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Foreword

This research project was founded on our discovery of the Binl gene, which encodes a novel adaptor
protein (originally known as ‘99°) that has tumor suppressor properties in breast cancer. Binl interacts
with Myc, an oncoprotein widely activated in breast cancer, and mechanistic investigations in our
laboratory suggests that Bin1 has a role in mediating apoptosis by Myc under certain conditions.

This project exceeded its planned aims, including the following milestones. Characterization of the
Binl gene and its multiple gene products allowed an intensive analysis of Binl structure and expression
in 50 breast cancer cases and multiple breast cancer cell lines. We found evidence of >50% losses in
primary breast cancer, mainly due to gene silencing. Preliminary evidence from a second study suggest
that losses are correlated with an increased incidence of lymph node metastases. Cell biological
analyses defined universal losses of Binl in malignant cell lines. Re-expression of Binl in such settings
engaged a programmed cell death process that resembled apoptosis. This process was independent of
p53, Rb, Bcl-2 family proteins, and caspases, suggesting that Binl participates in a unique cell death
mechanism. A functional analysis of Binl identified crucial effector regions, laying the foundation for
current work to identify effector proteins. Effector candidates include Ku proteins, which are involved
in the DNA damage response, and Bin3, a Binl-related partner protein that localizes to mitochondria in
cells. As part of this work we also cloned Bin2, a Binl-related partner protein with non-cancer-related
functions in hematopoietic cells. Finally, capping previous work, we cloned and characterized the
mouse Binl gene and identified a function for it in muscle cell differentiation.

The mouse gene cloning enabled the generation of a Binl “knockout” mouse, the characterization of
which has been the focus of work this year. Loss of Binl leads to embryonic lethality, probably due to
cardiac muscle hypertrophy. Interestingly, embryos exhibit no evidence of gross defects in apoptosis
(other than the cardiac defect), and cell biological studies confirm that Bin1 is dispensable for apoptosis
in normal cells. However, following oncogenic transformation, a broad requirement for Binl in
apoptosis is revealed. Notably, oncogene-transformed cells are defective in the apoptotic response to
tumor necrosis factor (TNF), DNA damaging agents, and farnesyltransferase inhibitors. All these agents
target with some selectivity the neoplastic phenotype, in preclinical models and clinical tests. These
findings argue that Binl participates in a cell death mechanism(s) that is specific to neoplastic
pathophysiology. Preliminary results from mouse crosses support this notion. On wild-type
backgrounds, loss of a single Binl allele has no discernable effect (up to 10 mos. of age), where on an
MMTV-myc “oncomice” background, loss of a single BInl allele leads to defective mammary gland
function, increased incidence of mammary hyperplasia, and accelerated mammary carcinoma.

In summary, this project has led to the discovery a novel cell death mechanism that may be unique to
cancer cells. Loss of this mechanism in breast cancer may provide an important step in malignant
progression. Our future efforts focus on activating downstream effectors in the Binl pathway, with the
aim of restoring this death mechanism and achieving a cancer-selective cell kill in the clinic.




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 e al. 1993; Watson et al. 1993). Supporting the importance of the Myc
system in breast cancer, the Myc-regulated genes plasminogen activator inhibitor-1 (PAI-1) (Prendergast
and Cole 1989; Prendergast et al. 1990) and ornithine decarboxylase (ODC) (Bello-Fernandez ef al.
1993) are also indicators of poor prognosis (Manni e al. 1995; Reilly et al. 1992; Sumiyoshi ef al.
1992). 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.

We initiated work in the area of apoptosis by cloning proteins that could interact with the
effector domain of Myc. In this manner, we identified the Myc-binding protein Binl (formerly termed
‘99°). The project proposal included preliminary evidence pointing to a role for Binl as a breast tumor
suppressor gene. In the proposed project, we aimed to:

1. Identify gene mutations and loss of expression in tumor cell lines and primary tumors.
All tasks completed and findings published.

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.
All tasks completed and published. This aim was expanded to generate and analyze mice lacking
the Binl gene.

3. Mutate Binl and assay the mutants for growth inhibitory and/or apoptosis activity.
All tasks completed and published or submitted for publication. This aim was expanded to clone
Binl-related genes and characterize the function of Binl orthologs in the fission yeast S. pombe.

Body

Aim 1. Identify mutations and loss of expression in tumor cell lines and primary tumors

All tasks completed and results published (Sakamuro et al., 1996; Ge et al., 2000). As part of this work
we defined the complete structure of the human Binl gene and generated a set of Binl monoclonal
antibodies (Wechsler-Reya et al, 1997a; Wechsler-Reya ef al., 1997b). We found that Binl expression
is frequently lost in breast tumor cell lines and primary tumors. The mechanism was not gene deletion
but was implied to be gene silencing, based on the loss of both Binl protein and message. The Binl
promoter contains a CpG island (Wechsler-Reya et al. 1997b), supporting the hypothesis that the loss of
message is due to promoter downregulation through DNA methylation (e.g. similar to p16INK4 in lung
cancer). To test this hypothesis we accumulated ~30 matched pairs of normal and primary breast tumor
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DNA for testing by methylation-specific PCR, but for technical and manpower reasons this line of
investigation (an aim that exceeded original plans) was not completed.

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.

All tasks completed and results published (Sakamuro ez al., 1996; Elliott et al., 1999; Elliott ez al., 2000;
Ge et al., 2000). We ultimately completed the work in breast cancer cells using a recombinant
adenovirus vector to express Binl (Elliott ez al., 2000; Ge et al., 2000). In all malignant breast cell lines
tested (6/6), where endogenous Binl was missing, ectopic expression of Binl by the adenoviral vector
led to the engagement of a cell death process resembling apoptosis. Notably, in nonmalignant HBL100
cells, where endogenous Binl protein was detected, ectopic Binl did not cause cell death (Ge ef al.,
2000). Death was accompanied by cell detachment and a TUNEL-positive apoptotic demise.
Cytotoxicity was correlated with Binl, and not with nonspecific effects of the adenovirus or infection,
because similar effects were not produced by infection with uninduced vector or with the Ad-cre virus
plus empty vector virus (Elliott e al., 2000; Ge et al., 2000).

We expanded the scope of this Aim to include generation and analysis of Binl 'knockout' mice. The
goal is to determine whether loss of Binl in breast tissue promotes breast tumor progression, either in
the absence or presence of activated Myc. In previous work, we cloned and characterized the complete
mouse Binl gene (Mao ef al. 1998). A gene targeting construct was designed to delete key effector
exons that had been identified by structure-function analysis (Elliott et al., 1999). Through a
commercial service this blastocysts were injected with this construct and chimeric mice successfully
obtained.

Homozygous animals die at approximately E18 of gestation. Some animals are born but are invariably
found inviable within several hours. Histological sections reveal a largely normal embryo at all stages
of development. However, at later stages of development, cardiac muscle hypertrophy is apparent. The
phenotype seems to be pronounced in the ventricles (A. Muller, DuPont Pharmaceuticals Company,
pers. comm.). Mice are unusually tolerant of heart hypertrophy during embryonic development (L.
Benjamin, Beth Israel Hospital, Harvard University, pers. comm.). This tolerance may explain how
animals lacking Binl can continue so far past E10 of development when heart function is important.
The phenotype observed presumably reflects the inability of cardiac cells to terminally differentiate.
This phenotype is consistent with the results of in vitro investigations performed in committed C2C12
mouse myoblasts in our laboratory. In this model system, inhibition of Binl expression by an antisense
strategy led to inhibition of cell cycle withdrawal, terminal differentiation, and apoptosis (Wechsler-
Reya et al., 1998; K. Elliott, R. Wechsler-Reya, and G.C.Prendergast, The Wistar Institute, unpublished
observations). The defect in cell cycle withdrawal was correlated in the in vitro model with a defect in
induction of the cell cycle kinase inhibitor p21WAF1 (Mao et al., 1998). This defect could conceivably
lead to continuing cell division, consistent with a hypertrophic phenotype.

We have continued the mouse work by monitoring heterozygous animals for tumor formation on wild-
type or breast “oncomouse” genetic backgrounds, including MMTV-c-myc and MMTV-neu mice.




Female mice of each strain typically succumb to breast tumors on a multiparous schedule at 5-7 months
of age. Preliminary results indicate no evidence of malignancy of other pathologies in heterozygous
mice on a wild-type background up to 10 months old. In contrast, heterozygosity on the ¢-Myc
“oncomouse” appears to produce several effects. At first pregnancy, mammary dysfunction manifested
by an inability to produce sufficient quantaties of milk is apparent. Many mothers do not nurse. Those
that do can not provide sufficient milk and all pups are runted such that most die. Mothers that nurse are
prone subsequently to a massive hyperplasia which encompasses all mammary glands. MMTV-c-myc
control mice do not exhibit the mammary dysfunction (pups are not runted) but do exhibit some
evidence of hyperplasia. We are currently working to determining whether differences are significant.
Heterozygous mice appear to come down with carcinomas within 1-3 pregnancies, which is somewhat
more rapid than the predicted period for MMTV-c-myc control mice. Carcinoma in situ has been
documented in the hyperplastic breast tissue, consistent with the notion of accelerated rates of
tumorigenesis and tumor progression. While statistical significance is as yet lacking, if extended and
confirmed these findings would provide genetic proof of a tumor suppressor function for Binl, and
would suggest that Bin1 is haploinsufficient for breast cancer suppression. '

Aim 3. Mutate Binl and assay the mutants for growth inhibitory and/or apoptotic activity.

All tasks completed with results published or submitted (Elliott e al., 1999; Elliott er al, 2000; J.
DuHadaway, D. Sakamuro, D. Ewert, and G.C. Prendergast, The Wistar Institute and DuPont
Pharmaceuticals Company, unpublished results; E. Routhier, DuPont Pharmaceuticals Company,
unpublished observations). The c-Myc-binding domain was overexpressed as a dominant inhibitory
strategy to probe the requirement for Binl-c-Myc interaction in proliferation, transformation, and
apoptosis. These experiments supported a role in apoptosis by c-Myc but not in proliferation or
transformation, consistent with tumor suppressor and cell death roles. In the N-terminal region of Binl,
within its so-called BAR domain, we defined a 5 aa segment the deletion of which abolished
antitransforming activity and exhibited dominant inhibitory activity against wild-type Binl. This mutant
is predicted to disrupt a c-Myc-independent effector interaction, and is being used as to counterscreen
candidate effector proteins being isolated by genetic and biochemical approaches. This mutant
confirmed a requirement for Binl in apoptosis but not proliferation or transformation by c-Myc in
primary cells. To gain insight into the function of the BAR domain, we have expressed it in bacteria and
initiated a collaboration to crystallize it and determine its 3-dimensional structure (E. Laue, Cambridge
University).

To gain further insight into Binl function, this year we expanded this aim to clone and characterize
homologs of Binl in the yeast S. pombe. We embarked on this project for several reasons. First, work
in other laboratories suggested that Binl may have roles in actin regulation and endocytosis (Binl is
related in its BAR domain to amphiphysin, which is implicated in synaptic vesicle endocytosis). How
these functions related to nuclear functions of interest to us was unclear. Second, there was evidence in
other laboratories that Binl orthologs in the yeast S. cerevisiae could interact with a BAR domain
protein the mammalian ortholog of which was unknown. Third, we were interested in examining
functions for Binl homologs in S. pombe because the cell division mechanisms of that yeast are quite




different from S. cerevisiae, with the former resembling mammalian cells more closely. The notion was
that Bin1 might display different functions depending on the yeast system.

Consistent with this thinking, we found that the Binl homolog in S. pombe functioned in cell cycle
control but neither actin regulation nor endocytosis. Deletion of this gene product, termed Hobl
(Homolog Of Binl), could be complemented by human Binl but not by its S. cerevisiae ortholog
(termed Rvs167). This observation established that Binl had functions unique to those characterized in
other laboratories, consistent with a role in nuclear processes implied by our work. As part of this line
of investigation, we cloned the mammalian and S. pombe homologs of the S. cerevisiae Rvs161 protein,
which is the other BAR domain-containing protein in that yeast. These genes were termed Bin3 and
Hob3 (Homolog of Bin3), respectively. In contrast to Binl/Hobl1, which differed in function from
Rvs167, Bin3/Hob3 were similar in function to Rvs161. Thus, the function of Binl has diverged in
evolution, a feature possibly reflected by the complex patterns of alternate splicing of Binl displayed in
mammals. In support of the yeast findings, recent results from the Binl “knockout” cells reveals no
defect in either actin organization or endocytosis. Thus, we believe that the nuclear functions of Binl
we have focused on represent a bona fide physiological function that is not displayed by amphiphysin.
We are using the S. pombe system to further mutagenic analyses and exploring the effects of c-Myc in
this model, in the hopes of gaining novel insights into protein function, effectors, and signaling
processes. Current interest centers on a potential effector role for Bin3 in Binl signaling, following
preliminary results that Binl and Bin3 can interact in principle, similar to Rvs167 and Rvs161, and that
Bin3 is localized to the mitochondria where death decisions are made.

Conclusions

The introduction of mouse “knockout” and yeast genetic systems this year offers a near-term
opportunity to prove the hypothesis that Binl has tumor suppressor and programmed cell death
functions. A potential link to mitochondria as well as to nuclear processes are novel features suggested
by the latest work in this project. Binl investigations seem likely to provide unique insights into cancer
cell death pathways, possibly impactihg key questions such as why malignant breast cancer cells don’t
die when they should. We have accelerated efforts to “mine” the Binl pathway for therapeutic targets
by increasing resources provided for this purpose at DuPont Pharmaceuticals Company. The support of
the US Army Breast Cancer Program has been instrumental in supporting what we hope will be not only
a highly innovative and important new direction in breast cancer research, but also one that can convert
to a better therapeutic approach.

References

Bello-Fernandez, C., Packham, G. and Cleveland, J.L.. (1993). The ornithine decarboxylase gene is a
transcriptional target of c-Myc. Proc. Natl. Acad. Sci. USA 90, 7804-8.

Berns, E.M., Klijn, J.G., van, P.W., van, S.I., Portengen, H. and Foekens, J.A. (1992). c-myc
amplification is a better prognostic factor than HER2/neu amplification in primary breast cancer.
Cancer Res 52, 1107-13.




bl

Borg, A., Baldetorp, B., Ferno, M., Olsson, H. and Sigurdsson, H. (1992). c-myc amplification is an
independent prognostic factor in postmenopausal breast cancer. Int J Cancer 51, 687-91.

Elliott, K., Sakamuro, D., Basu, A., Du, W., Wunner, W., Steller, P., Gaubatz, S., Zhang, H.,
Prochownik, E., Eilers, M., and Prendergast, G.C. (1999). Binl functionally interacts with Myc
and inhibits cell proliferation through multiple mechanisms. Oncogene 18, 3564-3573.

Elliott, K., Ge, K., Du, W., and Prendergast, G.C. (2000). The c-Myc-interacting adaptor protein Binl
activates a caspase-independent cell death program. Oncogene 19, 4669-4684.

Ge, K., DuHadaway, J., Sakamuro, D., Wechsler-Reya, R., Reynolds, C., and Prendergast, G.C. (2000).
Losses of the tumor suppressor Binl in breast cancer are frequent and reflect deficits in a
programmed cell death capacity. Int. J. Cancer 83, 376-383.

Hehir, D.J., McGreal, G., Kirwan, W.O., Kealy, W. and Brady, M.P. (1993). c-myc oncogene
expression: a marker for females at risk of breast carcinoma. J Surg Oncol 54, 207-9.

Kang, Y., Cortina, R. and Perry, RR. (1996). Role of c-myc in tamoxifen-induced apoptosis in
estrogen-independent breast cancer cells. J. Nat. Canc. Inst. 88, 279-284.

Manni, A., Wechter, R., Wei, L., Heitjan, D. and Demers, L. (1995). Phenotypic features of breast
cancer cells overexpressing ornithine-decarboxylase. J. Cell. Physiol. 163, 129-36.

Mao, N.C., Steingrimsson, E., J., D., Ruiz, J., Wasserman, W., Copeland, N.G., Jenkins, N.A. and
Prendergast, G.C. (1998). The murine Binl gene, which functions early in myogenic
differentiation, defines a novel region of synteny between human chromosome 2 and mouse
chromosome 18. Genomics submitted,

Prendergast, G.C. and Cole, M.D. (1989). Posttranscriptional regulation of cellular gene expression by
the c-myc oncogene. Mol. Cell. Biol. 9, 124-134.

Prendergast, G.C., Diamond, L.E., Dahl, D. and Cole, M.D. (1990). The c-myc-regulated gene mrl
encodes plasminogen activator inhibitor 1. Mol Cell Biol 10, 1265-9.

Prendergast, G.C. and Ziff, E.B. (1991). Methylation-sensitive sequence-specific DNA binding by the
c-Myc basic region. Science 250, 186-189. ‘

Reilly, D., Christensen, L., Duch, M., Nolan, N., Duffy, M.J. and Andreasen, P.A. (1992). Type-1
plasminogen activator inhibitor in human breast carcinomas. Int J Cancer 50, 208-14.

Shiu, R.P., Watson, P.H. and Dubik, D. (1993). c-myc oncogene expression in estrogen-dependent and
-independent breast cancer. Clin. Chem. 39, 353-5.

Sumiyoshi, K., Serizawa, K., Urano, T., Takada, Y., Takada, A. and Baba, S. (1992). Plasminogen
activator system in human breast cancer. Int J Cancer 50, 345-8.

Watson, P.H., Safneck, J.R., Le, K., Dubik, D. and Shiu, R.P. (1993). Relationship of c-myc
amplification to progression of breast cancer from in situ to invasive tumor and lymph node
metastasis. J Natl Cancer Inst 83, 902-7.

Wechsler-Reya, R., Elliott, K., Herlyn, M., and Prendergast, G.C. (1997a). The putative tumor
suppressor Binl is a short-lived nuclear phosphoprotein whose localization is altered in
malignant cells. Cancer Res. 57, 3258-3263.

Wechsler-Reya, R., Sakamuro, D., Zhang, J., Duhadaway, J. and Prendergast, G.C. (1997b). Structural
analysis of the human BIN1 gene: evidence for tissue-specific transcriptional regulation and
alternate RNA splicing. J. Biol. Chem. 272, 31453-31458.

Bibliography




Publications related to this grant (see Appendices for preprints and reprints)

Mao, N.-C., Steingrimsson, E., Duhadaway, J., Wasserman, W., Ruiz, J., Copeland, N.G., Jenkins, N.A.,
and Prendergast, G.C. (1999). The murine Binl gene functions early in myogenic
differentiation and defines a novel region of synteny between human chromosome 2 and mouse
chromosome 18. Genomics 56, 51-58. (Cover article)

DuHadaway, J., Rowe, F., Elliott, K., Mao, N.-C., and Prendergast, G.C. (1999). Bau, a splice form of
neurobin-I that interacts with Binl, inhibits malignant cell growth. Cell Adhes. Comm. 7, 99-
110.

Elliott, K., Sakamuro, D., Basu, A., Du, W., Wunner, W., Steller, P., Gaubatz, S., Zhang, H.,
Prochownik, E., Eilers, M., and Prendergast, G.C. (1999). Binl functionally interacts with Myc
and inhibits cell proliferation through multiple mechanisms. Oncogene 18, 3564-3573.

Ge, K., Duhadaway, J., Sakamuro, D., Wechsler-Reya, R., Reynolds, C., and Prendergast, G.C. (2000).
Losses of the tumor suppressor Binl in breast cancer are frequent and reflect deficits in a
programmed cell death capacity. Int. J. Cancer 85, 376-383.

Elliott, K., Ge, K., Du, W., and Prendergast, G.C. (2000). The c-Myc-interacting adaptor protein Binl
activates a caspase-independent cell death program. Oncogene 19, 4669-4684.

Manuscripts related to this grant

DuHadaway, J., Ewert. D., Crouch, D.H., and Prendergast, G.C. Evidence that Binl is required for
apoptosis by c-Myc. Under revision.

Routhier, E., Abbaszade, L., Burn, T.C., Summers, M., Albright, C., and Prendergast, G.C. Cell cycle
but not endocytosis functions for the homologs of Binl and its related partner protein Bin3 in
fission yeast. In preparation.

Muller, A.J., DuHadaway, J., Mostochuk, J., Du, W., Donover, P.S., and Prendergast, G.C. Binl is
required for caspase activation and apoptosis in neoplastically transformed cells. In preparation.

Muller, A.J., Mostochuk, J., Farmer, G.E., and Prendergast, G.C. Deletion of the tumor suppressor Binl
causes cardiac hypertrophy and accelerates Myc-mediated tumorigenesis. In preparation.

Du, W., DuHadaway, J., and Prendergast, G.C. Crucial role for the tumor suppressor Binl in apoptosis
by farnesyltransferase inhibitors. In preparation.

Related publications




*

Ge, K., DuHadaway, J., Du, W., Herlyn, M., Rodeck, U., and Prendergast, G.C. (1999). Novel
mechanism for elimination of a tumor suppressor: aberrant splicing of a brain-specific exon
causes loss of function of Binl in melanoma. Proc. Natl. Acad. Sci. USA 96, 9689-9694.

Ge, K., Minhas, F., DuHadaway, J., Mao, N.-C., Wilson, D., Buccafusca, R., Sakamuro, D., Nelson, P.,
Malkowitz, S.B., Tomaszewski, J.E., and Prendergast, G.C. (2000). Loss of heterozygosity and
tumor suppressor activity of Binl in prostate carcinoma. Int. J. Cancer 86, 155-161.

Ge, K. and Prendergast, G.C. (2000). Bin2, a functionally nonredundant member of the BAR adaptor
gene family. Genomics 15, 210-220.

Related reviews

Sakamuro, D. and Prendergast, G.C. (1998). BIN1 is a Bridging INtegrator-1 of apoptosis mediated by
MYC and p53 (in Japanese). In the Experimental Medicine series, volume entitled "The New
Frontier of p53 Research" (Taya, Y., ed.). Tokyo: Yodosha Co., Ltd.

Sakamuro, D. and Prendergast, G.C. (1999). New Myc interacting proteins: a second Myc network
emerges. Oncogene 18, 2942-2953.

Prendergast, G.C. (1999). Mechanisms of apoptosis by c-Myc. Oncogene 18, 2966-2986.
Prendergast, G.C. (1999). Myc and Myb: are the veils lifting? Oncogene 18, 2914-29135.

Related Patents and Patent Applications (14) (all held by The Wistar Institute)

World Intellectual Property Organization (WO) Patent No. W09634627A1. “Murine and Human Box-
Dependent Myc-Interacting Protein (BIN1) and Uses Therefor.” Claims: Human and murine
Binl DNA sequences and vectors. Issued 11/7/96.

Canada Patent No. CA02219775AA. “Murine and Human Box-Dependent Myc-Interacting Protein
(BIN1) and Uses Therefor.” Claims as above. Issued 11/7/96.

Australia Patent No. AU05674496A1. “Murine and Human Box-Dependent Myc-Interacting Protein
(BIN1) and Uses Therefor.” Claims as above. Issued 11/21/96.

U.S. Patent No. 5,605,830. "Murine and Human c-Myc Interacting Protein". Claims as above. Issued
2/25/97.

U.S. Patent No. 5,723,581. "Murine and Human Box-dependent Myc Interacting Protein (BIN1) and
and Uses Therefor". Claims: Human and murine Binl amino acid sequences. Issued 3/3/98.

WO Patent No. WO09808866A1. “BAU, a BINI-Interacting Protein, and Uses Therefor”. Claims:
BAU sequences. Issued 3/5/98.




European Patent No. EP00828512A1. “Murine and Human Box-Dependent Myc-Interacting Protein
(BIN1) and Uses Therefor.” Claims as above. Issued 3/18/98.

Australia Patent No. AU04171797A1. “BAU, a BIN1-Interacting Protein, and Uses Therefor”. Claims
as above. Issued 3/19/98.

WO Patent No. WO09855151A1. “Box-Dependent Myc-Interacting Protein (BIN1) Compositions and
Uses Therefor.” Issued 12/10/98.

U.S. Patent No. 5,958,753. "Nucleic Acid Sequences Encoding Bau, a Binl Interacting Protein, and
Vectors and Host Cells Containing Same". Issued 9/28/99.

U.S. Patent No. 6,048,702. "Murine and Human Box-dependent Myc Interacting Protein (BIN1) and
Uses Therefor". Claims: BIN1 antibodies. Issued 4/11/2000.

U.S. Patent Application 09/344,889. “BAU, a BIN1 interacting protein, and Uses Therefor”. Claims:
BAU amino acid sequences. Allowed.

U.S. Patent Application 09/272,092. "Murine and Human Box-dependent Myc Interacting Protein
(BIN1) and Uses Therefor". Claims: Human Binl genomic sequences. Pending.

U.S. Patent Application. “Bridging Integrator-2 (Bin2) nucleic acid molecules and proteins and uses
therefor”. Claims: Bin2 nucleic acid and amino acid sequences. Pending.

Presentations.

Abstracts and lectures on Binl and its role in breast cancer and other cancers were presented at 13
conferences and invited seminars since the last report.

2000 » Fox Chase Cancer Center, Annual Symposium (Cancer 2000), Philadelphia PA
« Brown University, Department of Molecular and Cell Biology and Biochemistry, Providence RI
» Princeton University, Department of Molecular Biology, Princeton NJ
« Speaker (Apoptosis: Mechanisms), 91* Annual Meeting of the American Association for Cancer
Research, San Francisco CA
» University of Pennsylvania Cancer Center (Cancer Genetics Series), Philadelphia PA
» Speaker, Annual Meeting of Environmental Mutagens Society, New Orleans LA

1999 « Speaker (Apoptosis), 90™ Annual Meeting of the American Association for Cancer Research,
Philadelphia PA
* Pew Scholars Meeting, Curacao
« 15™ Annual Meeting on Oncogenes, Hood College, Frederick MD
« Fels Institute for Cancer Research and Molecular Biology, Temple University, Philadelphia PA
« Cold Spring Harbor Meeting on Programmed Cell Death, Cold Spring Harbor NY
 Thomas Jefferson University, Department of Dermatology, Philadelphia PA




« Delaware Valley Prostate Cancer Symposia, Philadelphia PA

Personnel supported on project (throughout entire term of grant, including partial support

Graduate Trainee Term

Katherine Elliott, Ph.D. 1994-1999
Postdoctoral Trainees Term

Daitoku Sakamuro, Ph.D. 1994-1999
Robert Wechsler-Reya, Ph.D.  1995-1997
Nien-Chen Mao, Ph.D. 1997-1998
Kai Ge, Ph.D. 1997-2000

Current Career Status
Family leave

Current Career Status

Assistant Professor, Purdue University

Assistant Professor, Duke University

Clinical Staff Scientist, DuPont Pharmaceuticals
Postdoctoral Fellow, Rockefeller University




i
+

>

Int. J. Cancer: 85, 376-383 (2000)
© 2000 Wiley-Liss, Inc.

Publication of the International Union Against Cancer

LOSSES OF THE TUMOR SUPPRESSOR BIN1 IN BREAST CARCINOMA ARE
FREQUENT AND REFLECT DEFICITS IN PROGRAMMED CELL DEATH CAPACITY

Kai GE!, James DUHADAWAY?, Daitoku SAKAMURO!, Robert WECHSLER-REYA!, Carol REYNOLDS? and George C. PRENDERGAST!2*

The Wistar Institute, Philadelphia, PA, USA
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Oncogenic activation of MYC occurs often in breast carci-
noma and is associated with poor prognosis. Loss or inactiva-
tion of mechanisms that restrain MYC may therefore be
involved in tumor progression. In this study, we show that the
MYC-interacting adaptor protein BINI is frequently missing
in malignant breast cells and that this loss is functionally
significant. BINI was expressed in normal and benign cells
and tissues but was undetectable in 6/6 estrogen receptor-
positive or estrogen receptor-negative carcinoma cell lines
examined. Similarly, complete or partial losses of BIN| were
documented in 30/50 (60%) cases of malignant breast tissue
analyzed by immuno-histochemistry or RT-PCR. Abnormali-
ties in the organization of the BINI gene were apparent in
only a minority of these cases, suggesting that most losses
were due to epigenetic causes. Nevertheless, they were
functionally significant because ectopic BINI induced pro-
grammed cell death in malignant cells lacking endogenous
BINI but had no effect on the viability of benign cells. We
propose that loss of BINI may contribute to breast cancer
progression by eliminating a mechanism that restrains the
ability of activated MYC to drive cell division inappropriately.
Int. J. Cancer 85:376-383, 2000.
© 2000 Wiley-Liss, Inc.

The genetic events underlying the development of sporadic
breast cancer are not fully defined. Inactivation of the BRCAI and
BRCA?2 genes contributes to a significant fraction of familial breast
cancers, but these genes are altered only rarely in sporadic forms of
the disease. Identification of other genes which have sustained loss
of function may help to provide insight into mechanisms of
progression as well as promote novel opportunities for molecular
approaches to diagnosis, prognosis or therapy. One approach to this
problem is to examine roles for the regulatory and effector elements
of systems that have fundamental significance in cancer, such as the
growth-regulatory network controlled by MYC (Sakamuro and
Prendergast, 1999). MYC has a crucial role in mitogenesis of many
types of normal and neoplastic cells, and it is oncogenically
activated in a wide variety of human malignancies including breast
cancer (Nass and Dickson, 1997). In sporadic breast cancer, MYC
over-expression occurs in as many as 50% of cases and has been
widely associated with poor prognosis (Berns et al., 1992; Borg et
al., 1992; Watson et al, 1993). However, despite its potential
importance, the mechanisms which promote MYC activation
during breast tumor progression are not fully understood (Nass and
Dickson, 1997). MYC lies at the crossroads of 2 signaling networks
which target its C-terminal DNA-binding domain and its N-
terminal transcriptional transactivation domain (Sakamuro and
Prendergast, 1999). The major player in the C-terminal network is
MAX, the crucial b/HLH/Z partner protein which heterodimerizes
with MYC and mediates its ability to specifically recognize DNA.
However, MAX alterations do not occur in human cancer. A
number of novel N-terminal-interacting proteins which constitute a
second Myc network have been identified (Sakamuro and Prender-
gast, 1999). One of these, BINI, is a ubiquitously expressed
adaptor protein with features of a tumor suppressor (Sakamuro et
al., 1996; Elliott et al., 1999). Previous work indicated that BIN1
was missing in MCF7 cells and in a small panel of primary tumors
examined (Sakamuro ef al., 1996), but the frequency and biological
relevance of these events was uncertain. In this study, we present
evidence that BIN1 expression is frequently lost in sporadic breast
cancer and that such losses are biologically significant. Our

findings suggest that loss of BIN1 contributes to the progression of
breast cancer by allowing cells to activate MYC without apoptotic
penalty.

MATERIAL AND METHODS
Tissue culture

Human cell lines were obtained from the ATCC (Rockville,
MD), with the exception of SK-BR-5, which was obtained from Dr.
D. Herlyn (The Wistar Institute). Non-malignant HBL-100 breast
epithelial cells; the breast carcinoma cell lines BT20, MCF7,
MDA-MB-468 and SK-BR-3; WI-38 and IMR90 diploid fibro-
blasts; and 293 embyonic kidney epithelial cells were maintained
in DMEM supplemented with 10% FBS (Life Technologies,
Gaithersburg, MD) and 50 U/ml penicillin and streptomycin
(Fisher, Pittsburgh, PA). The breast carcinoma cell lines T47D and
ZR-75-1 were maintained in RPMI 1640 that was supplemented
similarly. Viable cell counts were obtained by Trypan blue exclu-
sion.

Recombinant adenoviruses

The adenoviral cre-loxP-inducible gene expression system used
in this study has been described (Anton and Graham, 1995).
Briefly, the luciferase cDNA in the vector pMAI19 (Anton and
Graham, 1995) was replaced with the BINI cDNA 99fE (Sakamuro
et al, 1996). The resulting plasmid was co-transfected with
Clal-digested dI7001 adenovirus DNA into 293 cells to obtain the
recombinant adenovirus Ad-MABIN1 by homologous recombina-
tion (Davis and Wilson, 1996). In this virus, the BINI cDNA is
conditionally expressed under the control of the cytomegalovirus
(CMV) promoter, from which it is separated by a loxP-flanked
stuffer sequence. BIN1 expression is suppressed in the unrear-
ranged virus because the stuffer region includes stop codons in all 3
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reading frames. Upon co-infection of cells with Ad-MABINI and
Ad-cre [adenovirus expressing Cre site-specific recombinase from
bacteriophage P1 (Anton and Graham, 1995)], the intervening
stuffer region was removed by Cre-mediated excision, causing
BINTI expression. Ad-vect is a similar control recombinant adenovi-
rus except that it contains no transgene (Davis and Wilson, 1996).
For adenoviral infection, cells were plated at 2 to 4 X 10° per well
in 6-well tissue culture plates. Forty hours later, after cell density
reached approx. 5 X 10° per well, equivalent amounts of Ad-cre
plus Ad-vect, Ad-vect plus Ad-MABINI or Ad-cre plus Ad-
MABIN1 viruses were added at 50 multiplicities of infection
(m.0.i.) each (BT20), 100 m.o.i. each (MCF7, MDA-MB-468,
SK-BR-3, T47D and ZR-75-1) or 200 m.o.i. each (HBL-100) in 1
ml of a 1:1 mixture of DMEM and RPMI 1640 supplemented only
with 4 pg/ml polybrene (Sigma, St. Louis, MO). The m.o.i.
employed were determined empirically for each cell line to achieve
>90% infection of the target cell population, through experiments
using a recombinant adenovirus expressing (3-galactosidase. After
incubation for 3 hr, cells were washed once with a 1:1 mixture of
unsupplemented DMEM and RPMI 1640 and then fed with normal
culture medium. Cells were harvested or photographed using phase
contrast microscopy as indicated at times afterward.

Flow cytometry

Floating and adherent cells were harvested 48 hr after infection
and fixed in 1% paraformaldehyde/PBS followed by 80% ethanol.
Samples were incubated for 1 hr at 37(C in TdT reaction buffer
(Roche, Indianapolis, IN), incubated for 30 min at room tempera-
ture with fluoresceinated streptavidin (DuPont, Wilmington, DE)
and stained 30 min with propidium iodide at room temperature.
Flow-cytometric analysis was performed on a EPIC/XL cell
analyzer.

RT-PCR

Total RNA was isolated as described (Shiozawa er al.,, 1990)
from frozen breast tissues obtained from the Cooperative Human
Tissue Network (Philadelphia, PA). Total cytoplasmic RNA was
prepared from cell lines by standard methods. For cell line
analyses, primers and reaction conditions used for RT-PCR have
been described (Wechsler-Reya et al., 1997b). For tissue analyses,
quantitative RT-PCR was performed as follows. One microgram
total cytoplasmic RNA in 5 pl water was denatured by 5 min
incubation at room temperature with 2 ut 0.1 M methylmercury
hydroxide. To this RNA was added 2.5 pl 0.7 M B-mercaptoethanol
and 0.5 pg random hexanucleotides in 1 pl aqueous solution.
Following a 2 min incubation at 70°C, RNAs were incubated on
wet ice and 2.0 pl 5 mM dNTPs, 0.5 ul RNase inhibitor (Promega,
Madison, WI), 4 ul 5X RT buffer, 2 u1 0.1 M DTT and 1.0 pl
Mo-MLV reverse transcriptase (Life Technologies) were added.
Reactions were incubated for 60 min at 37°C and then stopped by a
5 min incubation at 95°C. This RT product was used as template to
amplify BIN1 or 3-actin cDNA by PCR. For BIN1 (exons 1--5), the
5" primer was 5'-AAAGATCGCCAGCAACGTGC and the 3’
primer was 5'-CTGGTGGTAATCCATCCACAGC. For B-actin
(exons 3-4), the 5’ primer was 5-GGTGGGCATGGGT-
CAGAAGG and the 3’ primer was 5'-GCAGCTCGTAGCTC-
TTCTCC. Reactions were performed in 100 pl containing 200 ng
template, 50 pmol each primer, 0.4 mM each dNTP, 1X Tagq PCR
buffer and 2.5 U Taq polymerase (Roche). PCR was performed by 2
min incubation at 96°C and then 26 cycles (BIN1) or 22 cycles
(B-actin) of 30 sec 96°C/45 sec 61°C/45 sec 72°C followed by a
final extension of 10 min at 72°C. Products were purified from
1.4% TBE agarose gels and in some cases subjected to direct DNA
sequencing. For the tumor RNA samples indicated by asterisks in
Figure lc, in which the entire coding region of BIN1 cDNA was
cloned by RT-PCR and subjected to direct DNA sequencing, 3
separate PCRs were performed using primers and conditions that
have been described (Wechsler-Reya et al., 1997b).
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FIGURE 1 — Frequent loss of BIN1 expression in breast carcinoma
cell lines. (a) Northern analysis. Total cytoplasmic RNA isolated from
the cell lines indicated was analyzed using probes for BIN1, MYC and
B-actin. (b) Western analysis. Cell extracts were prepared from the cell
lines indicated and subjected to SDS-PAGE and Western blotting using
anti-BIN1 MAb 99D (Wechsler-Reya et al, 1997a). (¢) RT-PCR
analysis. Total cytoplasmic RNA isolated from the cell lines indicated
was analyzed as described (Wechsler-Reya et al., 1997b). Products
derived from region II, which includes the central domain encoded by
exons 7-11, were fractionated on agarose gels, stained with ethidium
bromide and photographed. SK-BR-3 exhibits an aberrant product in
addition to the expected wild-type product (arrow). M, DNA size
marker.

Southern and Northern analyses

High-m.w. genomic DNA from human breast tissues and cell
lines was isolated as described (Herrmann and Frischauf, 1987).
For Southern analysis, 5 ug genomic DNA were digested overnight
at 37°C with 30 U Hind III restriction endonuclease (Roche),
fractionated by agarose electrophoresis, blotted by capillary trans-
fer to Duralon membranes (Stratagene, La Jolla, CA) and hybrid-
ized as described (Church and Gilbert, 1984) with 32P-labeled
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FIGURE 2 — Frequent loss of BIN1 RNA in primary breast tumors. Total RNA isolated from normal and malignant breast tissues was analyzcd as
described (Wechsler-Reya et al., 1997h), using primers which amplify BINI or B-actin messages. The complete BIN1-coding regions of samples
marked with an asterisk were cloned by RT-PCR, and their DNA sequence was determined as described (Wechsler-Reya et al., 1997h).

TABLE 1 - IMMUNO-HISTOCHEMICAL ANALYSIS OF BINT IN BREAST TISSUE

Tissue analyzed or

! — —_
histological diagnosis n +/ + 4+

Normal ductalepi- 4 0 0 0 4
thelium?

Lactating adenoma 1 0 0 0 1

Metaplastic carci- 1 0 1 0 0
noma

Malignant phyl- I 0 0 0
lodes

Tubular carcinoma 1 0 0 0 1

Infiltrating lobular 1 1 0 0 0
carcinoma

Infiltrating ductal 23 9 2 53 7
carcinoma

Total malignant 27 11(41%) 3(11%) 5(18%) 8 (30%)
tissues

Frozen benign or malignant breast tissue was sectioned and sub-
jected to immuno-histochemistry as described in Material and Meth-
ods. The relative proportion of cell nuclei in the section which stained
with BINT MAb 99D (Wechsler-Reya et al., 1997a) was scored as
follows: —, negative; +/—, <10% cells staining; +, 10% to 70% cells
staining; ++, >70% cells staining.

In, number of specimens examined.~2Tissue derived from reduction
mammoplasty.—*Included 2 tumors exhibiting both nuclear and cyto-
solic staining.

probes generated by the random priming method (Roche). Probes
were an approx. 1.5 kb Eco RI fragment from the 99fE cDNA
including the coding region of BIN1 (Sakamuro et al., 1996) or an
approx. 1.6 kb Xba I fragment of the human BIN/ gene encompass-
ing exon 1 and the promoter region (Wechsler-Reya et al., 1997b).
Blots were washed at a final stringency of 0.2X SSC at 60°C and
subjected to autoradiography at —-80°C from 1 to 3 days. For
Northern analysis, total cytoplasmic RNA was prepared from
tissues and cell lines as described (Prendergast and Cole, 1989;
Shiozawa et al., 1990), fractionated on formaldehyde agarose gels,
blotted and hybridized with 3?P-labeled human MYC (Prendergast
etal., 1991) or BIN1 (99fE) cDNA probes, as described above.

Western analysis

Cell lysates were prepared in NP40 buffer and analyzed by
SDS-PAGE and Western blotting using standard methods. Blots

BR-18
adenoma

E

BR-20
_ carcinoma

normal

FIGURE 3 — Immuno-histochemical analysis of BINI in primary
breast tumors. Representative patterns of BINI staining in frozen
sections of normal, benign adenoma and malignant breast tissucs
documented in Table I are presented. Lower panels are histological
sections stained with standard hematoxylin-eosin (H&E).

were probed with BIN1 monoclonal antibody (MAb) 99D (Wech-
sler-Reya er al., 1997a) and developed using a 1:5,000 dilution of
horseradish peroxidase—conjugated goat anti-mouse IgG (Roche)
and a chemiluminescence kit, employing the conditions suggested
by the vendor (Pierce, Rockford, IL).

Immuno-histochemistry

Frozen cases of normal and malignant brcast tissues were
obtained from the Department of Pathology and Laboratory
Medicine at the Hospital of the University of Pennsylvania
(Philadelphia, PA) and from the Department of Pathology at the
University of Michigan Medical School (Ann Arbor, MI). Frozen
tissues were sectioned and processed for immuno-histochemistry
using anti-BINT MAb 99D (Wechsler-Reya et al., 19974a), which
efficiently stains frozen, but not formalin-fixed, tissues (Sakamuro
et al., 1996). Sections were warmed to room temperature, washed
twice with PBS, fixed in 4% paraformaldehyde/PBS for 30 min at
4°C and rinsed once with water and then twice with PBS. Tissues
were permeabilized in 0.1% Triton X-100 for 10 min, washed twice
with PBS and incubated for 15 min in 1% H,0, in methanol to
quench endogenous peroxidase. After washing for 5 min each in
PBS and then PBS/0.1% BSA, samples were incubated for 30 min
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FIGURE 4 — Organization of the human BIN! gene. Exon-intron organization of the human BINI gene and its 5’ upstream region was
characterized previously by Wechsler-Reya ef al. (1997b). Exon 1 and the promoter region are separated from the main part of the gene by >20 kb.
The upper part of the figure depicts the HindIII restriction fragments hybridized by a cDNA probe (for the main body of the gene) or by an Xbal
genomic restriction fragment probe (for the exon 1 promoter region). H, HindIII; X, Xbal.
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FIGURE 5 — Aberrant organization of the BINI gene in breast carcinomas and primary tumors. Genomic DNA was isolated from normal PBLs or
from the cell lines and primary tumors indicated, digested with HindIII endonuclease, fractionated on agarose gels and subjected to Southern
blotting and hybridization with 32P-labeled cDNA or genomic probes as noted in Figure 4. (@) Carcinoma cell lines. The blot was hybridized with
the cDNA probe that recognizes the body of the gene (top panel) and then stripped and rehybridized with the genomic probe that recognizes the 5’
region of the gene (bottom panel). (b) Wild-type organization of the 5’ end of the BINI gene in prostate carcinoma cells. Hybridization data using

the 5’ genomic probe are shown. (c) Primary tumors. Hybridization data using the 5’ genomic probe are shown.

with anti-BIN1, washed twice in PBS and incubated for an
additional 30 min with a 1:200 (v/v) dilution of biotin-conjugated
AffiniPure goat anti-mouse IgG(H+L) (Jackson ImmunoResearch,
West Grove, PA). Slides were developed by 30 min incubation with
peroxidase-conjugated streptavidin (Dako, Carpinteria CA) diluted
at 1:200 in PBS/0.1% BSA, washed for 5 min in PBS 3 times and
then flooded for 5 min with substrate (Peroxidase Substrate
DABKit; Vector, Burlingame, CA). After rinsing in water, slides
were counterstained with 0.04% light green in acidified water or
dilute hematoxylin for 1 min, dehydrated and cover-slipped.
Stained slides were examined and scored for overall mean extent of
nuclear staining. Extent of staining was evaluated on a scale of 0 to
2+ (0= 0%, +/— = <10%, + = 10% to 70%, ++ = >70%).

RESULTS
Loss of BINI occurs frequently in breast cancer

Previously, we showed that MCF7 cells and 3/6 primary human
tumors examined lacked detectable BIN1 message (Sakamuro et
al., 1996). To determine the extent of such losses and to assess the
mechanism, we examined the status of BIN1 expression in a set of
7 human carcinoma cell lines and 50 cases of normal and malignant
breast tissue. Levels in cell lines were determined in non-malignant
HBL-100 cells; the estrogen-dependent carcinoma cells lines
T47D, ZR-75-1 and MCF7; and the estrogen-independent carci-
noma cell lines BT20, MDA-MB-468, SK-BR-3 and SK-BR-5.
BIN1 RNA levels in 5/7 of these cell lines were reduced or
undetectable relative to HBL-100 (Fig. 1a, upper panels). Elevated
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MYC levels were observed in all cell lines, with the exception of
SK-BR-5, where MYC message was undetectable (Fig. 1a, middle
panels). The differences in message levels were not due to
differences in RNA loading, as shown by ethidium bromide
staining of Northern gels or hybridization of Northern blots with
[B-actin cDNA (Fig. 1a, lower panels). Western analysis using the
anti-BIN1 MAb 99D (Wechsler-Reya et al., 1997a) confirmed and
extended the deficits in BINI expression in malignant cells (Fig.
1b). In particular, BT20 and MDA-MB-468 lacked wild-type
protein, though they expressed normal levels of BINI message.
While the basis for this difference was unclear, these data increased
the extent of losses of wild-type BIN1 protein to all malignant cell
lines examined. In SK-BR-3 cells, a truncated polypeptide was
detected. RT-PCR analysis of the cell lines which expressed
detectable message levels (HBL-100, BT20, T47D and SK-BR-3)
revealed normal message structure in all cell lines except for
SK-BR-3, which also expressed an aberrantly spliced isoform that
correlated with production of the truncated polypeptide (Fig. 1c¢).
In contrast to the lack of BIN1 expression in malignant cells, BIN|
polypeptides of appropriate size were detected in WI-38 diploid
fibroblasts and non-malignant HBL-100 cells.

We next examined the levels of BINI message and protein in
breast tumors, to confirm the extent of losses in primary malignan-
cies and to rule out the trivial possibility that losses were due to in
vitro cell line establishment. BINI messages were examined in
RNAs isolated from a panel of 3 benign and 23 malignant breast
tissues by RT-PCR (Fig. 2). All 3 benign tissues examined were
positive for expression, but 16/23 (70%) malignant tissues exhib-
ited reduced or undetectable levels of BINI message relative to
normal tissues. The complete coding regions of the messages in the
7 samples which exhibited robust expression (asterisks in Fig. 2)
were cloned by RT-PCR and the DNA sequence determined as
described previously (Wechsler-Reya et al., 1997h). No alterations
relative to the wild-type BINI sequence were observed (data not
shown), suggesting that alterations of BIN1 in breast cancer related
predominantly to loss of expression rather than polypeptide
mutation. To confirm losses at the level of protein accumulation,
we performed an immuno-histochemical analysis of 5 benign and
27 malignant cases of breast tissue (Table I, Fig. 3). This analysis
included 4 normal tissues derived from reduction mammoplasty, 1
case of lactating adenoma, 23 cases of infiltrating ductal adenocar-
cinoma and 1 each of infiltrating lobular carcinoma, tubular
carcinoma, metaplastic carcinoma and malignant phyllodes (a
relatively rare tumor with high mitotic rate, infiltrative borders,
stromal atypia and over-growth). All benign tissues, including the
lactating adenoma, exhibited uniform and robust staining of BIN|
in cell nuclei, consistent with the localization of BINI in other
normal or benign cell types (Sakamuro et al., 1996; Wechsler-Reya
etal., 1997a, 1998). In contrast, complete or partial losses of BIN|
were observed in 11/27 (41%) and 3/27 (11%) malignant cases,
respectively. Figure 3 presents examples of the positive staining
patterns observed in normal tissue and benign adenoma as well as
the most common negative pattern seen in infiltrating ductal
carcinoma. In cases of malignant tissue positive for BINI1, 4/12
exhibited staining in the cytosol as well as the nucleus of neoplastic
cells (data not shown). In addition, some positive cells exhibited
staining of punctate subnuclear domains instead of nucleoplasm,
reminiscent of abnormal patterns seen in other malignant cells,
such as SAOS-2 osteosarcoma cells (Wechsler-Reya et al., 1997a).
Further investigation is required to determine the functional impact
of these altered staining patterns. To assess the possibility of a
correlation between BINI status and other pathological markers,
we examined the nuclear grade, histological grade, ploidy, lymph
node positivity and status of ERBB2 (HER?2), progesteronc recep-
tor and estrogen receptor in a subset of 15 malignant cases, but no
correlation with these markers was apparent (data not shown).
Nevertheless, when taken together, the results of the RT-PCR and
immuno-histochemical analyses indicated that BINT was greatly
reduced or undetectable in 60% of the 50 malignant cases
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FIGURE 6 - Inducible expression of BIN! in adenovirus-infected
breast cells. Cell extracts were prepared 20 hr after infection with
Ad-cre plus Ad-vect (upper panel) or Ad-cre plus Ad-MABINI (lower
pancl), and equivalent amounts were subjected to Western analysis
with anti-BINT MAb 99D. The positive control for expression is an
extract derived from a BINI-expressing human melanoma cell line.

examined. We concluded that loss of BINI occurred frequently in
neoplastic breast disease.

Status of the BINI gene in breast carcinoma cell lines and tumors

Southern analysis was performed to compare the organization of
the human BINT gene in malignant and benign cells, to determine
whether losses in expression were accompanied by any genetic
abnormalities. Genomic DNA was isolated from normal peripheral
blood lymphocytes (PBLs), as a control for wild-type organization,
as well as from a set of malignant breast ccll lines and 24 primary
breast tumors. Figure 4 presents the organization of the BIN/ genc
as previously determined (Wechsler-Reya et al., 1997h) and the
Southern analysis strategy used in this study. Restriction of
genomic DNA by HindIIl endonuclease gencrates 2 contiguous
fragments of 22 kb and 7 kb that encompass the body of the genc
recognized by a BIN/-coding region ¢cDNA probc; the same
digestion also generatcs 2 contiguous fragments of {2 kb and 5.3 kb
encompassing the 5' upstream region recognized by an Xbal
restriction fragment that includes exon 1 and promoter sequences
(Fig. 4). Genomic DNA from normal PBLs produced the expected
gel band patterns for both regions of the gene (Fig. 5a). In contrast,
aberrant band patterns were noted in genomic DNA isolated from
SK-BR-5, which apparently sustained a homozygous delction of
the BINI gene consistent with the lack of message or protein
production. SK-BR-3 exhibited both normal and aberrant frag-
ments within the body of the gene. consistent with the production
of an aberrant splice product and a truncated polypeptide (Fig. 1).
Other cell lines exhibited wild-type organization of the body of the
gene, as did all primary tumors examined (data not shown).
However, additional examples of abnormal genc organization were
seen in carcinoma cells and primary tumors at the 5’ end of the gene
(Fig. 5a,b). SK-BR-5 exhibited a single aberrant band consistent
with the likelihood of a large deletion within the BIN/ gene in this
cell line. SK-BR-3, T47D and ZR-75-1 exhibited loss of the 5.3 kb
fragment that includes exon 1 and the proximal region of the
promoter. While polymorphism was not ruled out, similar abnor-
malities were not observed in a set of prostate cancer cell lines, the
BIN] organization of which was identical to that observed in PBLs
(Fig. 5b). Interestingly, 3/4 of the carcinoma lines that exhibited
aberrant 5’ organization also lacked detectable message. Analysis
of primary tumors showed that 8/16 tumors had similar aberrant 5’
banding patterns. An additional 3/16 tumors (1508, 9492 and 9813)
exhibited bands of unique mobility where polymorphism as a cause
could be ruled out. Using this type of benchmark, a conservative
interpretation was that at least 1/6 of the cancer cell lines and 3/16
of the primary tumors had mutations in BIN/. However, since a
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FIGURE 7 — Cytopathic effect of ectopic BINT. Cells were infected with the viruses indicated in Figure 3 and photographed 48 hr later using

phase contrast microscopy.

greater proportion of malignant cells exhibited losses in expression
than clear genetic abnormalities, it appeared that loss of BIN1
expression in breast neoplastic disease was due to epigenetic as
well as genetic causes.

BIN1 induces programmed cell death in malignant cells
independently of estrogen receptor status

To address the functional significance of BINT1 loss, an adenovi-
ral vector system was used to examine the consequences of ectopic
re-expression of BINI in a panel of the breast tumor cell lines
analyzed. The system used an inducible vector that allows condi-
tional expression based on the cre-loxP system, which allows one
to rule out toxic effects of adenovirus or uninduced vector DNA.
The construction and characterization of this system will be
described in detail elsewhere. Briefly, the full-length BINJ ¢cDNA
was cloned into a standard adenoviral vector downstream of a
stuffer fragment flanked by 1oxP sites. Co-infection with a recombi-
nant adenovirus expressing Cre recombinase (Ad-cre) results in
removal of the stuffer fragment and ligation of the BINI ¢cDNA
immediately downstream of the CMV early-region enhancer/
promoter, causing it to be expressed. The m.o.i. required to infect
=90% of the target population for each of the breast cell lines was
determined using a B-galactosidase vector (Ad-lacZ) and standard
methods of staining cells with X-gal to monitor B-galactosidase
expression. In this manner, an m.o.i. of 100 was found to be
sufficient to infect each cell line used (data not shown). Expression
of BIN1 from the adenoviral vector was robust in all cells
co-infected with Ad-cre (Fig. 6).

Expression of BIN1 in the malignant cells was correlated with
the appearance of a cytopathic phenotype that was characterized by
substratum detachment (Fig. 7). Uninduced or control viruses did
not produce similar effects at the m.o.i. employed. The most
pronounced cytopathic phenotype occured in estrogen receptor—
positive ZR-75-1 cells and estrogen receptor-negative SK-BR-3 or
MDA-MB-468 cells; however, all of the malignant cell lines tested
exhibited this phenotype to various degrees. Non-malignant HBL-
100 cells were not affected by ectopic BIN1 expression. Consistent
with a specific effect on malignant cells, ectopic BINI causes
similar effects on human melanoma cells but not fetal melanocytes
(Ge et al., 1999) and IMRO0 diploid fibroblasts are not affected by
ectopic BIN1 (data not shown). To confirm that the cytopathic
phenotype observed in malignant cells was correlated with induc-
tion of cell death, an explicit determination of viability was made

by Trypan blue exclusion in cells harvested 48 hr after adenoviral
infection. With the exception of non-malignant HBL-100 cells, all
of the cell lines exhibited a reduction in viability in response to
BIN1 expression (Fig. 8a). A correlation was noted between the
extent of cell death and the cytopathic phenotype. Estrogen
receptor—positive T47D and MCF7 cells and estrogen receptor—
negative BT20 cells were the least affected, but their viability was
still reduced significantly at the time point tested. The effect on
MCF7 was consistent with the BIN1-induced growth inhibition
documented previously (Sakamuro er al., 1996). The lack of
correlation between estrogen receptor status and BIN1 response
was consistent with a similar lack of correlation between the status
of BINI and the estrogen receptor indicated by the immuno-
histochemical analysis. Flow cytometry was performed to deter-
mine if cell death was due to apoptosis as defined by TUNEL assay
and DNA degradation. Virally infected cells harvested 48 hr later
were processed for TUNEL reaction and propidium iodide staining
and analyzed by flow cytometry. In this assay, cells undergoing
programmed cell death are identified on the basis of the presence of
sub-G; phase DNA (Schwartz and Osborne, 1995). Table II presents
the proportion of cells in the sub-G, phase fraction which sustained
extensive DNA degradation. The basal level of sub-G; phase cells
in the HBL-100 population examined was not altered by ectopic
expression of BIN1. In contrast, following ectopic expression of
BINTI, all malignant cell lines exhibited an increase in the proportion of
cells in the sub-G fraction, with a good correlation between the relative
extent of DNA degradation and loss of viability. DNA degradation
consistent with programmed cell death was confirmed by TUNEL assay
in HBL-100 and MDA-MB-468 cells. As expected, MDA-MB-468
cells were labeled by TUNEL reaction and showed an increase in
the proportion of sub-G; phase cells in this trial whereas HBL-100
was negative in both regards (Fig. 8b). We concluded that deficits
of BIN1 in malignant breast cells were functionally significant and
that ectopic re-expression of BIN1 caused programmed cell death,
without regard to estrogen receptor status.

DISCUSSION

Our results demonstrate that loss of BIN1 in neoplastic breast
disease is both frequent and significant. Partial or complete
reductions in steady-state BIN1 levels were documented in greater
than half of the cases of primary breast cancer and in all of the
breast carcinoma cell lines examined. No correlation between
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FIGURE 8 — BINI induces programmed cell death in malignant, but
not benign, cells. (a) Cell viability. Cells were infected with the viruses
indicated in Figure 3, and viable cells were counted by Trypan blue
staining 48 hr later. The data represent the mean and standard error
derived from 3 separate trials. (b) Flow cytometry. HBL-100 and
MDA-MB-468 cells were infected as above and 48 hr later processed
for TUNEL reaction and propidium iodide staining.

BIN1 status and other pathological markers was noted, though the
sample size was small. The BIN/ gene is located on chromosome
2q14 (Negorev er al., 1996) within a region reported to be deleted
in 30% to 40% of breast carcinomas (Kerangueven et al., 1997).
However, although we documented homozygous deletion of the
BIN]T gene in the tumor cell line SK-BR-5 and obtained some
evidence of aberrant 5’ organization in malignant cell lincs and
primary tumors consistent with allelic deletions, further investiga-
tion is required to firmly establish the extent of genetic alterations
of BIN] in breast cancer. Nevertheless, given a conservative
interpretation, the frequency of BIN1 losses occuring at the level of
protein and/or message appears to exceed the frequency of genetic
alterations, suggesting a role for epigenetic alterations. The BINT
promoter contains a CpG island (Wechsler-Reya et al., 1997b), so
DNA methylation events that affect promoter activity offer a likely
mechanism for epigenetic alteration. In any case, the losses in
BIN1 found to occur frequently in breast cancer appeared to have
both genetic and epigenetic causes.

GE ETAL.

TABLE II - PROPORTION OF BIN1-EXPRESSING CELLS EXHIBITING
DNA DEGRADATION

Adenoviral vectors

Cell line ER . y
s ere + vect MABINI MABINI
HBL-100 + 9.6 6.6 10.1
BT20 - 1.3 1.9 4.0
MDA-MB-468 - 1.8 3.6 23.6
SK-BR-3 — 2.7 2.9 19.7
T47D + 2.9 4.8 9.1
ZR-75-1 + 55 5.7 20.0
MCF7 + 2.7 3.4 6.2

Cells were infected with 100 m.o.i. of each vector indicated and 48
hr later fixed, stained with propidium iodide and processed for flow
cytometry. Results represent the proportion of cells in the population in
the sub-G, fraction (mean of 2 trials). ER, estrogen receptor.

Evidence was obtained that BIN1 deficits were significant to the
survival of malignant breast cells. Re-introduction of BINI into
malignant cells which lacked endogenous BINI expression led to a
selective induction of programmed cell death. This response, which
did not occur in non-malignant cells, was consistent with other
evidence supporting a tumor-suppressor role for this nucleocytoplas-
mic adaptor protein (Sakamuro et al., 1996; Elliott et al., 1999; Ge
et al., 1999). Although its functions as an adaptor appcar complex,
due in part to modulation by tissue-specific splicing, BINI was
identified initially through its ability to intcract with and inhibit the
oncogenic properties of MYC. Activation of MYC occurs fre-
quently in later stages of breast cancer, and this event is associated
with poor prognosis (Berns ez al., 1992; Borg et al., 1992; Watson
et al., 1993). Since BINI can block malignant transformation by
MYC (Sakamuro et al., 1996), the loss of BINI activity in brcast
cancer cells may promote full oncogenic activation of MYC by
eliminating a key governor. The governor may act downstream
rather than upstream of MYC: evidence supports a model in which
BINI is necessary for MYC-mediated apoptosis such that loss of
BINI may relieve the pro-apoptotic penalty of activated MYC
(Prendergast, 1999). BIN1 can also inhibit neoplastic transforma-
tion caused by adenovirus ElA, human papillomavirus E7 or
mutant p53 (Elliott er al., 1999). Thus, it is also conceivable that
loss of BINI may contribute to breast cancer progression in more
than one way by eliminating a MYC-independent mechanism
which can limit neoplastic transformation.

ACKNOWLEDGEMENTS

We are grateful to Dr. FL. Graham for providing the cre-loxP
adenoviral system, Dr. JM. Wilson for providing the empty
adenovirus vector Ad-vect and Dr. K. Satyamoorthy for advice on
adenoviral infection. We also thank Mr. R. Buccafusca for expert
technical assistance. Support from the Wistar Cancer Core grant
(CA10851) and the Wistar Histology and Flow Cytometry Corc
Facilities is acknowledged. This work was supported by grants to
GCP from the US Army Breast Cancer Research Program
(DAMDI17-96-1-6324) and the American Cancer Society (CN-
160). KG is the recipient of a fellowship award from the Adler
Foundation. GCP is the recipient of awards from CapCURE and is
a Pew Scholar in the Biomedical Sciences.

REFERENCES

ANTON, M. and GraHAM, EL., Site-specific recombination mediated by an
adenovirus vector expressing the Cre recombinase protein: a molecular
switch for control of gene expression. J. Virol., 69, 4600-4606 (1995).

Berns, EM., Krin, J.G., vaN PuTTeN, W.L., VAN STAVEREN, LL..
PORTENGEN, H. and FOEKENS, J.A., c-myc amplification is a better prognos-

tic factor than HER2/neu amplification in primary breast cancer. Cancer
Res., 52, 1107-1113 (1992).

BORG. A., BALDETORP, B., FERNO, M., OLSSON, H. and SIGURDSSON, H.,
c-myc amplification is an independent prognostic factor in postmenopausal
breast cancer. Int. J. Cancer, 51, 687-691 (1992).



1.

FREQUENT LOSS OF BIN1 IN BREAST CARCINOMA

CHURCH, G.M. and GILBERT, W., Genomic sequencing. Proc. nat. Acad. Sci.
(Wash.), 81, 1991-1995 (1984).

Davis, A.R. and WiLsoN, J.M., Adenoviral vectors. In: Current protocols in
human genetics, pp. 12.4.1-18, J. Wiley, New York (1996).

ELLIOTT, K., SAKAMURO, D., Basu, A., Du, W., WUNNER, W., STALLER, P,,
GAUBATZ, S., ZHANG, H., PROCHOWNIK, E., EILERS, M. and PRENDERGAST,
G.C., BIN1 functionally interacts with Myc in cells and inhibits cell
proliferation by multiple mechanisms. Oncogene, 18, 3564-3573 (1999).

Gg, K., DuHADAWAY, J., Du, W., HERLYN, M., RODECK, U. and PRENDER-
GasT, G.C., Novel mechanism for elimination of a tumor suppressor:
aberrant splicing of a brain-specific exon causes loss of function of Binl in
melanoma. Proc. nat. Acad. Sci. (Wash.), 96, 96899694 (1999).

HERRMANN, B.G. and FRrISCHAUF, AM., Isolation of genomic DNA.
Methods Enzymol., 152, 180-183 (1987).

KERANGUEVEN, F., NoGucHl, T., COULIER, F,, ALLIONE, F., WARGNIEZ, V.,
SIMONY-LAFONTAINE, J., LONGY, M., JACQUEMIER, J., SOBOL, H., EISINGER,
F. and BIrRNBAUM, D., Genome-wide search for loss of heterozygosity shows
extensive genetic diversity of human breast carcinomas. Cancer Res., 57,
5469-~5474 (1997).

Nass, S.J. and DicksoN, R.B., Defining a role for MYC in breast
tumorigenesis. Breast Cancer Res. Treat., 44, 1-22 (1997).

NEGOREV, D., REITHMAN, H., WECHSLER-REYA, R., SAKAMURO, D., PRENDER-
GAST, G.C. and SIMON, D., The BINI gene localizes to human chromosome
2q1.4 by PCR analysis of somatic cell hybrids and fluorescence in situ
hybridization. Genomics, 33, 329-331 (1996).

PRENDERGAST, G.C., Mechanisms of apoptosis by c-Myc. Oncogene, 18,
2966-2986 (1999).

PRENDERGAST, G.C. and CoLg, M.D., Posttranscriptional regulation of
cellular gene expression by the c-myc oncogene. Mol. cell. Biol, 9,
123-134 (1989).

383

PRENDERGAST, G.C., LAWE, D. and Zirr, E.B., Association of Myn, the
murine homolog of Max, with MYC stimulates methylation-sensitive DNA
binding and Ras cotransformation. Cell, 65, 395-407 (1991).

SAKAMURO, D., ELLIOTT, K., WECHSLER-REYA, R. and PRENDERGAST, G.C.,
BINI is a novel MYC-interacting protein with features of a tumor
suppressor. Nature (Genet. ), 14, 69-77 (1996).

SAKAMURO, D. and PRENDERGAST, G.C., New Myc-binding proteins: a
second Myc network emerges. Oncogene, 18,2942-2953 (1999).

ScuwaRrTz, L.M. and OSBORNE, B.A. (eds.), Cell death, Academic Press,
New York (1995).

SHI0zZAWA, M., HIRAOKA, Y., YAsuDA, K., IMAMURA, T., SAKAMURO, D,
TanNiGUcHI, N., YAMAZOE, M. and YosHIKAwWA, H., Synthesis of human
gamma-glutamyl transpeptidase (GGT) during the fetal development of
liver. Gene, 87,299-303 (1990).

WATSON, PH., SAFNECK, J.R., Lg, K., DUBIK, D. and SHiu, R.P,, Relation-
ship of MYC amplification to progression of breast cancer from in situ to
invasive tumor and lymph node metastasis. J. nat. Cancer Inst., 85,
902907 (1993).

WECHSLER-REYA, R., ELLIOTT, K., HERLYN, M. and PRENDERGAST, G.C.,
The putative tumor suppressor BIN1 is a short-lived nuclear phosphopro-
tein whose localization is altered in malignant cells. Cancer Res., 57,
3258-3263 (1997a).

WECHSLER-REYA, R., ELLIOTT, K. and PRENDERGAST, G.C., A role for the
putative tumor suppressor BIN1 in muscle cell differentiation. Mol. cell.
Biol., 18, 566-575 (1998).

WECHSLER-REYA, R., SAkamuro, D., ZHANG, J., DunADAWAY, J. and
PRENDERGAST, G.C., Structural analysis of the human BINI gene: evidence
for tissue-specific transcriptional regulation and alternate RNA splicing. J.
biol. Chem., 272, 31453-31458 (1997b).




Oncogene (2000} 19, 4669-4684
© 2000 Macmillan Publishers Ltd Al rights reserved 0950-9232/00 $15.00

www.nature.com/onc

The c-Myc-interacting adaptor protein Binl activates a
caspase-independent cell death program

Katherine Elliott', Kai Ge'?, Wei Du'? and George C Prendergast*'?

"The Wistar Institute, Philadelphia, PA, USA; *Glenolden Laboratory, DuPont Pharmaceuticals Company, Glenolden, PA, USA

Cell death processes are progressively inactivated during
malignant development, in part by loss of tumor
suppressors that can promote cell death. The Binl gene
encodes a nucleocytosolic adaptor protein with tumor
suppressor properties, initially identified through its
ability to interact with and inhibit malignant transforma-
tion by c-Myc and other oncogenes. Binl is frequently
missing or functionally inactivated in breast and prostate
cancers and in melanoma. In this study, we show that
Binl engages a caspase-independent cell death process
similar to type II apoptosis, characterized by cell
shrinkage, substratum detachment, vacuolated cyto-
plasm, and DNA degradation. Cell death induction was
relieved by mutation of the BAR domain, a putative
effector domain, or by a missplicing event that occurs in
melanoma and inactivates suppressor activity. Cells in all
phases of the cell cycle were susceptible to death and p53
and Rb were dispensable. Notably, Binl did not activate
caspases and the broad spectrum caspase inhibitor
ZVAD.fmk did not block cell death. Consistent with
the lack of caspase involvement, dying cells lacked
nucleosomal DNA cleavage and nuclear lamina degrada-
tion. Moreover, neither Bcl-2 or dominant inhibition of
the Fas pathway had any effect. In previous work, we
showed that Binl could not suppress cell transformation
by SV40 large T antigen. Consistent with this finding, we
observed that T antigen suppressed the death program
engaged by Binl. This observation was interesting in
light of emerging evidence that T antigen has roles in cell
immortalization and human cell transformation beyond
Rb and p53 inactivation. In support of a link to c-Myc-
induced death processes, AEBSF, a serine protease
inhibitor that inhibits apoptosis by c-Myc, potently
suppressed DNA degradation by Binl. Our findings
suggest that the tumor suppressor activity of Binl
reflects engagement of a unique cell- death program.
We propose that loss of Binl may promote malignancy
by blunting death penalties associated with oncogene
activation. Oncogene (2000) 19, 4669 —4684.
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Introduction

Cell suicide programs are crucial to development and
homeostasis. A major role of these programs is to
stanch inappropriate cell proliferation that can lead to

cancer. Indeed, loss of the capacity for programmed -

cell death (PCD) is a hallmark of the malignant cell.
Loss of this capacity is not due to inactivation of the
machinery responsible for the major form of PCD,
apoptosis, which is minimally comprised of cytochrome
c, apoptosis promoting factors (Apafs), and caspases
(Reed et al., 1998). Instead, it appears that malignant
cells suppress or eliminate signals needed to commit to
PCD and/or to activate the apoptotic machinery.

How cells commit to die and how malignant cells
sidestep this decision are questions of great interest in
the areas of programmed cell death and cancer
research. Caspase regulation is important, but there is
emerging evidence that caspase-independent processes
may also have important roles. Death receptors
directly - activate caspases and cancer cells neutralize
these routes by multiple strategies (Ashkenazi and
Dixit, 1998). Mitochondria indirectly regulate caspases,
by controlling the release of cytochrome c release and
thereby the status of Apaf, which controls the
activation of caspase-9 (Green and Reed, 1998). This
route is blunted in cancer cells primarily by alterations
in the level of Bcl-2 family proteins, which control
cytochrome ¢ release (Chao and Korsmeyer, 1998;
Reed et al., 1998; Thompson and Vander Heiden,
1999), but probably at other levels as well (Ding et al.,
1998; Fearnhead et al., 1997). Caspase activation is
clearly sufficient for death commitment but whether it
is necessary is much less clear. A viable hypothesis is
that caspase-independent processes participate in
commitment and that caspase activation seals a PCD
decision made by the cell (Amarante-Mendes et al.,
1998; McCarthy et al., 1997; Thompson and Vander
Heiden, 1999). If so, then caspase-independent pro-
cesses may be disrupted in cancer cells like caspase
activation pathways.

One area of investigation into cancer cell death
mechanisms centers on how c-Myec stimulates PCD and
why it does not do so in malignancy (Prendergast,
1999). Oncogenic activation of c-Myc promotes the
development of many clinically significant cancers,
such as those of the breast, colon, lung, and prostate
(Cole, 1986; Garte, 1993; Jenkins et al., 1997). c-Myc
activation usually occurs at later stages in carcinoma in
humans and is usually a poor prognostic marker.
However, in premalignant cells c-Myc is a robust
stimulator of PCD. Therefore, to exploit the growth-
promoting aspects of c-Myc, malignant cells must
evolve strategies to escape the death penalty associated
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with its activation. Mechanistic investigations in
fibroblast and lymphocyte models have defined central
roles for the tumor suppressors p53 and pl194*F, which
are frequently inactivated in human cancer (Sherr,
1998). Whether these genes mediate PCD by c-Myc or
sensitize cells to its action is unclear. Nevertheless, it is
evident that p53 inactivation does not compromize the
ability of c-Myc to drive PCD in epithelial cells
(Prendergast, 1999; Sakamuro ez al., 1995), indicating
that p53-independent mechanisms are also important.
Interestingly, careful investigations have revealed that
caspase inhibition or Bcl-2 overexpression does not
abolish the ability of c-Myc to commit cells to undergo
PCD. Caspase inactivation eliminates nuclear pheno-
types characteristic of apoptosis and slows the kinetics
of cell death, but it does not abolish all apoptotic
phenotypes nor ultimate cellular demise (Amarante-
Mendes ef al., 1998; Cecconi et al., 1998; McCarthy et
al., 1997; Soengas et al., 1999; Yoshida et al., 1998).
Similarly, Bcl-2 proteins significantly delay but do not
abolish PCD commitment induced by ¢c-Myc either in
vitro or in vivo (McCarthy et al., 1997, Trudel et al.,
1997; Tsuneoka and Mekada, 2000). Thus, while c-Myc
promotes PCD by activating caspases (Kangas et al.,
1998), and Bcl-2 cooperates with c-Myc to promote
malignancy by delaying this process, c-Myc apparently
also affects caspase-independent processes that influ-
ence death commitment. Inactivation of such processes
may be important in epithelial cells where c-Myc
activation occurs. This may be especially true at stages
when malignant cell division is slow and inefficient
modes of cell death which do not involve caspases may
be effective at stanching tumor outgrowth. Thus,
inactivation of caspase-independent processes may
contribute to tumorigenesis by helping cells escape
death penalties associated with activation of c-Myc or
other oncogenes (Prendergast, 1999).

In this study, we investigated a role in PCD for Binl
(Bridging INtegrator-1), one of an emerging set of c-
Myc-interacting adaptor proteins that are candidates
for regulating c-Myc or mediating its diverse actions in
cells (Sakamuro and Prendergast, 1999). Binl function
is complex and varied by tissue-specific splicing. It was
identified initially through its ability to interact with
and inhibit malignant transformation by c-Myc
(Sakamuro et al., 1996). Subsequent investigations
established that there are two ubiquitous slice isoforms
of Binl and several other splice forms that are
restricted in expression to muscle or brain (Butler et
al., 1997; Ramjaun et al., 1997; Tsutsui et al., 1997,
Wechsler-Reya et al., 1997b, 1998). Binl polypeptides
are related in their terminal domains to amphiphysin, a
neuronal protein involved in synaptic vesicle endocy-
tosis, and brain isoforms which are most similar have
been termed alternately amphiphysin II or amphiphy-
sin-like (amph!). However, amphiphysin was named for
its biochemical properties, rather than its function, and
outside the brain Binl has functions that are not
amphiphysin-like. First, although the brain isoforms of
Binl are cytosolic, the ubiquitous Binl isoforms
localize to the nucleus as well as to the cytosol (Kadlec
and Pendergast, 1997; Wechsler-Reya et al., 1997a).
Consistent with their nuclear localization, these iso-
forms functionally interact with the nuclear tyrosine
kinase c-Abl as well as with c-Myc (Elliott ez al., 1999,
Kadlec and Pendergast, 1997). Second, only brain
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isoforms of Bin! include sequences that are required to
interact with clathrin and the endocytosis regulatory
complex AP-2 (Ramjaun and McPherson, 1998). Third,
muscle-specific isoform, which localizes to the nucleus
and binds c-Myc, is required for myoblasts to with-
draw from the cell cycle and to terminally differentiate
(Mao et al., 1999; Wechsler-Reya et al., 1998). Lastly,
isoforms that localize to the nucleus and bind ¢c-Myc
exhibit tumor suppressor properties which are inacti-
vated or missing in malignant melanoma, breast
cancer, and prostate cancer (Ge et al., 1999, 2000a,b).
In contrast, amphiphysin and brain isoforms of Binl
lack suppressor activity. Indeed, one way by which
Binl is functionally inactivated in cancer is by
missplicing of one of its brain-specific exons (Ge et
al., 1999). Thus, Binl has two functions, one of which
is linked to nuclear processes that influence cell fate. In
this study, we provide evidence that the tumor
suppressor properties of Binl are related to induction
of cell death and that Binl participates in a caspase-
independent process similar to type II apoptosis.

Resulits

Binl activates a programmed cell death process in
malignant cells

We have shown that reintroduction of Binl into
human cancer cell lines that lack endogenous expres-
sion leads to loss of proliferative capacity and cellular
demise (Elliott et al., 1999; Ge et al., 1999, 2000a;
Sakamuro et al., 1996). To investigate this phenomen-
on in more detail, we used a set of recombinant
adenoviral vectors that efficiently deliver Binl to
human cells. One vector was constitutive and used
the cytomegalovirus (CMV) early promoter to drive
Binl expression (Ad-Binl). A second vector was
inducible and allowed Binl expression to be controlled
by coexpression of Cre recombinase. In this vector,
Binl ¢cDNA was inserted downstream of a CMV
promoter and a stuffer cassette flanked by loxP sites
(Ad-MABiInl). A matched control virus was also
constructed for each system in which a loss-of-function
Binl gene was expressed (see below). Recombinant
viruses were generated in human 293 cells by standard
methods. DNA sequencing from amplified viral DNA
confirmed the expected structure of each transgene
(data not shown). For control experiments, we also
prepared adenoviruses expressing LacZ (Ad-LacZ) or
Cre recombinase (Ad-cre) in 293 cells. The host cell
line used for infection was HepG2 hepatoma cells, a
functionally null cell which lacks endogenous Binl
expression and is susceptible to Binl-mediated growth
suppression (Elliott et al., 1999; Sakamuro et al., 1996).

Infections employing Ad-lacZ indicated that a
multiplicity of infection (m.o.i) of 50-100 was
required to infect >90% of HepG2 cells exposed to
virus in vitro (data not shown). HepG2 cells infected
with Ad-Binl at 10, S0 or 100 m.o.i. exhibited
increasing levels of Binl expression as documented by
Western analysis of cell extracts prepared and analysed
48 h after infection (see Figure 1a). Binl was detectable
within 12 h of infection and reached a maximum by
48 h (see Figure 1b). When infected under similar
conditions, the level of ectopic Binl in IMR90 diploid
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Figure 1 Recombinant Binl adenoviruses. Western analysis of whole cell lysates prepared from cells infected with the adenoviral
vectors indicated was performed. The anti-Binl monoclonal antibodies 99D were used as the primary antibodies in panels a, b, and
d; antibodies 99D plus 991 were used in panel ¢ (Wechsler-Reya ef al., 1997a). (a) Expression from the constitutive vector Ad-Binl.
HepG2 cells lacking endogenous Binl were incubated with viruses at the multiplicity of infection (m.o.i.) indicated and extracts were
prepared 48 h later. (b) Ad-Binl time course. Extracts were prepared from HepG2 cells harvested at the times indicated. (c)
Comparative levels of expression in IMR90 diploid fibroblasts or HepG2 cells. Extracts were prepared 48 h after infection at the
indicated m.o.i. IMR90 express endogenous Binl (Sakamuro ef al., 1996) but at a level that is undetectable on this exposure of the
blot, which illustrates similar steady-state levels of Binl in IMR90 or HepG?2 cells infected with the same amount of Ad-Binl. (d)
Cre-inducible expression from Ad-MABinl. HepG2 cell lines stably expressing P1 bacteriophage Cre site-specific recombinase
(HepG2/cre) or containing only vector sequences (HepG2/CMYV) were incubated with the virus indicated (m.o.i.=100) and extracts
were prepared 48 h later. The transgene in Ad-MABinl is located downstream of a loxP site-flanked stuffer sequence such that
expression occurs only after Cre-induced recombination (see Materials and methods). Ad-vect is a control virus that contain no
transgene. (¢) Expression of the loss-of-function deletion mutant BinlABAR-C. Western analysis was performed using extracts
isolated from cells infected with 100 m.o.i. Ad-Binl or Ad-BinlABAR-C, which lacks anti-transforming and tumor suppressor

properties (Elliott e al., 1999b)

fibroblasts used in control experiments was comparable
to that seen in HepG?2 cells (see Figure ic). Indirect cell
immunofluorescence experiments indicated that the
high level of expression driven by Ad-Binl was
correlated with localization of Binl throughout the
cell. To document Binl expression from the Cre-
inducible vector Ad-MABinl, we infected HepG2 cell
lines that stably expressed Cre recombinase (HepG2/
cre) or that contained only vector sequences (HepG2/
CMYV). Binl was detected in HepG2/cre cells infected
with 50 m.o.i. of Ad-MABinl (see Figure 1d). In
contrast, Binl was not detected after infection of
HepG2/CMYV cells, where the stuffer upstream of Binl
could not be removed, nor was it detected in either cell
line infected with control viruses that lacked an insert
(Ad-vect). A constitutive adenoviral vector was also
constructed for a loss-of-function mutant of Binl,
termed BinlABAR-C, that lacks a.a. 125-206 within
the N-terminal BAR domain which is crucial for
antineoplastic activity (Elliott et al, 1999). Extracts
derived from cells infected with Ad-BinlABAR-C
exhibited a polypeptide with the expected apparent
mobility of ~50 kD (see Figure le). A second smaller
polypeptide was also detected at lower levels relative to
the BinlABAR-C protein on Western blots. The

appearance of this polypeptide did not affect the loss-
of-function of BinlABAR-C, which was employed as a
negative control for cell death induction (see below). In
summary, these experiments validated the adenoviral
vectors for constitutive or inducible Binl expression in
human cells.

HepG2 cells expressing Binl displayed striking
morphological changes. Cells assumed a rounded,
shrunken morphology and exhibited deformations of
the plasma membrane before completely detaching
from substratum (see Figure 2a). The changes seen
were consistent with induction of PCD like that
observed previously (Ge et al, 1999, 2000a). Cells
infected with Ad-lacZ at similar or higher m.o.i. did
not display similar morphologies. No signs of cellular
demise were noted following infections of normal
human diploid IMR90 fibroblasts with Ad-Binl (see
Figure 2a). IMR90 cells showed some enlargement but
flow cytometry indicated no signs of cell cycle arrest
(data not shown), consistent with previous observa-
tions in rodent embryo fibroblasts, Rat! fibroblasts, or
mouse C2C12 myoblasts (Sakamuro et al, 1996;
Wechsler-Reya et al., 1998; unpublished observations).
Thus, Binl was not grossly toxic to cells, consistent
with previous observations (Ge et al., 1999, 2000a;
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Figure 2 Bint induces demise of malignant cells. (a) Morphology of HepG2 hepatoma cells or IMR90 diploid flbroblasts following
infection with Ad-LacZ or Ad-Binl. Cclls were incubated with 100 m.o.i. virus indicated and phatographed 48 h later using phase-
contrast optics (magnification = 100x). (¥) Morphology of cells infected with inducible Ad-MABinl virus. HepG2 cells stably

pressing Cre recombi or vecior only were incubated with [00 m.o.i. virus indicated and processed as above. (¢) Viable cell
count. Cells were infected with the viruses indicated, as in Figure 1, and harvested by trypsinization 48 h later. The proportion of
viable cells jn the population was determined by irypan blue exclusion. (d) Cell death is associated with DNA degradation and
occurs throughout the cell cycle. Cells were incubated with the indicated m.o.i, of Ad-LacZ or Ad-Binl and processed 48 h later for
TUNEL reaction, propidium iodide staining, and flow cytoretry. In each graph, the X-axis corresponds to relative PI staining and
the Y-axis to the log of the FITC signal reflecting relative TUNFI. positivity. Time courses indicated » correlation between the
kinetics of the cytopathic effect and DNA degradation. (¢) Cell death elicited by Binl oocurs throughout the ccll cycle., Cells were
incubated with 50 m.o.i. Ad-Lac?. or Ad-Binl and processed after the period indicatcd for TUNEL reaction, propidium iodide
staining, and flow cytemetry. In each graph, the X-axis corresponds to relative PI staining and the Y-uxis to the log of the FITC
signal reflecting relative TUNEL positivity
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Sakamuro et al., 1996; Wechsler-Reya et al., 1998).
Induction of the cre-inducible virus Ad-MABinl
produced identical effects. In HepG2/CMYV cells, the
control virus Ad-vect had little morphological effect,
whereas uninduced Ad-MABin1 had a slight effect on
cell shape (see Figure 2b). The effect of the latter virus
might reflect low leaky expression seen in other cell
types infected by Ad-MABinl (Ge et al, 1999).
However, the uninduced luciferase vector Ad-MA19
produced similar effects and we observed no increase in
detached cells using either vector (data not shown),
arguing for a nonspecific effect of the Ad-MA vector in
HepG2 cells. In any case, there was a profound
difference seen in HepG2/cre cells, where Ad-vect had
no discernible effect but Ad-MABinl elicited a
dramatic increase in detached cells (see Figure 2b).
Taken together, these results confirmed that the
cytopathic effect elicited by the constitutive Ad-Binl
vector was not due to nonspecific toxicity of the vector
system,

To explicitly assess cell viability in infected cultures,
cells incubated with various m.o.i. of Ad-Binl or Ad-
lacZ were harvested 48 h after infection and the
proportion of viable cells was determined by trypan
blue exclusion. Cells infected with Ad-lacZ at all m.o.i.
were >90% viable whereas cells infected with Ad-Binl
exhibited a linear relationship between m.o.i. and loss
of viability (see Figure 2c). Similar results were
obtained using Ad-MABinl (data not shown). Thus,
the cytopathic phenotype elicited by Binl was
associated with cell death.

We next examined whether cells induced to die by
Binl exhibited any differences in endocytosis, because
brain-specific splice isoforms of Binl that localize to
the cytosol in differentiated neurons have been
implicated in this process, like the related adaptor
protein amphiphysin (David et al., 1996; Ramjaun et
al., 1997, Wigge et al, 1997). Ubiquitous splice
isoforms of Binl that localize to the nucleus lack
brain-specific exons required for interaction with
clathrin-coated endocytotic vesicles and AP2 (Ramjaun
and McPherson, 1998; P. deCamilli, personal commu-
nication). However, while this structural difference
suggested strongly that endocytotic roles were probably
brain-specific, we wished to explicitly rule out a role for
endocytosis in cell death induction by the nonneuronal
Binl isoform used in these experiments. Fluid-phase or
receptor-mediated endocytosis was monitored by
comparing the rate of uptake of horseradish peroxidase
or fluorescein-conjugated transferrin, respectively (Bar-
bieri et al., 1998; Benmerah et al., 1998). No differences
were apparent in the level of uptake of either reagent in
cells infected with Ad-Binl or Ad-LacZ (data not
shown). These observations supported the expectation
that the endocytotic function of the Binl gene is
regulated by alternate splicing and that splice isoforms
that localize to the nucleus do not have these roles
(Kadlec and Prendergast, 1997; Sakamuro et al., 1996;
Wechsler-Reya et al., 1997a, 1998). We concluded that
the ability of Binl to induce cell death was unrelated to
effects on endocytosis.

To begin to define the basis for cell death, we
analysed HepG2 cells by flow cytometry following
terminal transferase-catalyzed dUTP labeling of nicked
DNA ends (TUNEL assay). Cells were infected with
increasing m.o.i. of adenoviral vector and harvested for

Binl induces caspase-independent PCD
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propidium iodide staining, TUNEL assay, and flow
cytometry 48 h later. A dose-dependent increase in the
proportion of TUNEL-positive cells was observed after
Ad-Binl infection (see Figure 2d). TUNEL positivity
was detected in cells in all phases of the cell cycle as
indicating by propidium iodide staining. An increase in
cells with sub-G1 phase DNA occurred in the TUNEL-
positive population with similar kinetics. A time-course
experiment confirmed observations that the appearance
of TUNEL-positive cells and the accumulation of cells
with sub-G1 phase DNA began 24-36h after
infection, corresponding to a time approximately 12—
24 h after Binl expression (see Figure 2e). This
experiment also highlighted the finding that apoptotic
cells (as defined by TUNEL positivity) emerged from
all phases of the cell cycle. Taken together, these results
suggested that Binl induced a programmed cell death
(PCD) process. Similar experiments performed with the
inducible vector confirmed these observations and
confirmed that they were dependent on Binl expression
rather than a nonspecific effect of the adenoviral vector
(data not shown). The features of DNA degradation
seen in flow cytometry experiments paralleled the
kinetics of morphological features of apoptosis and
loss of viability. In multiple trials using each vector
system, no reproducible effects of Binl on the
distribution of cells in the cell cycle were noted,
consistent with the observation that TUNEL-positive
cells emerged from all phases. Taken together, the
results suggested that Binl engaged a PCD process that
could be initiated at any point in the cell cycle, similar
to c-Myc and other oncogenes (Evan et al., 1992).

BAR domain is crucial for Binl to induce cell death

The Binl BAR domain is crucial to inhibit transforma-
tion of rodent fibroblasts by c-Myc and to suppress the
proliferation of HepG2 cells (Elliott et al., 1999b). To
determine whether this domain was also crucial for
death activity, we infected cells with Ad-BinlABAR-C,
which expresses the loss-of-function mutant BinlA
BAR-C (Elliott et al, 1999). Ad-BinlABAR-C did
not elicit the cell detachment and cytopathic phenotype
produced by Ad-Binl (see Figure 3a). Similarly, flow
cytometric analysis of cells harvested 48 h after viral
infection showed that Ad-BinlABAR-C did not elicit
DNA degradation, even at elevated multiplicities of
infection (see Figure 3b). These observations provided
additional evidence that the cytotoxic effects of Binl in
HepG2 cells were not due to some nonspecific cause,
since overexpression of a loss-of-function mutation
that eliminated tumor suppressor properties also
abolished PCD activity. We concluded that Binl
engaged a PCD process that could explain the basis
for its tumor suppressor properties.

p53 and Rb are dispensable for PCD by Binl

p53 has a central role in many types of PCD but it is
mutated in many cancers. The retinoblastoma protein
(Rb) has been reported to be antiapoptotic in many
systems but in some cases it also has proapoptotic roles
(Bowen et al., 1998; Day et al., 1997). The central
importance of p53 and Rb in PCD control prompted
us to determine whether these genes were needed for
Binl action. HepG2 cells have wild-type p53 and Rb
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Figure 3 BAR deletion abolishes cell death by Binl. (a) Lack of cytopathic effect. HepG2 cells were infected with 100 m.o.i. Ad-
LacZ or Ad-Binl and photographed 48 h later (magnification=100x ). (b) Flow cytometry. Cells were infected with the m.o.i. virus
indicated and harvested and processed 48 h after infection for flow cytometry

genes, so we examined the effect of Ad-Binl on
another tumor cell line, SAOS-2 osteosarcoma, which
has homozygous deletions in both genes. SAOS-2 cells
were infected with 100 m.o.i. Ad-LacZ or Ad-Binl
virus and expression was confirmed by f-galactosidase
staining or Western blotting, respectively (data not
shown). Parallel dishes of cells were examined for the
appearance of morphological features of apoptosis or
harvested and processed for TUNEL labeling and flow
cytometry. Similar to its effects on HepG2, Ad-Binl
caused cell rounding, plasma membrane deformations,
and substratum detachment (Figure 4a). Flow cyto-
metry showed an increase in the number of TUNEL-
positive cells with sub-G1 phase DNA following Ad-
Binl infection. Positive cells emerged from all phases
of the cell cycle and kinetics were similar to those
observed in HepG2 cells (see Figure 4b). These results
were consistent with evidence that p53 is dispensable
for PCD by c-Myc in epithelial cells (Sakamuro et al.,
1995; Trudel et al., 1997) and with findings in breast
cancer and melanoma cell lines that p53 status was not
correlated with Binl susceptibility (Ge et al., 1999,
2000a). Consistent with the SAOS-2 susceptibility, the
results of extensive RNAse protection and Western
analyses of HepG2 cells expressing Binl did not reveal
any differences in the expression of a variety of cell
cycle and apoptosis regulators, including p53, Rb
family members, cell cycle-dependent kinase inhibitors
(p16INK4, pl4ARF, p21WAF1, p27KIP1, or
pS7KIP2), or Bcl-2 family genes (Bel-2, Bel-Xp, Mcl-
1, Bik, Bax, or Bak). We concluded that Binl acted
independently of the p53 and Rb pathways.

Binl does not activate caspases

The type of PCD process elicited by Binl was further
characterized by examination of nuclear phenotypes
associated with caspase activation. HepG2 cells in-
fected with Ad-Binl but not Ad-LacZ displayed signs
of nuclear deformation and chromatin margination at
the nuclear periphery and at focal sites in the
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nucleoplasm (see Figure 5a). However, cells maintained
considerable genomic DNA integrity and there was no
evidence of nuclear lamina breakdown. This phenotype
was different from that seen in classical or type I
apoptosis, which is associated with a distinct nuclear
condensation phenotype, and suggestive of type II
apoptosis in which cytosolic features predominate. The
contrast in nuclear morphology was highlighted by
comparison to the nuclear phenotype elicited by the
protein kinase inhibitor staurosporine, which induces
type I apoptosis (see Figure 5a, right panel). Transient
transfection of HepG2 cells with Binl plasmid vectors
elicited the same nuclear phenotype as Ad-Binl, ruling
out a nonspecific adenovirus vector artifact (data not
shown). To determine whether Binl caused nucleoso-
mal DNA cleavage (‘DNA laddering’), genomic DNA
was isolated from cells infected with adenoviral vectors
or treated with staurosporine and fractionated by
agarose gel electrophoresis. Genomic DNA degrada-
tion was observed in cells infected by Ad-Binl but not
by Ad-lacZ (see Figure 5b, left panel). This result was
consistent with the ability of Binl to induce positive
TUNEL reaction. However, Binl did not induce
nucleosomal DNA cleavage, even though this feature
could be induced in HepG2 cells by staurosporine (see
Figure 5b, right panel).

The caspase-3 activated nuclease DFF/CAD is
primarily responsible for nucleosomal DNA degrada-
tion and chromatin collapse, which is a characteristic
of classical or type I apoptosis (Enari et al., 1998; Liu
et al., 1997; Woo et al., 1998). The absence of these
features suggested that Binl did not activate caspase-3.
To confirm this likelihood, caspase-3-like activities
were assayed in extracts from Ad-Binl-infected cells
by measuring cleavage of the fluorescent substrate Ac-
DEVD-pNA (see Figure 5c). Cleavage of Ac-DEVD-
pNA by caspase-3-like activity was monitored by
absorbance at 405 nM measured at various times after
addition to extracts. Exogenous recombinant caspase-3
was used as a positive control for the assay. As
expected, staurosporine induced caspase-3-like activity
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Figure 4 p53 and Rb are dispensable for programmed cell death
by Binl. SAOS-2 osteosarcoma cells, which have homozygous
deletions of p53 and Rb, were infected with 100 m.o.i. Ad-LacZ
or Ad-Binl. (a) Morphology. Cells were photographed 48 h after
infection (magnification=100x ). (b) Flow cytometry. Cells were
harvested 48 h after infection and processed for TUNEL assay
and propidium iodide staining. Representative results from
analysis by flow cytometry are shown. The X-axis corresponds
to relative PI staining and the Y-axis to the log of the FITC
signal reflecting relative TUNEL positivity

in cell extracts. This induction confirmed that HepG2
cells expressed pro-caspase-3-like enzymes that were
competent for activation by apoptotic stimuli, in
support of evidence of a predominent role for
caspase-3 in classical apoptotic responses in HepG2
cells (Suzuki et al., 1998). In contrast, no significant
cleavage of Ac-DEVD-pNA occurred in extracts
prepared from cells infected with Ad-Binl or Ad-LacZ.
In Western blotting experiments, we also did not detect
proteolytic cleavage of either pro-caspase-3 or the
caspase-3 substrate PARP (data not shown).

One possibility was that Binl activated a caspase
other than caspase-3. To assess this possibility, we
tested whether Binl-induced cell death was suppressed
by ZVAD.fmk, a broad spectrum inhibitor of caspases.
In these experiments, the relative number of cells
displaying sub-G1 phase DNA by flow cytometry was
used as a measurement of PCD. As expected,
ZVAD.fmk significantly blocked staurosporine-induced
cell death. In contrast, ZVAD.fmk did not affect PCD
by Binl even when added at high concentrations (see
Figure 5d). Taken together, these results argued that
the death process activated by Binl was caspase-
independent.

To confirm this conclusion and gain additional
insight into this death process we examined cells by
electron microscopy. These experiments revealed cyto-
solic features consistent with a programmatic death
process such as type II apoptosis (see Figure 6). Ad-
lacZ-infected cells showed no signs of cytopathology.

Binl induces caspase-independent PCD
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In contrast, staurosporine-treated cells were shrunken
and. exhibited cytosolic vacuolation, chromatin con-
densation, and nuclear degeneration (plasma mem-
brane blebs were also observed but were not so
dramatic in this cell system). Ad-Binl-infected cells
were similarly shrunken and heavily vacuolated.
Margination of chromatin at the nuclear periphery
was evident. However, there was no nuclear degenera-
tion and limited chromatin condensation by compar-
ison to staurosporine-treated cells. Cell nuclei were
shrunken relative to Ad-LacZ-infected cells but not so
severely as staurosporine-treated cells. Strikingly, the
nuclear lamina in Ad-Binl-infected cells remained
essentially intact. This feature supported the lack of
caspase involvement because lamins are subjected to
caspase-mediated proteolysis during PCD (Lazebnik et
al., 1993; Rao et al., 1996). In addition, lamin cleavage
is separable from chromatin collapse (Lazebnik ez al.,
1995) but is important for complete nuclear degenera-
tion (Rao et al., 1996), so the more limited nuclear
degeneration in Ad-Binl-infected cells was also con-
sistent with a caspase-independent process. We ob-
served no ‘exploded’ cells or flocculent densities in
organelles or the cytosol that would signal necrosis.
Trials in which ZVAD.fmk was added confirmed that
the PCD phenotype induced by Binl was not affected
by caspase inhibition. Addition of 100 uM ZVAD.fmk
reduced cell volume and induced the appearance of
focal densities in the nucleus, but these features were a
nonspecific artifact of ZVAD.fmk, because the same
features were also apparent in Ad-LacZ-infected cells.
Interestingly, ZVAD.fmk did not block the Binl
phenotype, in which cytosolic vacuolization predomi-
nated. In contrast, ZVAD.fmk dramatically affected
the phenotype of staurosporine-treated cells, reversing
nuclear degradation to a large extent. We concluded
that Binl engaged a PCD process that was caspase-
independent yet associated with limited chromatin
degradation and cytosolic features of PCD.

Cell death by Binl is not blocked by Bcl-2 or
Fas pathway inhibition

To further delineate the death process activated by
Binl we investigated links to two classical PCD
regulatory pathways. Bcl-2 proteins inhibit caspase
activation through their ability to influence mitochon-
drial physiology, whereas death receptors directly
activate caspases (Ashkenazi and Dixit, 1998; Thomp-
son and Vander Heiden, 1999). HepG2 cell lines
overexpressing Bcl-2 or a dominant inhibitor of
FADD, which blocks Fas signals (Muzio et al,
1996), were tested for response to Ad-Binl. One
would predict the response would be unaffected by
Bcl-2 or Fas pathway disruption if Binl acted in a
caspase-independent manner. Cells overexpressing Bcl-
2 were resistant to staurosporine-induced apoptosis
relative to vector control cells (data not shown). In
contrast, there was no difference in the susceptibility
of cells overexpressing Bcl-2 or the FADD dominant
inhibitor to death induction by Binl (see Figure 7a).
On a different line of work, we had observed that
recombinant Binl baculoviruses increased the kinetics
of cell death in Sf9 cells, and that Bcl-2 could not
inhibit this effect (see Figure 7b), despite the fact that
Bcl-2 inhibits baculovirus-induced cell death in this
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Figure 5 Lack of caspase activation or requirement. (a) Hoechst nuclear stain. HepG2 cells seeded on cover slips were infected
with 100 m.oi. Ad-LacZ or Ad-Binl and 48 h later fixed and stained with Hoechst dye, mounted, and examined by
immunofluorescence microscopy. A separate culture was treated with 0.5 uM staurosporine as a positive control for apoptotic
morphology. Cells were photographed at 400 x magnification. (b) Nucleosomal DNA degradation. HepG2 cells were infected with
viruses or treated with staurosporine as above. Hirt DNA (left panel) or total genomic DNA (right panel) was prepared and
analysed by agarose gel electrophoresis. (¢) Caspase-3 assay. HepG2 cells were infected with m.o.i. 100 Ad-LacZ or Ad-Binl or
treated with 0.5 uM staurosporine and harvested 36 h later. Extracts were prepared and assayed for the presence of caspase-3-like
activity using the colormetric substrate Ac-DEVD-pNA. Reactions were monitored for production of cleavage product at 405 nm at
the times indicated. Recombinant caspase-3 was used as a positive control. (d) Caspase inhibition does not block Binl-induced cell
death. HepG2 cells were infected with 100 m.o.i. Ad-Binl or treated with 0.5 uM staurosporine in the presence or absence of the
caspase inhibitor ZVAD.fmk at the concentration indicated. Cells were harvested 36 h later and processed for flow cytometry. The
graph shows the relative proportion of the cell population undergoing cell death, using the appearance of sub-G1 phase DNA as an

indicator

system (Alnemri et al, 1992). In support of these
results, we also obtained a set of negative results from
experiments aimed at determining whether Binl
caused cytochrome ¢ release or altered mitochondrial
membrane potential (data not shown). In summary,
we concluded that Binl acted via non-classical
mechanisms that were independent of the Bcl-2 and
Fas pathways, two chief regulators of caspases in
cells.

SV40 T antigen inhibits induction of cell death by Binl

In previous work, we found that Binl inhibited Ras co-
transformation of primary rodent fibroblasts by c-Myc
and adenovirus E1A but not by SV40 large T antigen
(Elliott et al., 1999; Sakamuro et al., 1996). Since Binl
activated a PCD process in malignantly transformed
human cells we hypothesized that T antigen might
suppress these effects. This hypothesis was not
invalidated by the finding that p53 and Rb were
dispensable for Binl-induced death, because T antigen
has additional role(s) in immortalization and human
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cell transformation beyond inactivation of these tumor
suppressors (Conzen and Cole, 1995; Hahn er al., 1999;
Powell et al., 1999). The effects of T antigen were
examined using WI-38 diploid fibroblasts and a WI-38
derivative that expresses T antigen (WI-38/T cells).
Like HepG2, WI-38 cells are functionally null for Binl,
in this case due to a missplicing event which causes
loss-of-function identical to that which occurs in Binl
in melanoma (Ge et al, 1999). Western analysis
confirmed RT-PCR results (Wechsler-Reya et al.,
1997b) establishing missplicing of brain-specific exon
12A in WI-38 cells and also in the WI-38/T derivative.
The 12A isoform exhibited reduced mobility on SDS
gels relative to wild-type Binl (see Figure 8a, top
panel) and was also recognized by a monoclonal
antibody that is specific for exon 12A-encoded residues
(Ge et al., 1999) (see Figure 8a, bottom panel).

T antigen blocked susceptibility to cell death by
Binl (see Figure 8b,c). Loss of viability occurred only
if Ad-MABinl was induced by coinfection with Ad-
cre virus. Death correlated with the appearance of
rounded, detached cells similar to the cytopathic seen
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Figure 6 Death phenotype. HepG2 cells were infected with m.o.i. 200 Ad-LacZ or Ad-Binl or treated with 0.5 uM staurosporine
as above, stained with osmium tetroxide, and processed for electron microscopy using standard methods. Where indicated, cells
were treated with 100 uM ZVAD.fmk. The bars under each panel represent 2 um
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Figure 7 PCD by Binl is not inhibited by Bcl-2 or Fas pathway inhibition. (a) Bcl-2 or Fas pathway inhibition does not block
Binl-induced cell death. HepG2 cells overexpressing Bcl-2 or 2 dominant inhibitory mutant of the Fas-interacting adaptor protein
FADD (Muzio ef al., 1996) were infected with 100 m.o.i. Ad-vect or Ad-MABin! plus 100 m.o.i. Ad-cre and viability was measured
by trypan blue exclusion 48 h later. Inset: Western analysis showing expression of Bcl-2 and FADD dominant negative (FADD
DN) proteins relative to vector controls for each expression construct. (b) Increased kinetics of insect cell death elicited by
recombinant Binl baculovirus are unaffected by Bcl-2. S9 cells were infected as described (Alnemti et al., 1992; Elliott ef al., 1999b)
and the proportion of viable cells in the culture were determined at various times post-infection. Inset: Western analysis of cell
extracts processed at 24 h after infection demonstrating expression of Binl and Bcl-2

in HepG2 and other malignant cell lines (Ge et al.,
1999, 2000a). This response confirmed that the
missplicing and inactivation of Binl in WI-38 was
functionally meaningful. Similar results were obtained
using derivatives of HepG2 that were engineered to
express T antigen gave (data not shown). To confirm
that endogenous misspliced isoform in WI-38 was

concluded that SV40 T antigen suppressed PCD by
Binl.

A serine protease implicated in PCD by c-Myc inhibits
DNA degradation by Binl

The serine protease inhibitor AEBSF (4-(2-aminoethyl)

truly a loss-of-function alteration, we infected cells
with an adenoviral vector expressing this isoform (Ad-
MABIn1-10+12A) (Ge et al, 1999). No loss of
viability or cell detachment was observed. We

benzenesulfonyl fluoride) has been reported to inhibit
c-Myc-induced death in Ratl fibroblasts (Kagaya ez
al., 1997). This report also indicated that AEBSF does
not block apoptosis induced by Fas activation, the
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Figure 8 SV40 T antigen blocks cell death induction by Binl. (a) Western analysis demonstrates missplicing of exon 12A in Binl
in WI-38 diploid fibroblasts. Previous results from RT-PCR experiments demonstrated the presence of exon 12A in Binl messages
expressed in WI-38 cells (Wechsler-Reya ef al., 1997b). Top panel: extracts prepared from C2C12 myoblasts (positive control), WI-
38 cells, and WI-38 cells transformed by SV40 T antigen (WI-38/T cells; also known as VA13 cells) were analysed with anti-Binl
mAb 99D (Wechsler-Reya ef al., 1997a). The arrow indicates a slower mobility band in WI-38 and WI-38/T consistent with the
presence of aberrantly spliced isoform. Bottom panel: extracts prepared from the human melanoma cell line WM793 (positive
control), WI-38 cells, and WI-38/T cells were analysed with anti-12A mAb (Ge ef al., 1999). The arrow indicates a polypeptide
including exon 12-derived residues in WI-38 and WI-38/T that has identical mobility to the aberrant Binl-10+ 12A splice isoform
expressed in human melanoma (Ge et al., 1999). (b) WI-38 cells are susceptible to Binl PCD, which is suppressed by SV40 T
antigen. Cells were infected with 100 m.o.i. adenoviral vector indicated plus 100 m.o.i. Ad-cre and viable cells were determined by
trypan blue exclusion 48 h later. (c) Cytopathic effect of Binl in WI-38 cells and its inhibition by SV40 T antigen. Cells were

processed as above and photographed 48 h after viral infection

cytotoxic T cell granule protein granzyme B, or a
variety of cytotoxic drugs, nor did other kinds of serine
protease inhibitors affect death by c-Myc. Thus,
AEBSF was a relatively specific inhibitor of a feature
of the death process(es) induced by c-Myc. We
reasoned that if there was any overlap in the
mechanisms used by Binl and c¢-Myc, then AEBSF
might affect the death process activated by Binl. To
test this notion, HepG2 cells were infected with Ad-
LacZ or Ad-Binl, or treated with staurosporine, and
then left untreated or treated with AEBSF or its
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inactive analog AEBSA (4-(2-aminoethyl)benzenesulfo-
namide). Flow cytometery was used to monitor the
appearance of sub-G1 phase DNA as a measurement
of PCD. In contrast to ZVAD.fmk, AEBSF suppressed
Binl-induced DNA degradation to the background
levels seen in cells infected with Ad-LacZ (see Figure
9). This suppression reflected inhibition of a serine
protease(s), rather than some nonspecific effect,
because the inactive compound AEBSA was ineffective.
Consistent with previous findings that AEBSF is not a
general inhibitor of apoptosis (Kagaya et al., 1997),
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Figure 9 Implication of a serine protease(s) in programmed cell
death by Binl. HepG?2 cells were infected with 100 m.o.i. Ad-Binl
or Ad-LacZ or treated with 0.5 uM staurosporine and left
untreated or treated additionally with 0.4 mM AEBSF or its
inactive analog AEBSA. Cells were processed for flow cytometry
24 h later. The graph presents the relative proportion of the cell
population exhibiting sub-G1 phase DNA. The mean and
standard error of three trials is shown

under the same conditions where AEBSF suppressed
the action of Binl it did not suppress DNA
degradation induced by staurosporine (the effects of
which were actually accentuated by AEBSF treatment).
Thus, AEBSF specifically inhibited DNA degradation
by Binl. We concluded Binl acted in part through
activation of a serine protease, similar to c-Mye, in
support of the conclusion that Binl and c-Myc shared
certain PCD mechanisms,

Discussion

Binl activated a PCD process in malignant cells

This study defines a function for the BAR family
adaptor protein Binl in a caspase-independent PCD
process that limits neoplastic transformation. Binl
function is complex and regulated by alternate splicing.
Splice isoforms that interact with ¢-Myc have tumor
suppressor properties and are missing or inactivated in
breast carcinoma, metastatic prostate cancer, and
malignant melanoma (Ge et al, 1999, 2000a,b;
Sakamuro et al., 1996). The results of this study
suggest that the antineoplastic effects of these Binl
isoforms in malignant cells are a consequence of their
ability to activate PCD. Caspase-independent death
processes where cytosolic features predominate without
accompanying classical nuclear phenotypes have been
termed type II apoptosis. The mechanisms underlying
this type of PCD are poorly understood. Two other
cancer suppression genes, Pml and CD47, have been
reported to activate suicide programs with similar
features. Pml is a nuclear dot-associated protein that is
disrupted in acute promyelocytic leukemia. Expression
of wild-type Pml in malignant cells engages a death
program with features similar to that engaged by Binl
(Quignon et al.,, 1998). CD47 is a receptor for the
antiangiogenic extracellular matrix protein thrombos-
pondin. CD47 ligation engages a death program on
chronic lymphocytic leukemia cells (Mateo et al.,
1999). It is unclear whether these programs share any
common aspect. Nevertheless, such caspase-indepen-
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dent processes may be important because they are
evolutionarily ancient: ‘classic’ apoptotic regulators
such as CED-4, Bak, and Bax elicit death in yeast,
with vacuolation phenotypes similar to those seen in
metazoan cells, despite the fact that yeast lacks
caspases (Ink et al, 1997, James et al., 1997,
Jurgensmeier et al., 1997, Xiang et al., 1996). Such
programs may be integrated yet distinct from apopto-
sis, which apparently evolved later in metazoan cells.

Independence from mitochondrial processes and caspases

We found that PCD by Binl was not subject to
suppression by Bcl-2 or to inhibition of the Fas
pathway and that cellular demise was not associated
with mitochondrial alterations. These observations
were internally consistent given that the death process
was caspase-independent. However, they were unex-
pected given that Binl interacts with c-Myc, which
activates classical apoptosis by eliciting cytochrome ¢
release and subsequent caspase activation (Juin et al.,
1999).

Two important issues impact consideration of this
apparent conundrum. First, it seems likely that c-Myc
acts in a complex manner to induce death. Cytochrome
c release has been shown to be an important
component of the process activated by c-Myc, but this
event is apparently insufficient (Juin et al., 1999). In
addition, as noted above, careful investigations have
shown that neither Bcl-2 nor caspase inhibitors block
the death commitment decision induced by c-Myc, but
rather the phenotype and kinetics of the execution step
(McCarthy et al., 1997). Interestingly, caspase-indepen-
dent suicides that occur retain the cytosolic but not the
nuclear features of classical apoptosis (McCarthy et al.,
1997), not unlike the death phenotype induced by Binl.
It is important to draw a distinction between the
mechanisms which affect death kinetics and those
which affect death commitment decisions, because in
slow growing tumors where c-Myc is overexpressed
(such as many carcinomas) the effects of Bcl-2 or other
antiapoptotic signals may be insufficient to provide
adequate escape from the death penalty that is
associated with c-Myc overexpression. If this is the
case, there would be a selection for loss of caspase-
independent processes that impact execution and that
are separate from the mitochondrial and death receptor
axes.

A second issue is the possibility that caspase-
independent steps are required for apoptotic outcomes
by c-Myc or other proapoptotic stimuli. A precedent
for this concern is raised by studies of the tumor
suppressor Pml, which activates caspase-independent
death in tumor cells but which is also necessary for
apoptosis induced by a wide variety of death stimuli
(Quignon et al., 1998; Wang et al, 1998). It is
interesting that the death processes used by c-Myc or
Binl are each susceptible to inhibition at some level by
AEBSF, a serine protease inhibitor which does not
generally affect apoptosis (Kagaya et al., 1997). Serine
death proteases and caspases appear to act in various
cells in different but integrated hierarchies (Kagaya et
al., 1997; Wright ez al., 1997), so the fact caspases are
differentially activated by c-Myc and Binl supports the
notion of more than one death signal emerging from c-
Myc. Results from our laboratory using dominant
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inhibitory and antisense approaches support the
possibility that Binl may be necessary for apoptosis
by c-Myc (unpublished observations). However, due to
the unusual caspase-independent nature of the Birl
death phenotype in malignant cclls, we are addressir.g
this question further using cells targeted for Binl gene
delction. In summary, despite the key role of apoptotic
escape in malignant development, it is notable that
caspases and other apoptosome components may be
inactivated in cancer cells less frequently than caspase-
independent functions such as Pml or Binl (Ge et a/.,
1999, 2000a,b; Mu et al,, 1994; Sakamuro et al., 1995;
Zhang et al., 2000). Our findings suggest that Binl
participates in some caspase-independent process which
can influence cell death commitment in malignant cells,

Susceptibility to inhibition by SV40 T antigen

We found that the death process activated by Binl was
susceptible to suppression by SV40 large T antigen.
The ability of this tumor virus protein to block the
death provess supported the notion that its inactivation
is relevant to cancer development. This result was also
consistent with earlier findings that transformation of
rodent fibroblasts by T antigen is not subject 1o
suppression by Binl (Sakamuro et al, 1996). This
observation does not conflict with the finding that Binl
acts independently of p53 and Rb, because there is
evidence that T antigen acts beyond inactivating p43
and Rb in immortalization and human cclt transforma-
tion (Conzen and Cole, 1995; Hahn et al., 1999; Powell
et al., 1999). For example, T antigen cooperates wirh
activated Ras and thc telomerase catalytic suburit
TERT to cause malignant transformation of human
cells, and one can not complement the effects of T
antigen by coexpression of the human papilloma virus
E6 and E7 proteins (Hahn et al, 1999), which
inactivate pS3 and Rb, respectively. In this context, it
is intcresting to note that beforc the discovery of
TERT the rare successes achieved in immortalizing
human cells were achieved usually with T antigen or
SV40 DNA. Interestingly, Binl is inactivated by
missplicing in diploid WI-38 cells in the same mannzr
as in malignant melanoma (Ge ef al., 1999) and this
cvent makes them susceptible to killing by Binl, unlike
IMR diploid fibroblasts. Thus, Binl activation may bhe
relevant to WI-38 biology, perhaps affecting some
process also targeted by T antigen.

Binl function

Bin] has two fumctions that are varied by alternate
splicing. The most significant alterations in Binl occar
in brain. Brain isoforms localize to clathrin-coated
vesicles and promote synaptic vesicle endocytosis, like
amphiphysin, by recruiting enzymes that modify lipids
and alter membrane structure (Wigge and McMahon,
1998). In contrast, the ubiguitons Binl isoforms lack
sequences needed for targeting to clathrin-coatcd
vesicles (Ramjaun and McPherson, 1998) and instead
exhibit nuclear localization (Ellioti et al., 1999;
Wechster-Reya er al, 1997a, 1998). The c-Myc-
interacting isoform analysed in this study did not
affect endocytosis under conditions where it activated
cell death. Preliminary examination of Binl-10, a
closely related c-Myc-interacting isoform, suggest it
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has similar properties (unpublished observations). In
contrast, isoforms that include brain exon 12A did not
induce death, consistent with previous results (Ge ef
al., 1999). Thus, we belicve that the death induction
function of Binl is a unique feature of isoforms that
can localize to the nucleus and interact with c-Mvyc.
Binl isoforms form heterodimers in the brain (Wigge et
al., 1997). Therefore, it is tempting to speculate that
the endocytosis connection in neurons reflects a
specialized link in those cells between survival and
the achievement of a synaptically active state, which
would be associated with neurotransmitter release and
hence endocytotic membrane trafficking.

From a functional standpoint, although ubiquitous
Binl isoforms are not amphiphysin-like, the high
conservation between amphiphysin and the ubiquitous
Bin! isoforms nonetheless suggest a functional conmec-
tion to membrane dynamics at some level (perhaps
related 1o internal vesicle dynamics). The BAR domain
comprises the major part of this conservation. This
domain is crucial for death activity but what it does is
currently obscure, A membrane connection is intri-
guing in light of emerping interest in possible
connections between autophagy and apoptosis
(Thompson and Vander Heiden, 1999). However, we
have not ohserved any death inhibitory effects of 3-
methyladenine, a classical inhibitor of autophagy
(unpublished observations). Nevertheless, there is
certainly a precedent for a nucleocytosolic adaptor
protein that has dual functions in transcriptional
regulation and membrane dynamics. CtBP/BARS is
an adaptor protein initially identified through its ability
to interact with and inhibit the tumorigenic activity of
adenovirus E1A (Schaeper et al., 1995). CtBP/BARS
binds to cell cycle and transeriptional regulatory
complexes (Mcloni er al, 1999; Sewalt et al., 1999,
Sollerbrant ef al., 1996) but it also controls membrane
vesiculation in the Golgi complex (Weigert et 4/,
1999). Parallels beiween CIBP and Binl arc inlriguing
given their connections to E1A and c-Myc, which are
biologically distant cousins. A complex nature for
Binl, like that exhibited by CtBP/BARS, would not be
out of step with the complex and still largely obscure
nature of c-Myc, which has a highly integrated cell
regulatory function.

We did not detect any changes in the expression of
several target genes linked to apoptosis by c-Mye,
inclnding ornithine decarboxylase, CDC23A, or Fas
ligand (Galaktionov et al., 1996; Hueber et al., 1997;
Packham and Cleveland, 1994), but no target genc
identified to date has been assigned an unambiguous
role in apoptosis (Dang, 1999; Evan and Littlewood,
1998). In transicnt assays, Binl can supprcss c-Mye
transactivation and repress transcription when tethered
to DNA (Eliott et al, 1999). It is unclear whether
these activities are physiologically germane; if they are
epiphenomenon of Myc-Binl interaction transient
assays, then Binl may have a signaling role that is
unaffiliated with transactivation. The latter possibility
can be entertained since not all biological actions of c-
Mye can be ascribed strictly to gene regulation (Gusse
et al., 1989; Lemaitre et al., 1995; Li et al, 1994;
Prendergast and Cole, 1989; Yang et a/., 1991) and
because Binl more resembles a signaling protein than a
transcription factor. Based on cxisting data, w¢ bave
suggested that PCD by c-Myc involves distinct



‘priming’ and ‘triggering’ steps, the former of which is
associated with gene regulation but the latter of which
is not (Prendergast, 1999). Further investigations are
required to unravel the physiological relationship
between Binl and the proapoptotic and transcriptional
properties of c-Myc.

Binl, cell death, and cancer

Cancer is characterized by dysfunctional adhesion and
cell survival signaling. Our findings suggest that loss of
Binl may eliminate one mechanism which can limit the
consequences of inappropriate activation of c-Myc or
other oncogenes. Suicide mechanisms are progressively
eliminated during neoplastic progression (Williams,
1991), and in invasive breast cancers and metastatic
prostate cancers where Binl losses occur frequently
(Ge et al., 2000a,b) there is strong evidence that loss of
cell suicide capacity corresponds with malignant
conversion (Kyprianou et al., 1990, 1991; McDonnell
et al., 1992). However, malignant conversion is
associated generally with altered adhesive capabilities
that facilitate invasion and metastasis. Resistance to
anoikis (adhesion deprival-induced cell suicide) is likely
to be a crucial feature of the pathophysiology of
epithelial malignancy. Interestingly, cell death by many
oncogenes including c-Myc is suppressed by integrin
signaling (Crouch et al, 1996), and Binl has been
reported to interact with certain a-integrins (Wixler et
al., 1999). The interaction between Abl kinase and Binl
in cells (Kadlec and Pendergast, 1997) may be
consistent with an integrin connection, given evidence
that Abl can become activated at focal adhesions where
integrins are localized (Lewis et al., 1996; Taagepera et
al., 1998). Therefore, further investigation of the links
between Binl-dependent cell death and integrin signal-
ing may provide insights into the significance of Binl
losses in cancer as well as to mechanisms that govern
cell death induction by c-Myc and other oncogenes.

Materials and methods

Recombinant adenoviruses

Constitutive and inducible adenoviral vectors were developed
by standard methods. The constitutive virus Ad-Binl
contained Binl ¢cDNA driven by a cytomegalovirus (CMV)
enhancer-promoter in place of the El region of the virus.
Briefly, the full-length Binl ¢cDNA 99fE, that includes exons
1-11 and 13-16 but not brain-specific exons 12A-12D
(Sakamuro et al., 1996; Wechsler-Reya et al., 1997b), was
subcloned into pAdCMVlink-1. 293 celis were cotransfected
with this derivative plus Clal-digested d17001 adenovirus
DNA to obtain the recombinant virus by homologous
recombination as described (Davis and Wilson, 1996). Similar
viral vector constructions used Binl-10+12A isoform, an
aberrant tumor-specific and loss-of-function isoform (Ge et
al, 1999), or BinlABAR-C, a loss-of-function deletion
mutant lacking a.a. 126207 (Elliott ez al., 1999b). Plaque-
purified clones were identified by Southern and Western
analysis and the DNA sequence of the insert was determined
to verify wild-type status. A variation of up to several hours
was noted in the kinetics of death induction by different
preparations of Ad-Binl. The inducible virus Ad-MABinl
was constructed similarly in a cre-loxP adenoviral system
kindly provided by FL Graham (Anton and Graham, 1995).
Briefly, the luciferase cDNA in the vector pMA19 (Anton
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and Graham, 1995) was replaced with the 99fE cDNA. The
resulting plasmid was cotransfected into 293 cells as above to
obtain the recombinant virus by homologous recombination.
In this virus, the Binl cDNA is conditionally expressed under
the control of the cytomegalovirus (CMV) promoter, from
which it is separated by an loxP-flanked stuffer sequence.
Binl expression is suppressed in the unrearranged virus
because the stuffer region includes stop codons in all three
reading frames. The analogous Ad-MA19 virus, which
expresses luciferase, was a gift of FL Graham. In cells
expressing P1 bacteriophage Cre site-specific recombinase, the
intervening stuffer region is removed by Cre-mediated
excision, leading to expression of the transgene. Ad-vect is
a control adenovirus kindly provided by JM Wilson which is
similar in structure to the others except that it contains no
transgene (Davis and Wilson, 1996).

Cell culture

HepG2, SAOS-2, and 293 cell lines were maintained in
Dulbecco’s modified Eagle’s media (DMEM) supplemented
with 10% fetal bovine serum (Gibco) and 50 U/ml penicillin
and streptomycin (Fisher). For adenovirus infections, HepG2
or SAOS-2 cells were plated at 5x 10° cells per 6 cm culture
dish and allowed to recover overnight. Virus was added to
the cells at the indicated m.o.i. in a volume of 1 ml of
DMEM supplemented with 2% fetal bovine serum and
allowed to adhere for 2—-3 h at 37°C. Cells were then washed
and fed with DMEM 10% FBS. Where appropriate, the
indicated concentrations of the broad spectrum caspase
inhibitor ZVAD.fmk (Enzyme Systems Products) was added
to cells at the time of infection and maintained until
harvesting. Thapsigarin and staurosporine (Calbiochem) were
used as chemical inducers of apoptosis at concentrations of 2
and 0.5 uM, respectively, and as positive controls produced
similar results. For cell viability determinations, cells were
harvested 48 h postinfection by trypsinization, washed in
PBS, stained with trypan blue and counted using a
hemacytometer. Where indicated, the serine protease in-
hibitor 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF)
(Sigma) or its inactive analog 4-(2-aminoethyl)benzenesulfo-
namide (AEBSA) (Aldrich), which substitutes an amino
group for the crucial fluoride moiety in AEBSF. Both
inhibitors were added to cells at infection and maintained
at a final concentration of 0.4 mM, a concentration which is
nontoxic but sufficient to suppress c-Myc-mediated apoptosis
(Kagaya et al., 1997). For electron microscopy, HepG2 cells
were infected with Ad-LacZ or Ad-Binl (m.o.i.=100) or
treated with 0.5 uM staurosporine and where indicated
treated with 100 uM ZVAD.fmk. Adherent and floating cells
were harvested 36 h after adenoviral infection or 24-30 h
after staurosporine treatment and processed for osmium
tetroxide staining and electron microscopy using standard
methods. Baculovirus experiments were performed in the
insect cell line Sf9 using full-length recombinant viruses
expressing Binl, Bcl-2 or no insert, essentially as described
(Alnemri et al., 1992; Elliott et al., 1999b). Viable cell counts
were determined at the indicated times after virus infection by
the trypan blue exclusion method.

Western analysis

Cell lysates was prepared and analysed by standard protocols
(Harlow and Lane, 1988). Briefly, lysates were fractionated
by SDS—-PAGE, gels were electrophoretically transferred to
ECL membrane (Amersham) or Immobilon-P (Millipore).
Blots were blocked in 3% skim milk and probed with anti-
Binl monoclonal antibodies 99D, 991 or «12A, or anti-Bcl-2
antibody #124 (DAKO). 99D and 991 recognize epitopes in
the c-Myc binding domain encoded by exon 13 whereas a«12A
recognizes an epitope encoded by brain-specific exon 12A
(Wechsler-Reya et al.,, 1997a; Ge er al., 1999). Antibodies
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were diluted 1:50 in PBS with 2.5% skim milk and 0.1%
Tween-20 and incubated with the membrane 12 h at 4°C,
Blots were washed and incubated 1 h in the same buffer with
secondary goat anti-mousc antibodies conjugated to horsz-
rudish peroxidase (BMB) and developed using a chemilumi-
nescence kit using the protocol suggested by the vendor
(Pierce).

Immunafluorescence

Cells were seeded on coverslips and the next day infected
with recombinant adenoviruses or trcatcd with drugs. After
the periods indicated oclls were washed twice with PBS,
stained 5 min with 5 ug/m]l Hoechst 33323 (Sigma) dissolved
in PBS, and analysed immediately by immunofiuorescence.
For endocytosis assays, cells seeded on coverslipa were
infected with recombinant adenoviruses and 20h later
processed [or fluid-phase uptake or receptor-mediated
endocylosis as described (Barbieri ef a/., 1998: Benmerah ot
al., 1998). Briefly, cells were incubated 30 min in serum-free
DMEM and then treated with 100 nm fluorescein-conjugated
transferrin (Sigma) (receptor-mediated) or 2 mg/ml horse-
radish peroxidase (Sigma) in 0.2% BSA (fluid-phase). After
incubation for 15 min, cells were caoled to 4°C, washed 25
with ice-cold PBS, and fixed in 3.7% paraformaldchyde, Cells
were mounted for analysis by confocal fluorescence micro-
scopy or processed with horseradish peroxidase substrate
before microscopic analysis.

Flow cytometry

Cells were harvested by trypsinization and fixed in 1%
paraformaldehyde and then 80% ethanol. TUNEL assay
was performed by incubating samples 1 h at 37°C in TdT
reaction buffer (Bochringer Mannheim) and then staining
30 min at room temperature with fluoresceinated streptavi-
din (DuPont). Cells were then incubated 30 min at room
temperature with propidium iodide. Alternatively, to analys:
only DNA degradation, cclls were fixed in 70% cthanol and
permeabilized in PBS/0.2% Tween-20 followed by propi-
dium iodide staining as described (Sakamuro er al., 1997).
Flow cytometry was performed on a EPIC/XL cell analyser
(Coulter).
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BAR family proteins are a unique class of adaptor
proteins characterized by a common N-terminal fold
of undetermined function termed the BAR domain.
This set of adaptors, which includes the mammalian
proteins amphiphysin and Binl and the yeast proteins
Rvs167p and Rvsl6lp, has been implicated in diverse
cellular processes, including synaptic vesicle endocy-
tosis, actin regulation, differentiation, cell survival,
and tumorigenesis. Here we report the identification
and characterization of Bin2, a novel protein that con-
tains a BAR domain but that is otherwise structurally
dissimilar to other members of the BAR adaptor fam-
ily. The Bin2 gene is located at chromosome 4q22.1 and
is expressed predominantly in hematopoietic cells.
Bin2 is upregulated during differentiation of granulo-
cytes, suggesting that it functions in that lineage. Bin2
formed a stable complex in cells with Binl, but not
with amphiphysin, in a BAR domain-dependent man-
ner. This finding indicates that BAR domains have
specific preferences for interaction. However, Bin2
did not influence endocytosis in the same manner as
brain-specific splice isoforms of Binl, nor did it exhibit
the tumor suppressor properties inherent to ubiqui-
tous splice isoforms of Binl. Thus, Bin2 appears to
encode a nonredundant function in the BAR adaptor
gene family. © 2000 Academic Press

INTRODUCTION

BAR proteins are a family of adaptor proteins impli-
cated in a diverse set of cellular processes, including
cell growth control, cell survival, differentiation, endo-
cytosis, and actin organization. This family is charac-
terized by a common N-terminal domain termed the
BAR domain and includes the mammalian Binl and
amphiphysin proteins and the yeast Rvsl167 and
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Rvs161 proteins. Amphiphysin, the first member of the
BAR family to be identified, was named for its bio-
chemical properties rather than for its cellular function
(Lichte et al., 1992). Subsequent studies showed that
amphiphysin is a cytosolic neuronal protein and func-
tions in synaptic vesicle endocytosis (Wigge and Me-
Mahon, 1998). Amphiphysin also acts as a paraneo-
plastic autoimmune antigen in rare cancers of the
breast, lung, and other tissues that are associated clin-
ically with certain nervous system disorders (Antoine
et al., 1999; Dropcho, 1996; Folli et al., 1993). Am-
phiphysin can be detected in breast and certain other
nonneuronal tissues (Floyd et al., 1999), but it is ex-
pressed predominantly in the central nervous system.

The yeast proteins Rvs167p and Rvs161p were iden-
tified in a screen for mutations that caused reduced
viability upon nutrient starvation (Bauer et al., 1993;
Crouzet et al., 1991). Yeast lacking these proteins can
proliferate but cannot properly exit the cell cycle and
sporulate when starved, suggesting roles in cell growth
regulation. Rvs proteins are cytosolic and have been
implicated in actin regulation and endocytosis (Balgue-
rie et al., 1999; Bauer et al., 1993; Breton and Aigle,
1998; Colwill et al., 1999; Lila and Drubin, 1997; Siva-
don et al., 1995). Rvs161p has a unique function in cell
fusion during mating that can be separated from its
role in endocytosis (Brizzio et al., 1998). Rvs167p may
have a unique role in linking actin regulation to the cell
cycle, insofar as it is an important substrate for Pho85p
(Lee et al., 1998), a cell cycle kinase recently defined as
the yeast homolog of the mammalian enzyme cdk5
(Huang et al., 1999; Nishizawa ef al., 1999).

The mammalian Binl gene (bridging integrator-1)
encodes a set of BAR proteins with different functions
that are generated by tissue-specific splicing. Binl was
identified initially through its ability to interact with
and inhibit the oncogenic properties of the c-Myc onco-
protein (Sakamuro et al., 1996). Subsequent analysis
identified two ubiquitous splice isoforms and several
tissue-specific splice isoforms expressed predominantly
in skeletal muscle and brain (Butler et al., 1997; Ram-
jaun et al., 1997; Tsutsui et al., 1997; Wechsler-Reya et
al., 1997b, 1998). Brain-specific splice isoforms are




most closely related to amphiphysin and have been
termed alternately amphiphysin IT (Butler et al., 1997;
Ramjaun et al., 1997; Tsutsui et al., 1997; Wigge et al.,
1997; Wigge and McMahon, 1998). However, outside
the brain it is clear that Bin1 has unique functions that
are not amphiphysin-like. First, ubiquitous isoforms
found outside the brain are localized in the nucleus as
well as the cytosol, whereas brain-specific isoforms are
apparently strictly cytosolic. Second, only brain-spe-
cific isoforms include sequences required for interac-
tion with clathrin and elements of the endocytotic ma-
chinery (Ramjaun and McPherson, 1998). Although
amphiphysin is commonly referred to as the ortholog of
Rvs167, Binl may fulfill this role, since outside the
brain it is closer in size and structure as well as ubig-
uitous rather than tissue restricted in expression. Nu-
clear isoforms that associate with c-Myc can suppress
¢-Myc-dependent gene activation and have been impli-
cated in the control of cell proliferation, differentiation,
and programmed cell death (Elliott et al., 1999; Mao et
al., 1999; Prendergast, 1999; Sakamuro et al., 1996;
Wechsler-Reya et al., 1998). Moreover, there is exten-
sive evidence that c-Myc-interacting isoforms have tu-
mor suppressor properties that are frequently missing
or inactivated in human cancers, including malignant
melanoma, invasive breast cancer, and metastatic
prostate cancer (Ge et al., 1999, 2000a, b). In contrast,
amphiphysin and brain-specific splice isoforms of Binl
lack tumor-suppressor activity. Significantly, one
mechanism by which Binl is functionally inactivated
in human cancer is by missplicing of a neuronal exon
(Ge et al., 1999). Thus, it is clear that while BAR
adaptor proteins share a common domain they have
divergent physiological functions.

In this study, we report the characterization of a
novel mammalian BAR adaptor protein termed Bin2
(bridging integrator-2). The expression pattern of Bin2
is reminiscent of amphiphysin in that it appears to be
largely tissue restricted, except that in the case of Bin2
it is found predominantly in hematopoietic cells rather
than in the central nervous system. Interestingly, Bin2
lacks sequences found in Binl or amphiphysin that
mediate interaction with ¢-Myc or with clathrin and
the endocytotic machinery. Bin2 also lacks a C-termi-
nal SH3 domain found in the other mammalian BAR
proteins, instead including a unique long C-terminal
extension. Consistent with these structural differ-
ences, Bin2 lacked endocytotic or antiproliferative
properties displayed by amphiphysin and Binl. Thus,
Bin2 encodes a novel and nonredundant function in the
BAR adaptor gene family.

MATERIALS AND METHODS

Cloning and plasmid vectors. A TBLASTN search of the ex-
pressed sequence tag (EST) database with the amino acid sequences
encompassing the C-terminal of the BAR domain of Binl identified a
germinal B cell ¢cDNA (GenBank Accession No. AA452680) that
encoded a polypeptide related to but nonidentical with amphiphysin
or Binl. Using this EST ¢cDNA as a probe, a full-length ¢cDNA was
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obtained from a human leukocyte 5'-Stretch Plus ¢DNA library
(HL5019t; Clontech). The complete DNA sequence of this clone was
determined by standard methods (GenBank Accession No.
AF146531). Human genomic Bin2 BAC clones, used for chromosome
mapping experiments, were isolated by Genome Systems, Inc., using
the Bin2 ¢DNA fragment. An epitope-tagged Bin2 ¢cDNA was engi-
neered by the replacement of the initiator methionine with the
influenza virus hemaggluttinin (HA) epitope recognized by the
monoclonal antibody 12CA5 (Niman et al., 1983). For in vivo expres-
sion Bin2 and HA-Bin2 were subcloned into the mammalian vector
pcDNAS3.1/neo (Invitrogen). A similar vector for expression of full-
length Binl has been described (Sakamuro et al., 1996; Wechsler-
Reya et al,, 1998). Full-length ¢cDNA for Bin1-10+12ABCD [also
known as amphiphysin Ila (Ramjaun et ol., 1997)] or human am-
phiphysin was also subcloned into pcDNA3.1/neo for expression.
BAR deletion mutants of Binl that lack the amino acid residues
indicated were constructed as described (Elliott et al., 1999) and
subcloned for expression into pcDNAS3.1/neo.

Fluorescence in situ hybridization (FISH) chromosome analysis.
FISH was performed using a Bin2 genomic BAC clone labeled by
nick-translation with digoxigenin—~dUTP and metaphase chromo-
somes isolated from PHA-stimulated normal peripheral blood lym-
phocytes. A biotin-labeled probe specific for the centromere of chro-
mosome 4 was also included in the hybridization. Slides were
developed using fluoresceinated anti-digoxigenin antibodies and
Texas red avidin. Two experiments were done and a total of 80
metaphase cells were analyzed with 73 exhibiting specific labeling.
Map location was determined on chromosome 4 by measuring the
physical distance on 10 labeled chromosomes, computed to be 27% of
the distance from the centromere to the telomere of chromosome arm
4q, an area that corresponds to band 4q22.1.

Blot analyses. Genomic DNA was isolated and analyzed by
Southern analysis by standard methods (Sambrook et al., 1989)
using full-length Bin2 ¢DNA as a hybridization probe. Total cyto-
plasmic RNA was prepared from adherent cell lines as described
(Prendergast and Cole, 1989). Total RNA from suspension cell lines
was isolated using a commercial kit employing TriZol reagent (Life
Technologies). Fifteen micrograms of RNA per lane was fractionated
on formaldehyde gels and analyzed essentially as described (Pren-
dergast and Cole, 1989), using Bin2 ¢cDNA as a hybridization probe.

Protein-protein interaction. Bin2 or HA-Bin2 was cotranslated in
vitro with Bin1 or amphiphysin proteins using a commercial reticu-
locyte extract kit (Promega). Complex formation was assessed by
immunoprecipitation with anti-HA antibody 12CA5 (BMB), anti-
amphiphysin (Transduction Laboratory), or anti-Binl antibody 99D
(Wechsler-Reya et al., 1997a), followed by SDS-PAGE and fluorog-
raphy. For in vivo experiments, 293T cells were transfected with
vectors for Binl, HA-Bin2, or no insert using LipofectAmine 2000
following the vendor’s protocol (Life Technologies). Forty-eight to
sixty h after transfection, cells were collected and lysed in ice-cold
NP-40 lysis buffer [150 mM NaCl, 0.5% NP-40, 50 mM Tris—Cl (pH
8.0), 1 mM PMSF, 1 ug/ml leupeptin, 0.4 U/ml aprotinin, 10 pg/ml
leupeptin]. Cell lysates were immunoprecipitated with Binl mAb
99D or anti-HA mAb 12CA5 and immunoblotted with 99D or the
polyclonal anti-HA antibody sc-805 (Santa Cruz Biotechnology).

Tissue culture. Human tumor cell lines, 293T cells (ATCC CRL-
1573), and COS7 cells were maintained in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal bovine serum (Life Tech-
nologies) and 50 U/ml penicillin and streptomycin (Fisher). The
human myeloid leukemia cell line HL60 was maintained in RPMI
1640 supplemented with 15% FCS (Life Technologies) and 50 U/ml
penicillin and streptomycin (Fisher).

Endocytosis assay. COS cells were plated on coverslips and
transfected 24 h later with expression vectors for Bin2 or the Binl
brain-specific splice isoform Bin1—-10+12ABCD [also known as am-
phiphysin Ila (Ramjaun et al., 1997)]. Bin1-10+12ABCD has been
shown to inhibit transferrin uptake in COS cells (Wigge et al., 1997).
A modified calcium phosphate protocol was used for transfection
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A

MAEGKAGGAAGLFAKQVQKKFSRAQEKVLQKLGKAVETKDERFEQSASNFYQQQAEGHKLYKDLKNFLSAVKVMHESSKRVSET
LQETIYSSEWDGHEELKAIVWNNDLLWEDYEEKLADQAVRTMEIYVAQFSEIKERIAKRGRKLVDYDSARHHLEAVQNAKKDEAK
TAKAEEEFNKAQTVFEDLNQELLEELPILYNSRIGCYVTIFQNISNLRDVFYREMSKLNHNLYEVMSKLEKQHSNKVFVVKGLS
SSSRRSLVISPPVRTATVSSPLTSPTSPSTLSLKSESESVSATEDLAPDAAQGEDNSEIKELLEEEEIEKEGSEASSSEEDEPL
PACNGPAQAQPSPTTERAKSQEEVLPSSTTPSPGGALSPSGQPSSSATEVVLRTRTASEGSEQPKKRASIQRTSAPPSRPPPPR
ATASPRPSSGNIPSSPTASGGGSPTSPRASLGTGTASPRTSLEVSPNPEPPEKPVRTPEAKENENTHNONPEELCTSPTLMTSQ
VASEPGEAKKMEDKEKDNKLISADSSEGQDQLQVSMVPENNNLTAPEPQEEVSTSENPQL

B

Bin2 1 MAE-GKAGGAAGLFAKQVQKKFSRAQEKVLQKLGKAVETKDERFEQSASNFYQQQAEGHK 59
MAE G G AG A VQKK +RAQEKVLQKLGKA ETKDE+FEQ NF +Q +EG +

Binl 1 MAEMGSKGVTAGKIASNVQKKLTRAQEKVLQKLGKADETKDEQFEQCVQNFNKQLTEGTR 60
MA G+FAK VQK+ RAQEKVLQKLGKA ETKDE FE NF Q AEG +

Amphi 1 MADIK----- TGIFAKNVQKRLNRAQEKVLQKLGKADETKDEQFEEYVONFKRQEAEGTR 55

Bin2 60 LYKDLKNFLSAVKVMHESSKRVSETLQEIYSSEWDGHEELKAIVWNNDLLWEDYEEKLAD 119
L KDL+ +L++VK MHE+SK+++E LQE+Y +W G +E I NNDLLW DY +KL D

Binl 61 LOKDLRTYLASVKAMHEASKKLNECLQEVYEPDWPGRDEANKIAENNDLLWMDYHQKLVD 120

LO++L +L+A+K M+E+S ++ E L E+Y +W G E+ + D+LWED+ KL D
Amphi 56 LORELG-YLAAIKGMQEASMKLTESLHEVYEPDWYGREDVKMVGEDCDVLWEDFHQKLVD 115

Bin2 120 QAVRTMEIYVAQFSEIKERIAKRGRKLVDYDSARHHLEAVQNA-KKDEAKTAKAEEEFNK 178
QA+ TM+ Y+ QF +IK RIAKRGRKLVDYDSARHH E++(Q A KKDEAK AKAEEE K

Binl 121 QALLTMDTYLGQFPDIKSRIAKRGRKLVDYDSARHHYESLQTAKKKDEAKIAKAEEELIK 180
++ T + Y+ QF +IK RIAKR RKLVDYDSARHHLE+LQ++ +KDE++ +KAEEEF K

Amphi 116 GSLLTLDTYLGQFPDIKNRIAKRSRKLVDYDSARHHLEALQSSKRKDESRISKAEEEFQK 176

Bin2 179 AQTVFEDLNQELLEELPILYNSRIGCYVTIFQNISNLRDVFYREMSKLNHNLYEVMSKLE 238
AQ VFE++N +L EELP L+NSR+G YV FQ+I+ L + F++EMSKLN NL +V+ LE

Binl 181 AQKVFEEMNVDLOEELPSLWNSRVGFYVNTFQSTAGLEENFHKEMSKLNQNLNDVLVGLE 240
AQ VFE+ N +L EELP L+ SR+G YV F N+S L F++E + L H LYEVM+KL

Amphi 177 AQKVFEEFNVDLQEELPSLWSRRVGFYVNTFKNVSSLEAKFHKEIAVLCHKLYEVMTKLG 237

Bin2 239 KQHSNKVFVVKG
KQH + F VK

Binl 241 KQHGSNTFTVKA
+QH K F + G

Amphi 238 DQHADKAFTIQG

FIG. 1. Structure of human Bin2 and its relationship to the BAR family of adaptor proteins. (A) Conceptual translation of full-length
human Bin2 ¢DNA isolated from a leukocyte library. (B) Alignment of the BAR domains of Bin2, Binl, and amphiphysin. The BLAST2
algorithm was used for alignment; amphiphysin was aligned manually. Identical or similar residues (the latter marked by a plus sign) are
indicated relative to the Bin2 sequence. (C) BAR family adaptor proteins. The cartoon compares the domain structure of Bin2 with known
BAR proteins in mammals (Bin1 and amphiphysin) and the yeast Saccharomyces cerevisiae (Rvs167p and Rvs161p). Different splice isoforms
of Binl are noted; exon numbers are from Wechsler-Reya et al. (1997b).

(Chen and Okayama, 1987). Thirty h after transfection, cells were ¢DNA (GenBank Accession No. AA452680) that en-
incubated with FITC-conjugated transferrin (Molecular Probes), and coded a polypeptide related to but nonidentical to am-

transferrin receptor-mediated endocytosis was monitored by indirect . h . .
immunofluorescence as described (Benmarah et al., 1999). Cells ex- phlphy sin and Bin1. This cDNA was used as a prObe to

pressing HA-Bin2 or Bin1-10+12ABCD were identified with mono-  isolate full-length ¢cDNA clones from a human leuko-
clonal antibodies anti-HA 12CAS5 or anti-Bin1 99D, respectively (Ni-  cyte phage library. DNA sequence analysis identified a
man ef al, 1983; Wechsler-Reya et al, 1997a). A Texas red- ., ohon reading frame of 564 aa rich in serine and
conjugated horse anti-mouse antibody (Vector) was used to visualize ) . .
the primary antibody. glutamic acid that has a predicted molecular mass of
61709 Da (see Fig. 1A). Southern analysis using the
RESULTS ¢DNA probe confirmed the presence of Bin2 sequences
in human genomic DNA (data not shown). Comparison
of Bin1 to the polypeptide encoded by this cDNA, which
was termed Bin2, confirmed the presence of a complete
BAR motif that was 61% identical and 75% similar to

(Sakamuro et al., 1996), suggesting that additional Binl withboundaries of aa 1-249 in Bin2 and aa 1-251
BAR family adaptor proteins existed. Subsequent IR Bin1 (see Fig. 1B). Bin2 was identical to Binl within
epitope mapping of this antiserum defined a major the region of the BAR domain that is most highly
epitope at the extreme C-terminus of the BAR domain conserved in evolution (aa 138-155). Amphiphysin has
(Wechsler-Reya et al., 1997a). A TBLASTN search of a nonidentical residue in this region and was slightly
the EST database with amino acid sequences derived less similar overall as computed by the BLAST algo-
from this region identified a partial germinal B cell rithm. A second segment of the BAR domain that was

Bin2 is a mammalian BAR adaptor protein that
lacks an SH3 domain. We observed previously that a
polyclonal Binl antiserum crossreacted with non-Binl
polypeptides in cells that do not express amphiphysin

’
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FIG. 1—Continued

highly conserved in these proteins was aa 23-45,
which encompasses a region predicted to be helical in
configuration (data not shown). The high degree of
conservation between the N-terminal region of Bin2
and the BAR domains of Binl and amphiphysin iden-
tified Bin2 as a third member of the BAR family to be
identified in mammalian cells.

Outside the BAR domain Bin2 lacked any similarity
to other members of the BAR adaptor family (see Fig.
1C). The C-terminal regions in this family exhibit con-
siderable structural diversity, especially in the case of
Binl, which is alternately spliced constitutively or in a
tissue-specific manner. The C-terminal extension in
Bin2 (aa 250-564) included acidic and serine/proline-
rich segments but was otherwise unrelated to either
BAR family adaptors or other known proteins. One
possible exception was a distant relationship noted by
database comparisons using the BLAST algorithm be-
tween the midsection of Bin2 (aa 179-336) and a cen-
tral region of Daxx, a ubiquitous protein implicated in
a variety of nuclear processes connected to transcrip-
tion and programmed cell death (Chang et al., 1998;
Michaelson ef al., 1999; Torii ef al., 1999). The E value
computed for the BLAST sequence alignment (which
measures its relative significance) was higher than the
analogous alignment between Bin2 and Rvs161 (9 X
107® versus 7.6 X 1072, respectively). Nevertheless,
since the score was relatively low the significance of
this relationship was uncertain. As noted above, Bin2
lacked a C-terminal SH3 domain that is found in all
BAR adaptor proteins except Rvs161 (Fig. 1C). How-
ever, while Rvs161 lacks an SH3 it also lacks a C-
terminal extension. Thus, Bin2 seems unlikely to be

FIG. 2. The human Bin2 gene localizes to chromosome 4922.1.
Chromosomal location of Bin2 was mapped by FISH of metaphase
chromosomes isolated from PHA-stimulated normal peripheral
blood lymphocytes. Probes were a Bin2 genomic BAC clone labeled
with digoxigenin—-dUTP and a biotin-labeled DNA fragment that
is specific for the centromere of chromosome 4. Slides were devel-
oped with fluoresceinated anti-digoxigenin antibodies and Texas
red avidin. The white arrowheads indicate a representative pat-
tern hybridization of 73 metaphase chromosome spreads ana-
lyzed, with red color identifying the chromosome 4 centromere and
green color identifying the Bin2 locus on the long arm of the
chromosome. The right side presents the map location of Bin2 as
computed by determining the average physical distance between
labeled loci on 10 separate chromosomes, an area that corresponds
to band 4q22.1.
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FIG. 8. Bin2 is expressed predominantly in hematopoietic cells and is induced during granulocytic differentiation. RNAs isolated from
the tissues and cell lines indicated were subjected to Northern analysis using Bin2 ¢cDNA as a hybridization probe. Ethidium bromide-stained
gels are provided as RNA loading controls. (A) Human tissues. Blots were stripped and rehybridized sequentially to Bin1 and amphiphysin
¢DNA probes to contrast the patterns of expression of mammalian BAR proteins. An apparent splice isoform(s) of Bin2 is indicated by the
upper arrowhead in the top blot. The several major splice isoforms of Binl seen specifically in brain (Wechsler-Reya et al., 1997b) are
indicated by the upper arrowhead in the middle blot. A ubiquitous splice isoform of Binl (second ubiquitous form shown in Fig. 1C)
predominates in hematopoietic cells and can be seen in spleen, thymus, and peripheral blood lymphocytes (PBL). Amphiphysin expression
is essentially confined to brain. (B) Human cell lines. Placenta and HepG2 hepatoma cells are positive and negative controls for expression,
respectively. Top: lymphoid cell lines. Middle and bottom: adherent cell lines derived from breast, colon, lung, liver, prostate, glial cell, and
astrocyte. (C) Bin2 is induced during granulocytic differentiation. HL60 promyelocytic leukemia cells were treated for the times indicated
with DMSO to induce granulocytic differentiation, and RNA was isolated for Northern analysis with Bin2 ¢cDNA. Jurkat is a T lymphoid cell

line and U937 is a myeloid cell line to compare expression in other positive blood cell lines.

the mammalian ortholog of Rvs161 but instead a gene
that arose later in evolution. Bin2 also lacked se-
quences required in Binl for interaction with c¢-Myc
(Elliott et al., 1999; Sakamuro et al., 1996) or in am-
phiphysin or brain-specific splice isoforms of Bin1 for
interaction with clathrin and other elements of the
endocytotic machinery (Ramjaun and McPherson,
1998; P. de Camilli, New Haven, CT, pers. comm., 10
Jan. 1999). Figure 1C summarizes the structural fea-
tures of BAR proteins. Taken together, the structural
differences between Bin2 and other members of the BAR
adaptor family suggested that Bin2 encoded a nonredun-
dant function. We concluded that Bin2 was a novel mam-
malian BAR protein likely to play a unique role in cells.

The human Bin2 gene is located on chromosome
4q22.1 and exhibits aberrant organization in hepatoma
cells. The Bin2 ¢cDNA was used to isolate three hu-
man genomic BAC clones by standard methods. Re-
striction analysis and Southern hybridization of these
clones and comparison to genomic Southern hybridiza-
tions confirmed the presence of Bin2 sequences and
ruled out the possibility that a pseudogene was cloned.

One of the clones, F727, was used to perform FISH
analysis of metaphase chromosomes isolated from nor-
mal peripheral blood lymphocytes. Specific hybridiza-
tion signals were detected on the long arm of a group B
chromosome consistent with chromosome 4 on the ba-
sis of size, morphology, and banding pattern. An exper-
iment that included a second probe specific for the
centromere sequences of chromosome 4 confirmed this
interpretation. A total of 80 metaphase cells were an-
alyzed, with 73 exhibiting specific labeling (see Fig. 2).
Measurements of 10 specifically labeled chromosomes
4 demonstrated that the Bin2-specific hybridization
signal was located at a position 27% of the distance
from the centromere to the telomere of chromosome
arm 4q, an area corresponding to band 4q22.1.

Bin2 is expressed predominantly in hematopoietic
cells and is upregulated during monocytic differentia-
tion. Northern analyses of human tissues and cell
lines were performed to investigate the range of ex-
pression of Bin2 and to compare it with amphiphysin
and Binl expression (see Fig. 3). The major message
hybridized was ~2.6 kb, which was in reasonable
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FIG. 4. Bin2 forms a stable BAR domain-dependent complex with Binl but not with amphiphysin. (A) Bin2 associates stably with Binl.
Bin2 and Binl cDNAs were subjected to in vitro translation with empty vector or with each other in the presence of [**Sjmethionine. Two
microliters of IVT products was fractionated directly on SDS—PAGE (IVT only); 10 ul of IVT products was subjected to immunoprecipitation
with anti-Bin1 antibody 99D (Wechsler-Reya et al., 1997a) before SDS-PAGE fractionation and fluorography. (B) Bin2 does not interact with
amphiphysin. HA-Bin2 and amphiphysin ¢cDNAs were subjected to in vitro translation and immunoprecipitation as above, using anti-HA
12CAS5 or anti-amphiphysin. (C) N-terminal sequences in the Binl BAR domain are crucial for association with Bin2. A set of Bin1l deletion
mutants lacking the amino acid residues indicated (Sakamuro et al., 1996) was cotranslated with Bin2 and subjected to immunoprecipitation,
SDS-PAGE, and fluorography as above. (D) Bin2 and Binl associate in vivo. COS cells were transfected with expression vectors for HA-Bin2
or Binl or with no insert. Cell extracts were prepared 2 days later and subjected to IP-Western analysis with anti-Binl and anti-HA
antibodies. The left shows the results of straight Western analysis with anti-Bin1. The right shows Western analysis using anti-HA antibody
of immunoprecipitates generated by either anti-HA or anti-Bin1l. (E) Bin2 is cytosolic. COS cells were transfected as above with HA-Bin2 and
processed for indirect immunofluorescence as described (Wechsler-Reya et al., 1998), using anti-HA antibody to identify Bin2 and Texas
red-conjugated anti-mouse IgG to visualize the antigen.

agreement with the ~2.2-kb ¢cDNA characterized, but
an additional message of ~3.5 kb was expressed at
lower levels in several tissues (see Fig. 3A, top). The
hybridization stringency in the experiment was high,
suggesting that these messages were derived by alter-
nate splicing, as seen in Binl (see Fig. 3A, middle), but
a distinct isoform was not ruled out. Notably, steady-
state RNA levels were at least two magnitudes higher
in spleen and peripheral blood leukocytes than in other
tissues and significantly higher in thymus, colon, and
placenta than in other tissues. This pattern of expres-
sion suggested that Bin2 might be preferentially ex-
pressed in hematopoietic cells (colon and placenta are
comparatively rich in lymphocytes and monocytes, re-
spectively). The pattern of Bin2 expression contrasted
with Binl, which was ubiquitous, with highest expres-

sion in brain and muscle, and with amphiphysin,
which was confined essentially to brain (see Fig. 3A,
bottom).

Additional experiments supported the notion that
Bin2 was expressed predominantly in blood cells and
that its presence in most tissues was a consequence of
its high expression in hematopoietic cells that are
present in tissue isolates. First, Bin2 was undetectable
by Northern analysis of 21 human cell lines derived
from a variety of tissues, including breast, lung, pros-
tate, brain, connective tissue (fibroblast), liver, and
colon, despite detection of Bin2 in these tissues. In
contrast, Bin2 message was strongly expressed in sev-
eral human lymphoid and lymphoid cell lines, includ-
ing GM1500, ALL200, BV173, and HL60 (see Fig. 3B).
Second, “virtual” analyses performed by comparing
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Transferrin

FIG.5. Bin2 does not inhibit receptor-mediated endocytosis. Transferrin uptake as a measurement of receptor-mediated endocytosis was
assayed essentially as described (Benmerah et al., 1999). Briefly, COS cells were transfected with vectors for Bin1-10+12ABCD (amphiphy-
sin IIa) or HA-Bin2 and incubated 24 h later with fluorescein-conjugated transferrin. All cells were stained with DAPI to visualize DNA.
Bin1-10-+12ABCD and Bin2 were detected with 99D (1:100 v/v hybridoma supernatant) or anti-HA 12CA5 (4 ug/ml), respectively, using a
Texas red-conjugated secondary antibody (1:200 v/v) to visualize the proteins for immunofiuorescence microscopy. Images were collected and

processed using a confocal microscope apparatus.

Bin2 sequences to the EST database, which provides
information about the tissue source for cDNA libraries
(which enrich for tissue-specific messages), offered an
additional line of confirmation that Bin2 is expressed
mainly in blood cells (data not shown). The likelihood
that the lack of expression in clonal cell lines was due
to in vitro selection against antiproliferative activity
was ruled out (see below). In summary, the results
argued that Bin2 was expressed predominantly in
blood cells.

Consistent with a functional role in blood lineages,
we observed that Bin2 was induced during granulo-
cytic differentiation of HL60 cells, a promyelocytic leu-
kemia cell line. HL60 cells are induced to differentiate
to granulocytes by treatment with dimethyl sulfoxide
(DMSO). Northern analysis demonstrated increased
steady-state levels of Bin2 RNA after 5 days of DMSO
treatment relative to early times or to control Jurkat T
cells or U937 myeloid cells (see Fig. 3C). The elevation
of Bin2 during myeloid differentiation was reminiscent
of a similar elevation of Binl that occurs during myo-
blast differentiation (Mao et al., 1999; Wechsler-Reya
et al., 1998). We concluded that Bin2 was expressed
predominantly in hematopoietic cells and that it was
likely to function in granulocytes and other blood cells.

Bin2 is a cytosolic protein that associates with Binl,
but not amphiphysin, in a BAR-dependent manner.
Rvs161 and Rvs167 form complexes in yeast, and am-
phiphysin and Binl form stable complexes in brain
extracts (Navarro et al., 1997, Wigge et al., 1997). We
therefore examined the ability of Bin2 to interact with
Binl or amphiphysin in vitro and in vivo. Bin2 ¢cDNA
was subjected to in vitro translation (IVT) in the pres-
ence or absence of Binl or amphiphysin and complex
formation was assessed by coimmunoprecipitation (IP)
with anti-Binl antibody 99D (Wechsler-Reya et al.,
1997a) or an anti-amphiphysin antibody, followed by

SDS-PAGE and fluorography. For some experiments,
a derivative of Bin2 was constructed that included an
N-terminal influenza HA epitope tag that is recognized
by the monoclonal antibody 12CA5 (Niman et al.,
1983). Expression of this HA-tagged derivative, termed
HA-Bin2, was confirmed by DNA sequencing and by in
vitro translation (data not shown). Bin2 migrated with
an apparent mobility of ~80 kDa, greater than the
predicted molecular mass of ~61 kDa but reminiscent
of the similar aberrant mobility displayed by Binl on
Laemmli gels (Sakamuro et al., 1996).

Interestingly, Bin2 formed a 