transfected with a 1:1:2 ratio of expression vectors for

oncogenic RAS, deregulated human c-MYC, and the BIN1 mutants indicated. Transformed
cell foci were scored 12-14 days later. At least three trials were performed with each mutant.
The data are presented as a percentage of the foci formed by oncogenes plus empty vector.

Figure 5.

Ul or Ul and SH3 are required to suppress transformation by E1A or

mutant p53, respectively. (A.) REF foci assay. REFs were transfected with a 1:1:2 ratio
of expression vectors for oncogenic RAS, adenovirus El A or a dominant inhibitory p53
mutant, and the BIN1 mutants indicated. Transformed cell foci were scored 12-16 days later.
For each trial, foci were scored in triplicate by passaging cells into three dishes after
transfection. At least two trials were performed with each mutant, except the Ul or SH3
deletions, which were tested 5 times each.

Figure 6.

BAR-C, Ul, SH3 are each important for suppressing tumor cell growth.

HepG2 cells were transfected with equivalent amounts of the indicated neomycin (neor)resistance gene marked expression vectors. G418-resistant cell colonies were scored 2-3
weeks later by methanol fixation and crystal violet staining. The efficiency of colony formation
for each vector is presented as a percentage of empty vector.

Figure 7. Regions of BIN1 required for its various activities. The hatched bars indicate
a partial requirement. MYC interaction data derived from Sakamuro et al., 1996.
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