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Introduction

Tumor formation arises as a consequence of alterations in the control of cell proliferation and disorders in the
interaction between cells and their surroundings. Uncontrolled cell proliferation is generally considered the result
of oncogene activation and tumor suppressor gene inactivation, whereas alterations in cell-cell and cell-
environment interactions are due in part to the misfunction of cell adhesion molecules. Interestingly the putative
tumor suppressor gene DCC, encoding a cell adhesion molecule, may play a dual role.

Previously, we studied the DCC gene and its mRNA expression in human and rat prostatic carcinoma cells as well
as in prostatic carcinoma tissues by RT-PCR and PCR-LOH (Gao et al, 1993). The DCC gene was present and
expressed in normal prostatic cells. However, its expression was decreased or undetectable in all prostatic
carcinoma cell lines either from human [4 cell lines] or rat [5 cell lines]. In patients, 12 out of 14 cases [86%]
showed reduced DCC expression and 5 out of 11 informative cases [45%] showed loss of heterozygosity at the
DCC locus. These results demonstrate that loss of DCC expression and loss of heterozygosity at the DCC locus
are frequent features of prostatic carcinoma.

Recently, we have found that DCC expression induces apoptosis or cell cycle arrest of human prostate tumor
cells. Human DCC was expressed in DU145 and PC-3 carcinoma cells. Expression of DCC rapidly induced
apoptosis of DU145 but not of PC-3 cells (Chen et al., 1999 and appendix 1). DNA fragmentation could be seen
within 24 hours of DCC expression in DU145 cells. Apoptotic cells appeared starting at 18 hours of DCC
expression and more than 90% of cells were apoptotic and floating at 48 hours. The morphological appearance of
apoptotic cells coincided with the cleavage of poly (ADP-ribose) polymerase. Our results indicate that DCC-
induced apoptosis is a rapid process, likely involving the activation of caspases. In PC-3 cells, DCC expression
resulted in a flattened, enlarged morphology resembling G1 arrested cells. However, cell cycle distribution
analysis by flow cytometry showed that cells were arrested at the G2/M phase. Furthermore, we found that DCC
expression inhibited the Cdkl kinase activity (Chen et al., 1999 and appendix 1)..

In order to identify potential DCC signaling mediators, we used the DCC cytoplasmic domain as the bait in yeast
interaction trap screening. Thirteen DCC interacting proteins (DIPs) were identified. Four of the DIPs are novel
genes.

Based on our preliminary studies, we propose a hypothetical signaling pathway(s) of DCC. An increasing level of
DCC expression triggers DCC protein clustering. Depending upon cell genetic background, the cytoplasmic
domain of the DCC protein then transduces signals resulting either in activation of caspases which induces
apoptosis, or in inhibition of Cdkl kinase activity which leads to G2/M cycle arrest.

The purpose of this study was to investigate the role of DCC interacting molecules (DIPs) in DCC signaling in
human prostate carcinoma cells.
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Body

There were two aims in our proposal, i.e. (1) confirm the interaction of DCC with DIPs and (2) determine the
necessity of DCC and DIP interaction in DCC-induced apoptosis and cell cycle arrest. We divided our work into
two main tasks:

Task 1. Confirm the interaction of DCC with DIPs (month 1-15).

"* Tagging of the DCC cytoplasmic domain, hsina and FKBP12 by PCR and sequencing to assure there is no
mutation due to mis-incorporation.

"* Transfection, immunoprecipitation and western analysis in prostate cells

"* Generate N- and C-terminus truncated DCC cytoplasmic domain vectors

"* Yeast two-hybrid assay using hsina, FKBP12 and the truncated DCC cytoplasmic domain.

"* Confirm the interaction site(s) identified above in prostate cells

Task 2. Determine the necessity of DCC and DIP interaction in DCC-induced apoptosis and cell cycle arrest
(month 16-30).

"* Generate of DCC mutant(s) that lack hsina and/or FKBP12 interacting site.

"* Generate, characterize, amplify and titrate recombinant DCC mutant adenovirus.

"* Express wild-type and mutant DCC in DU145 and PC-3 cells. Monitor apoptosis by light microscopy, DAPI
staining, DNA laddering, flow cytometry and cleavage of PARP as well as cell cycle arrest by flow cytometry
and Cdkl kinase assay.

"* Establish tetracycline-inducible hsina and FKBP12 expression cell lines.

"* Monitor apoptosis by light microscopy, DAPI staining, DNA laddering, flow cytometry and cleavage of
PARP as well as cell cycle arrest by flow cytometry and Cdkl kinase assay.

During the past 12 months, we have published a paper in the journal of Oncogene (Appendix 1).

We have successfully generated N- and C-terminus truncated DCC cytoplasmic domain vectors. A total of 10
different vectors were constructed according to our experiment design (Fig. 1).

Numberof amino acids

319 1 DOC-Hga

S291 DOC-Bam

:908 DOC-Nco

S173 DCC-RV

I 7• DOC-Bsp

279 DOCA44

247 DCCABsp

149 DCCARV

116 DCCANco

33 DCC-ABam

Fig. 1. Truncation of the DCC cytoplasmic domain.
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We have completed the tagging of DCC cytoplasmic domain, hsina and FKBP12 by PCR and sequencing to
assure there is no mutation due to mis-incorporation. DCC, hsina and FKBP12 were tagged with HA and Flag
epitopes.

We have cloned two novel genes, i.e. Dip5 and Dip 13. A total of 1735 bp were obtained for Dip5 which has an
ORF of 1296 bp encoding for 432 amino acids (Appendix 2). A total of 1683 bp were obtained for Dip 13 which
has an ORF of 603 bp encoding for 200 amino acids (Appendix 3). Both Dip5 and Dip13 have been tagged with
Flag and V5 epitopes.

In summary, we have partially completed the taskl. In addition, we performed extra experiments by cloning two
novel genes.

Key research accomplishments

"* Truncation of the DCC cytoplasmic domain

"* Tagging of DCC and hsina, FKBP12

"* Cloning of two novel genes, Dip5 and Dipl3.

"* Tagging Dip5 and Dipl3

Reportable outcomes

"* One manuscript (Appendix 1)

"* Apply for one patent

Conclusions

Previously, we observed loss of heterozygosity at the DCC locus and loss of DCC expression in both human
prostate tumor tissues and prostate carcinoma cell lines, indicating that inactivation of the DCC gene may
contribute to prostate cancer development. We now show that forced expression of DCC induces G2/M cell cycle
arrest and apoptosis of prostate carcinoma cells. By yeast two-hybrid screening, we have identified several
molecules that interact with the DCC cytoplasmic domain. During the first 12 months, we have generated reagents
and cloned two novel genes which will enable us to investigate the role of Dip molecules in mediation of the
apoptotic and/or cycle arrest signal of DCC. Potential impacts of such study are two-fold.

First, our study should allow us to understand better the function of DCC and the signaling mechanism of DCC-
induced apoptosis and G2/M cycle arrest in prostate cells. Should loss of DCC function be confirmed to play a
role in prostate cancer development, inactivation of DCC may serve as a prognostic/diagnostic marker for prostate
cancer progression.

Second, since DCC expression induces cell cycle arrest and apoptosis of prostate tumor cells, the DCC gene may
be used for prostate cancer gene therapy, once the DCC signaling mechanism is better defined.

7



References

Gao, X., Honn, K., Grignon, D., Sakr, W., Chen, Y. Q. Frequent loss of expression and loss of heterozygosity
of the putative tumor suppressor gene DCC in prostatic carcinoma. Cancer Res. 53: 2723-2727, 1993.

Chen, Y. Q., Hsieh, J. T., Yao, F., Fang, B., Pong, R., Cipriano, S. C., Krepulat F. Induction of apoptosis
and G2/M cell cycle arrest by DCC. Oncogene, 18: 2747-2754, 1999.

Appendix

1. Manuscript. Oncogene, 18: 2747-2754, 1999

2. cDNA sequence of Dip 5 (unpublished data)

3. cDNA sequence of Dip 13 (unpublished data)

8



Oncogene (1999) 18, 2747-2754
© 1999 Stockton Press All rights reserved 0950-9232/99 $12.00

http://www.stockton-press.co.uk/onc

Induction of apoptosis and G2/M cell cycle arrest by DCC

Yong Q Chen*,', Jer-Tsong Hsieh 2, Fayi Yao1, Bingliang Fang3 , Rej-chin Pong2,
Sherry C Cipriano' and Frauke Krepulat'

'Department of Pathology, Wayne State University, Detroit, Michigan 48201, USA; 2Department of Urology, UT Southwestern
Medical Center, Dallas, Texas 75235, USA; 3Department of Thoracic Surgery, MD Anderson Cancer Center, Houston, Texas
77030, USA

The Deleted in Colorectal Cancer gene (DCC) encodes a Recently, the tumor suppressor gene Deleted in
cell surface receptor that belongs to the Ig superfamily. Pancreatic Cancer (DPC4 or smad4) has been cloned
Inactivation of the DCC gene has been implicated in and shown to play an important role in TGF-fl
human tumor progression. However, little is known signaling. The DPC4 (smad4) gene is located in close
about the biological function of the DCC protein. In proximity to the DCC locus on chromosome 18q.
the present study, we demonstrated that expression of Because of this close proximity and the uncertainty of
DCC activated caspase-3 and programmed cell death, or DCC function, there was a question whether DPC4
induced G2/M cell cycle arrest in tumor cells. In some rather than DCC is the tumor suppressor gene that is
cell lines, apoptosis was evident within 24 h of DCC inactivated in colon carcinoma cells. In order to
expression. Timing of the appearance of apoptotic cells address this question, the loss of heterozygosity at
coincided with that of the cleavage of poly (ADP-ribose) 18q has been re-evaluated in colon tumor samples
polymerase, a substrate of caspase-3. Expression of the (Thiagalingam et al., 1996). The results suggest that the
apoptosis inhibitory gene Bcl-2 was not able to abrogate DCC, but not the DPC4, is the most frequently altered
the DCC-induced apoptosis. In the G2/M cycle arrest gene on chromosome 18q13.3-21.3. In this study, we
cells, cdkl activity was inhibited. Our results suggest found that forced DCC expression induces apoptosis
that the DCC protein may transduce signals resulting in or cell cycle arrest, providing a potential mechanism of
activation of caspases or inhibition of Cdkl. These data DCC action.
provide a possible mechanism by which DCC suppresses
tumorigenesis.

Results and discussion
Keywords: DCC; apoptosis; caspase; tumor suppressor
gene; cell cycle; Cdkl In order to determine the function of DCC, human

DCC cDNA was expressed in colon DLD-1 and
prostate DU145, PC-3 carcinoma cells by recombinant
adenovirus infection. Mock and control adenovirus-

Introduction infected DLD-1, DU145 and PC-3 cells did not express
a detectable level of DCC, whereas the 180 kD DCC

Deleted in Colorectal Cancer (DCC) was originally protein was easily detected in DCC adenovirus-infected
identified by virtue of its high frequency of deletion in cells (Figure la). Expression of DCC rapidly induced
colon carcinoma. The DCC gene was mapped to apoptosis of DLD-1 and DU145 but not PC-3 cells.
chromosome 18q21.2 and isolated by positional cloning DNA fragmentation could be seen within 24 h of DCC
(Fearon et al., 1990; Cho et al., 1994). Deduced amino expression in DLD-1 and DU145 cells (Figure lb).
acid sequence shows a high homology with the neural DNA fragmentation was also evident by flow cytometry
cell adhesion molecule (N-CAM) and other related cell analysis of DNA content. At 48 h postinfection, mock
surface glycoproteins of the Ig superfamily (Fearon et and control adenovirus-infected DU145 cells had a
al., 1990; Cho et al., 1994). Frequent loss of similar G1, S and G2/M phase distribution, whereas
heterozygosity at the DCC locus and loss of DCC DCC adenovirus-infected DU145 cells had a large
expression have been observed in human colon (Fearon population of cells with DNA contents smaller than
et al., 1990; Thiagalingam et al., 1996) and prostate GI phase cells (Figure lc), a characteristic of apoptotic
carcinomas (Gao et al., 1993) as well as in pancreatic, cells. DCC protein expression in DU145 cells was
gastric, esophageal, bladder, breast, head and neck detectable at 12 h and reached a plateau approximately
carcinomas and male germ cell tumors, neuroblastoma, 30 h postinfection (Figure 2a). Apoptotic cells could be
glioma, hematologic malignancy (Fearon, 1996, refer- seen starting at 18 h postinfection and more than 90%
ences therein). These results suggest that inactivation of of cells were apoptotic and floated at 48 h postinfection
the DCC gene may be involved in the development of (Figure 2b). The morphological appearance of apopto-
human cancers. However, the biological function of tic cells coincided with the cleavage of poly (ADP-
DCC is still largely unknown. ribose) polymerase (Figure 2c). It has been demon-

strated that proteolytic cleavage of PARP by caspases is
a widespread phenomenon in cells undergoing apoptosis
(Kaufman et al., 1993; Lazebnik et al., 1994; Nicholson

*Correspondence: YQ Chen et. al., 1995; Tewari et al., 1995). Similar kinetics of
Received 4 November 1997; revised 16 December 1998; accepted 16 DCC-induced programmed cell death was observed in
December 1998 DLD-l cells (data not shown).
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Figure 1 Induction of apoptosis by DCC. (a) Cells were mock-infected (lane 1) and infected at MOI 5 with a control adenovirus
d1312 (lane 2) or AdDCC adenovirus (lane 3). Cells were collected 24 h postinfection, lysed and used for Western detection of DCC.
Membrane was stripped and reprobed for fl-actin to show protein loading. (b) Cells (1 x 106) were mock-infected (lane 1), and
infected at MOI 5 with control adenovirus AdCMV (lane 2), d1312 (lane 3) or AdDCC (lane 4). Samples were collected at 24 and
48 h postinfection and used for DNA fragmentation assay. (c) DU145 cells (2 x 106) were mock infected or infected at MOI 5 with
control adenovirus AdCMV, d1312 and AdDCC. Cells were collected at 48 h postinfection, fixed and analysed for cell cycle
distribution

A B

0 6 12 18 24 30 36 42 48 hr

DCCI• P. .

actin ý - 0 0

C
0 6 12 18 24 30 36 42 48 hr

85 , o

Figure 2 Kinetics of DCC-induced apoptosis in DU145 cells. Cells (1 x 106) were seeded in 100-mm culture dish each containing a
coverslip. Next day, cells were mock-infected or infected with d1312 and AdDCC at MOI 5 in 2 ml culture medium for 1 h at 37°C
with shaking every 10 min. Three ml medium were added after infection. Cells were collected at 6 h intervals for a period of 48 h for
Western detection of DCC and fl-actin protein (a), at which point cell morphology was monitored by light microscopy (b; phase
contrast photos). Cells attached to the coverslip were fixed and used for DAPI staining (b; fluorescent photos). Cell samples
collected in the experiment A were also used for the analysis of PARP cleavage. The 116 kD PARP protein and the 85 kD
apoptosis-related cleavage fragment were detected by Western blotting (c)

Our results indicate that the DCC-induced apoptosis carcinoma DLD-1 cells were infected with AdDCC or
is a rapid process, likely involving the activation of d1312. The cells were collected at 18 h post-infection.
caspases. A loss of DCC expression is a common Cell samples as well as human intestinal tissue sections
feature in many cancer cells. However, the levels of were simultaneously used for immunostaining of the
DCC mRNA and protein are usually very low in DCC protein. The secretory cells of intestinal tissue
normal tissues, to the point that they are hardly and AdDCC-infected cell culture gave strong DCC
detectable by Northern and Western blotting. Immu- staining (Figure 3a). The intensity of DCC protein
nostaining of human colon tissue indicates that DCC is staining was quantified by optical densitometry (Figure
expressed only in the fully differentiated epithelial 3b). The mean value for the negative control sample
secretory cells, the goblet cells, and in late-stage was 64, for secretory cells 294 and for AdDCC-infected
adenomas and in nonmucinous carcinoma, DCC DLD-1 cells 259. These results indicate that, under our
expression is lost (Hedrick et al., 1992). In order to experimental condition, adenoviral mediated expression
compare the level of DCC expression in our of DCC in culture results in a level of the DCC
experimental system to that in vivo, human colon protein, which is comparable to that in human
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Human inestinal tissue DLD/AdDCC DLD/d1312
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Control Tissue DLD/AdDCC
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Figure 3 Comparison of DCC protein level in vitro and in vivo. (a) Human intestinal tissue sections were incubated with anti-DCC
cytoplasmic domain monoclonal antibody (upper left panel) or normal mouse IgG (lower left panel), followed by anti-mouse IgG
conjugated with peroxidase antibody. DLD cells were infected with AdDCC (middle panels) or d1312 (right panels) at MOI 5. Cells
were collected 18 h post-infection and incubated with anti-DCC cytoplasmic domain monoclonal antibody (upper middle and upper
right panels) or normal mouse IgG (lower middle and lower right panels), followed by anti-mouse IgG conjugated with peroxidase
antibody. Note that DCC expression (red color) is restricted to secretory cells in mucosa. (b) The intensity of DCC protein staining
was determined by the Becton Dickinson CAS 200 Cell Analysis System. The cytoplasmic area of 100 individual cells from each
sample was measured and the total pixel histograms for control, human tissue and DLD-l cells infected with AdDCC (moi 5) were
shown. OD: optical density. P: OD higher than the P value was considered positive

intestinal secretory cells. It is well known that the fully fragmentation assay. Forced DCC expression induced
differentiated epithelial cells of the GI tract have a apoptosis of SHEP-1 cell and clones expressing Bcl-2
rapid turnover rate, i.e. cells die within 2-3 days. or Bcl-xL (data not shown). This result suggests the
Therefore, it is possible that DCC is only expressed to possibility that Bcl-2 or Bcl-xL may not be able to
a high level during the differentiation of basal epithelial block DCC-induced programmed cell death. To
cells to secretory cells, resulting in rapid cell death. confirm this observation, DU145 and DLD-1 cells
Thus DCC may function as an apoptosis inducer in were transfected with a Bcl-2 expression vector
human tissue. (pcDNA Bcl-2-flag) and control vector (pcDNA3).

It is known that some members of the Bcl-2 gene Pooled populations as well as individual colonies of
family can inhibit or delay apoptosis stimulated by a Neo and Bcl-2 were obtained. No Bcl-2-flag epitope
variety of signals (White, 1996; Oltvai and Korsmeyer, were detected in pooled Neo populations of DU145
1994; Boise et al., 1993). To determine whether and DLD-1 cells (Figure 4a). However, the Bcl-2-flag
expression of Bcl-2 or Bcl-xL can inhibit DCC- protein was easily detectable in pooled Bcl-2 popula-
induced apoptosis, SHEP-1 cell, an epitheloid sub- tions and individual colonies of DU145 and DLD-1
clone of the human neuroblastoma line SK-N-SH, and cells (Figure 4a). No endogenous Bcl-2 protein was
SHEP-1 clones expressing Bcl-2 or Bcl-xL were detected in DU145 cells (Figure 4a), a result similar to
infected with control adenovirus, DCC adenovirus or that described by another group (Haldar et al., 1996).
mock-infected. Programmed cell death was determined Endogenous Bcl-2 protein, at a lower molecular weight
at different time points by cell morphology and DNA than that of the transfected Bcl-2-flag protein, was seen
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Figure 4 Effect of Bcl-2 on DCC-induced apoptosis. DLD-1 and DU145 cells were transfected with pcDNA3 or pcDNA Bcl-2-flag
vector and selected with G418. Pooled population as well as individual clones were obtained. Expression of the Bcl-2-flag protein
was determined by Western blotting using anti-flag and anti-Bcl-2 antibodies (a). NeoR and Bcl-2 expressing DU145 and DLD-1
cells were mock infected, infected with d1312, AdDCC at MOI 5 or treated with 300 #M (DU145) or 500 #M (DLD-1) of H 20 2. Cell
morphology was monitored at 48 h post-treatment (b). Cells infected with d1312 and AdDCC were lysed and used for Western
detection of PARP cleavage (c). No: mock treated. Neo-pp: pooled population of G418 resistant clones. Bcl-2-pp: pooled
population of Bcl-2-transfected clones. Bcl-2-1: clone number I of Bcl-2-transfected cells

in DLD-1 cells (Figure 4a). Bcl-2 expression protected DCC is a candidate component of the receptor for
DU145 and DLD-l cells from apoptosis induced by netrin-1 (Keino-Masu et al., 1996; Chan et al., 1996;
H202 (Figure 4b), indicating that the transfected Bcl-2 Kolodziej et al., 1996). Therefore, we also evaluated
protein is functional. However, the functional Bcl-2 whether netrin-1 can stimulate or inhibit DCC-induced
expression did not protect DU145 and DLD-1 cells apoptosis. DU145 cells were infected with control,
from apoptosis induced by DCC (Figure 4b). PARP DCC adenovirus or mock infected in the absence or
cleavage could be seen in the pooled Neo or Bcl-2 presence of netrin-1 protein. The kinetics of apoptosis
populations as well as individual Bcl-2 colonies of was monitored by DNA fragmentation and micro-
DU145 and DLD-l cells (Figure 4c). Nevertheless, Bcl- scopy. Our results indicate that exogenous netrin-1
2 expression reduced the ratio of the cleaved 85 kD to protein has no effect on the DCC-induced apoptosis
the intact 116 kD PARP (Figure 4c). These results (data not shown). However, it was not clear whether
suggest that the DCC-induced apoptosis process all of DCC receptors were occupied by the netrin-1
cannot be blocked, but may be slightly slowed down protein under our experimental conditions.
by Bcl-2. Cell surface receptors usually transduce their signal

To determine whether induction of apoptosis by through the cytoplasmic domain. To address the role
DCC is a general phenomenon, we studied a total of of the cytoplasmic domain of DCC in inducing
twenty-two cell lines. These included three prostate apoptosis, we generated recombinant adenovirus of a
carcinoma, one colon carcinoma, four breast carcino- DCC mutant that lacks its cytoplasmic domain (Figure
ma, three neuroblastoma, three osteosarcoma, one 5a). Successful expression of the mutant DCC was
cervical carcinoma, five bladder carcinoma cell lines confirmed by Western (Figure 5b). Next, we deter-
and one immortal breast epithelial and one immortal mined the ability of this DCC mutant to induce
keratinocyte cell line. DCC expression induced either apoptosis. We found that the wild-type DCC but not
apoptosis or cell cycle arrest in all cell lines studied. the mutant induced apoptosis, activated caspase-3
The cells, based on their response to DCC, can be (Figure 5c and d). Our results demonstrate that the
categorized into three groups: (a) rapid induction of cytoplasmic domain is required for DCC to induce
apoptosis, (b) irreversible cell cycle arrest followed by apoptosis, and confirm the involvement of caspase-3 in
apoptosis and (c) transient cell cycle arrest. DCC-induced apoptosis.

The DCC gene encodes a cell surface receptor of the As mentioned earlier, DCC expression did not
Ig superfamily (Fearon et al., 1990). Molecules of the induce apoptosis of PC-3 cells. Instead, DCC
Ig family can mediate cell-cell and cell-matrix expression resulted in PC-3 cells with a flattened,
interactions through a homotypic (i.e. receptor enlarged morphology resembling GI arrested cells. To
interacts with the same receptor) or a heterotypic determine whether DCC expression induces cell cycle
fashion (i.e. receptor interact with a ligand or another arrest in some cell lines, human prostate carcinoma
receptor). So far, no homotypic interaction of DCC PC-3, osteosarcoma HOS and breast carcinoma MCF-
has been confirmed. However, it has been shown that 7 cells were infected with the AdDCC adenovirus,
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Figure 5 Requirement of the DCC cytoplasmic domain in inducing apoptosis. (a) structure of the wild-type DCC and a mutant
without the cytoplasmic domain. (b) DU145 cells were infected with AdDCC or AdAcyto at MOI 5. Samples were collected at 24 h
post-infection and used for western detection of DCC with an anti-DCC extracellular domain antibody. C: DU145 cells (I x 106)
were infected with AdDCC, AdAcyto at MOI 5 or mock infected. Samples were collected at 24 h post-infection and used for
western detection of the active form of the caspase-3 protein. (d) samples from C were used for caspase-3 activity assay (bars) using
a CPP32 colorimetric assay kit (Clontech). Caspase-3 specific inhibitor used was DEVD peptide. RLU stands for relative light unit.
Bar represents standard deviations

AdCMV and d1312 control adenovirus or mock- with DAPI. The nuclei of DCC expressing cells had an
infected. Samples were collected 72 h post-infection intact nuclear membrane and slightly condensed
and used for cell cycle distribution analysis by flow chromatin (Figure 7b and insert), a characteristic of
cytometry. Mock and control adenovirus-infected cells early prophase cells. These results suggest that DCC
had a similar G1, S and G2/M phase distribution, expressing cells were arrested at the later G2/early
whereas DCC adenovirus-infected cells were arrested at prophase of mitosis. Three groups of molecules, i.e.
the G2/M phase (Figure 6a). The G2/M population cyclins, cyclin-dependent kinases and cyclin-dependent
increased by more than twofold at 72 h post-infection kinase inhibitors, have been identified and they are the
of AdDCC in the asynchronized culture of PC-3, HOS key molecules in controlling cell cycle progression
and MCF-7 cells (Figure 6b) and cells were growth (Hunter and Pines, 1994). All the inhibitors identified
arrested (Figure 6c). Our data indicate that DCC so far are primarily involved in GI control. Cdk4 and
expression induces a rapid G2/M cell cycle arrest in Cdk6, in association with cyclin D, are important in
some cell lines. GI progression. Cdk2, in association with cyclin E or

Due to the nature of flow cytometry, we were cyclin A, is critical for G1 to S transition and S phase
uncertain whether DCC expression arrested cells at the progression. Cdkl (also known as Cdc2) in association
G2 or the prophase, metaphase, anaphase or telophase with cyclin B is required for cell mitosis (Nurse, 1994;
of the cell division. To differentiate between these King et al., 1994; Dunphy, 1994). The prophase cell
possibilities, PC-3 cells were infected with AdDCC, cycle arrest by DCC may be due to an inhibition of
d1312 control adenovirus or mock-infected. Cells were Cdkl activity. Therefore, Cdkl kinase activity was
fixed 72 h post-infection and used for immunocyto- compared in AdDCC-, control adenovirus- and mock-
chemistry analysis using an anti-DCC antibody. 'DCC infected cells. Indeed, we found that DCC expression
expressing cells had a flatter morphology (Figure 7a) inhibited the Cdkl kinase activity (Figure 7i).
compared to the d1312 control- (Figure 7b) or mock- DCC was suggested as a tumor suppressor.
infected cells (data not shown). Cell nuclei were stained Recently, the mouse homologue of DCC has been
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knocked out (Fazeli et al., 1997). Mice homozygous for intestine were observed in both homozygous and
the Dcc- died within 24 h after birth, and showed heterozygous mice as well as in Dcc"+/<->Dcc-'-
defects in axonal projections. No alterations in growth, chimeras. These results fail to support a tumor
differentiation, morphogenesis or tumorigenesis of suppressor function for DCC. However, the lack of
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Figure 6 DCC-induced G2/M cell cycle arrest. (a) PC-3 cells were infected with AdCMV or d1312 control adenovirus, AdDCC
adenovirus or mock-infected. Cells were collected 72 h post-infection and used for flow cytometry analysis. (b) Percentage of the G2/
M population in mock-, d1312 control- and AdDCC adenovirus-infected PC-3, MCF-7 and HOS cells. Samples were analysed at
72 h post-infection. C: PC-3 cells were infected with AdDCC, d1312 at MOI 5 or mock infected. Number of cells was counted daily
for a period of 6 days. Three samples were used for each point and three independent experiments were performed. Bar represents
standard deviations

PC3 1Kos MCF7
1 2 3 4 2 3 4 2 3 4

SU ' • • CdkL aciiviiy

Figure 7 Morphological features and Cdkl activity of cells arrested by DCC. PC-3 cells were infected with d1312 or AdDCC
adenovirus at multiplicity of infection 5. Cells were fixed at 72 h post-infection and used for immunocytochemistry. (a) phase
contrast image of AdDCC-infected cells, (b) DAPI staining (blue color) of AdDCC-infected cells, (e) DCC staining (red color) of
AdDCC-infected cells, (d) composite of DAPI and DCC staining of AdDCC-infected cells, (e) phase contrast image of d1312-
infected cells, (f) DAPI staining (blue color) of d1312-infected cells, (g) DCC staining of d1312-infected cells, (h) composite of DAPI
and DCC staining of d1312-infected cells, (i) PC3, HOS and MCF7 cells were mock-infected (2) or infected with d1312 control
adenovirus (3) and AdDCC (4) at MOI 5. Samples were collected at 72 h post-infection and 500 ig of total protein were used for
immunoprecipitation with anti-Cdkl antibody, then for histone HI phosphorylation assay. The upper panels show the
phosphorylation of histone HI by Cdkl, the lower panels show the loading of histone HI protein. To show the specificity of
kinase activity assay, 500 ug of mock-infected PC3 protein were immunoprecipitated with anti-Cdkl antibody in the presence of
1 yg of Cdkl immunogen peptide (1)
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tumor in homozygous mice may be due to the early used for identifying the presence of the DCC cDNA insert.
death of offspring. The result from heterozygous mice Primer set 2 (5'-TCGTTTCTCAGCAGCTGTTG-3'; 5'-

should be interpreted with caution. For example, CATCTGAACTCA-AAGCGTGG-3') was used for identify-

heterozygous mice for BRCA1 or BRCA2 gene did ing the presence of viral sequences. Primer set 3 (5'-

not manifest defects or an increased rate of tumorigen- ATTACCGAAGAAATGG-CCGC-3'; 5'-CCCATTTAA-
not (CACGCCATGCA-3') was used for examining the presence
esis (Liu et al., 1996; Hakem et al., 1996; Sharan et al., of El region. An absence of the El gene indicates that
1997). In addition, the phenotype of a tumor recombinant adenovirus stock is free of wild-type adenovirus
suppressor gene loss in human may not be mimicked contamination. AdCMV adenovirus was generated by a
by the phenotype in mice. For instance, more than homologous recombination between the shuttle vector
50% of human colorectal tumors have a loss of without cDNA insert and the proviral vector. The human
function of the tumor suppressor gene p53. Yet, no Ad5 mutant d1312 is a replication-defective adenovirus due
colon tumor could be seen in p53 knockout mice to the deletion of the El gene (Jones and Shenk, 1979). The
(Donehower et al., 1992). Therefore, it is still uncertain AdCMV and d1312 adenovirus were used as controls. To

whether the DCC is a tumor suppressor gene. In fact, construct AdDCCAcyto, a PCR fragment that extends from

our data on induction of apoptosis and cell cycle arrest a portion of the FN type III repeat to amino acid 1124 was
by datargue fon ainduorction of apoptosisandcecycused to replace the DCC cytoplasmic domain. The pcDNA-
by DCC argue for a tumor suppressor function of DCCAcyto plasmid was sequenced to avoid possible PCR
DCC. mis-incorporation. The AdDCCAcyto was constructed with

Interestingly, forced DCC expression induces pro- procedures described above.
grammed cell death and/or cell cycle arrest of tumor
cells regardless of their p53 and Rb status, i.e. wild-
type, mutant or null. The DCC protein is a cell surface DNA fragmentation assay
receptor. So far two other cell surface receptors, Fas Cells were collected and lysed in 200 y1 of cold lysis buffer
and TNFR1, have been shown to be capable of (20 mm Tris pH 7.4 10 mM EDTA 0.2% Triton X100) on ice
inducing apoptosis. The Fas/TNFR1 apoptotic signals for 15 min with vigorous votexing every 5 min. The lysates

are transduced by a cascade of molecular interactions were spun for 10 min in at 10 000 g. Supernatants were

involving TRADD, FADD and FLICE (Cleveland and incubated with 50 ug/ml of DNase-free RNase A at 37°C for
1 h, then with 0.1 mg/ml of proteinase K, 0.1% SDS at 50'C

Ihle, 1995; Fraser and Evan, 1996). These molecules overnight. Samples were extracted with phenol and chloro-
interface through a highly homologous region termed form. DNA was precipitated with ethanol, washed with 70%
death domain. However, no death domain or an ethanol, dried and suspended in Tris-EDTA buffer. Samples
obvious death domain homology can be identified in were run on a 1.5% agarose gel.
the cytoplasmic portion of the DCC protein. There-
fore, it would be of great interest to define the pathway Nuclear staining
by which DCC induces apoptosis and cell cycle arrest.

Cells were washed once in I yg/ml DAPI-methanol, stained
in the DAPI-methanol solution at 37°C for 15 min, washed

Materials and methods off the staining solution with methanol and mounted with

anti-fade buffer.
Cells

Human prostate carcinoma DU145, PC-3, LNCaP cells were Immunostaining
cultured in RPMI 1640 with 5% FBS, colon carcinoma
DLD-1 in DMEM with 5% FBS, breast carcinoma MCF7 Staining of DCC protein with peroxidase method was
cells in DMEM with 5% FBS, 10 pg/ml insulin, osteosarco- performed as described previously (Chen et al., 1994). For
ma HOS in RPMI 1640 with 10% FBS. Cell numbers were immuno-fluorescent staining, cells were washed with PBS,
counted with the trypan blue exclusion method in a fixed in 3.7% formaldehyde for 10 min and incubated with
hematocytomer. 0.2% BSA for 1 h to block non-specific binding. Samples

were incubated with 20 yg/ml of anti-DCC antibody diluted
in PBS-0.1% saponin for 1 h, washed with PBS, blocked

Western blotting with 5% normal donkey serum for 1 h and then incubated

Detection of DCC, fl-actin, poly (ADP-ribose) polymerase, with 25 pg/ml donkey anti-mouse IgG conjugated with
caspase-3, Bcl-2 and the flag epitope were performed as Texas red for 1 h. Samples were rinsed in PBS and
described previously (Chen et al., 1995) with a monoclonal mounted with anti-fade mounting buffer containing 75 ng/
anti-DCC C-terminus antibody (PharMingen), a monoclonal u1 of DAPI. Cells were examined with Zeiss laser scan
anti-actin antibody (Sigma), the monoclonal C-2-10 anti- confocal microscope.
PARP antibody (Biomol), a monoclonal anti-caspase-3
(PharMingen), a monoclonal anti-Bcl-2 (DAKO) antibody Flow cytometry
and the M2 monoclonal anti-Flag antibody (Eastman
Kodak). Cell cycle distribution was analysed by flow cytometry as

described previously (Chen et al., 1995).

Recombinant adenovirus
Addition of netrin-1

Human DCC cDNA was cloned into the shuttle vector

pAdElCMV/pA. Recombinant DCC adenovirus was gener- Cells were mock-infected, or infected with d1312 or AdDCC
ated by a homologous recombination between pAdElCMV/ at a MOI of five in the presence of 0, 0.3 and 3 #g/ml of
pA-DCC and the proviral vector pBHGl0 in 293 cells. Once netrin-1 protein, respectively.
recombinant virus was formed, each viral clone was plaque-
purified, amplified in 293 cells and characterized by genomic Bel-2 expression
PCR (Kleinerman et al., 1995). Three sets of primer were
used separately. Primer set 1 (5'-CACTGAGGTGTCCA- DU145 and DLD-1 cells were transfected with pcDNA3 or
CAGGAA-3'; 5'-GTTCAA-GGGAGGAGTCCAAC-3') was pcDNA Bcl-2-flag vector using lipofection method (25), and
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selected with 400 ug/ml and 700 ug/ml of G41 8, respectively. Abbreviations
Pooled population (> 100 colonies) of Neo and Bcl-2 as well Cdk, cyclin-dependent kinase; DAPI, 4', 6-Diamidine-2'-
as individual colonies of Neo and Bcl-2 were obtained. Phenylindole Dihydrochloride; DMEM, Dulbecco modified
Successful expression of the Bcl-2 protein was confirmed by minimum essential medium; EGF, epidermal growth
Western blotting using anti-flag and anti-Bcl-2 antibodies. factor; Ig, immunoglobulin; MOI, multiplicity of infec-
Functional expression of the Bcl-2 protein was determined tion; FBS, fetal bovine serum; PARP, poly (ADP-ribose)
by a protective effect of Bcl-2 on apoptosis induced by polymerase.
H20 2.
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Appendix 2
cT1M sequence of Dip5
Unpublished data

10 20 30 40 50 60 70

ggcacgaggtgaatctggttqtaaatctggatgtaccattggattgggagacatacATGCATUOGATICG 70

~ 280
~ 350

CACA~XL ±C I~AGAATATICrA'(~'UGA~ATCGTCAMCAAAATATACAAAAAA420
AGO IG AAAGCCCICGAATT(~AAT7~TGAAAAGAACGCACAAAGAAIGGCIG490
T~kCGGCAWCAAGGCAAT~AGAAIJ7CAGAIUCGYIAAAOIUCCCACAGCAG560

~ 630
AGCCTACCG~GACT~IJIGATICTAGGGATATAACTTATTTAAGAGGGTAGGAA700
ACOGAATATCAGCATACCAGGCC~OGACAGAGAACCAAAT~~Y[IIG770
AGAATAAGITTGACAGGAGCOGIOGAAGTGTA~CATCIGAGCIUGAGGIG840

~ 910
TG~TATCGCGAAGCCGAT~rCGC~GAGATG]?±Tll1T~GAAAACACCAAT980
GGAAGACCCCCAAAAGAATACAAA~ACI~GATC~ATAAGAAAGCPTAAG1050
AGGGG~rGCCGAGG~rAGCGAGCGGGAAAG7ACCAGCGICCr~tkG~[CC~AC1120
TGAACCCGGAGATNFJXG7AGACATACGAATACOIGG~TPICTATACTACAG1190
GN1TTGGGIAAGAOACTCAGGC1GCAAAATTTNt~C~CCGPICCATCAT1260

~ 1330
AATGATGCATAGTAAACCAGTGAttataggatatacctgagaccatcaggaactgtcaacaaatgatacct 1400
ttggatatccatcctcctcgacttatagtacagtggtgtatagtggcatttctgataaacttga~aaagac 1470
ttgagtctttccactgggacacatccatttttcagattgttttgatttaggccaggtatattatcttcat 1540
ttttaagagtttctttaagaaacttcatcagattgttgaaagataatttttgggacatagagctgaaagt 1610
ttcagggtgccattttctataagatcttcccaaaagaaacatttaaaaagatgacatataccaccactta 1680
cttaaaaacaataaaagcaatagatttgattagtaaaaaaaaaaaaaaaaaaaac 1735
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Appendix 3
cIINA sequence of Dipl3
Unpublished data

10 20 30 40 50 60 70

ggcacgagaggccctcccccaaataactacctaggctttccaattgtctgactccccctgggtaggggga 70
gctcctgtgtgtgaagatcagcctggccaggcaaaagcctttggccagggaggcaggcgtacaaatccat 140
ttggagaatctggaggaagtacaaaatctgaaactgaagattctattcttcatcagttatttattgtccg 210
attccttggttcaTG AATAAGC CA TGIA AACA cWAA 2 280

~ 350
TAAATAA¶LGTCCCAGCACA~rTCAACCI\CGTIUA~rCC7GTTI(~A~m420
TACAACCCGA~kTAGC~T~r~CGA1'11'1I'1f~ACT~ACCGGAGAOIGAA~AAT490

~ 560
~ 630

AAAAAGACCACAGAAGAATAACAAAACGATGAAACGAI']~GAAAACAAGX~G700
TATACTGCCATAG~AAACAACCAGAGTACCGCAGTI~±ui1TAGAGTGCC770

AGAGAGAAGIAT¶P~GAGACGAGAAGAAAGAAATAGA~CAA~gttatacttttgg 840
taaatattcccccttggaatttgacagtttctatggtgaaatggcagaaggtaacaactatgttgaaata 910
tcaaggaggagattaagctttatatttgcctaattgttgtagctacattttaaaaaaaagattgaacttg 980
atgacttaagtttgcattgatctttttcccccttaaacataatgtactatgtattaacatcctaaaggga 1050
acctgctcatctccctgaagcagactgctgaagaaatacatttgctcaagaatttttccgtcaaatttgt 1120
gaacttttaattcctgcaattgtaattggctgtgcccataggaatcatttattcttcaggcttagacatt 1190
catggatatgcttttctttcattaggaacattttgctggtgatgaggaagcatttagctgaataagttta 1260
aagccctttataccggaattctacaagtttgcaaatattttaacaatattaaatgtgcaatagaactttt 1330
ttaaaataattggaacgggattttacagttaaggtttcaaattgtggcaggtggtactgttgatctcagg 1400
gtactttctgggattgctcacatttctctaatgtactgcacttgatgccagtcggaaagaagcttaagtg 1470
tcttcagttcaagattgatagagcccttggcattttattatcacattcttagttctcaggttgggacttc 1540
aattactgctgcagagccgtagtggttaaaaataagatattggaatttattaaaagatttttgttcaata 1610
cattttagattaggattgacaagtaaagatactgctatggaatgtaaaaaaaaaaaaaaaaaaaaaaaaa 1680
aactcgag 1688
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