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INTRODUCTION

The purpose of this study is to define the signaling pathways that control growth and
differentiation of prostatic epithelia. Homeostatic factor(s) that operate in the androgen-independent (Al)
basal cell population of the prostate can modulate the stimuli for extracellular growth by regulating
particular gene(s) expressed in the nucleus. Genes with a potent growth inhibitory effect on prostate
cancer, C-CAM1 and DOC-2, were chosen for the study because C-CAM1 behaves like a membrane
receptor and DOC-2 is a signaling molecule. Moreover, both are novel genes, which have recently been
reported by this laboratory. To delineate the signaling network elicited by these genes, three aims were
proposed: 1) to specify the interaction of C-CAM1 and DOC-2 during development of the prostate and
of carcinogenesis; 2) to identify the signaling pathway elicited by these putative homeostatic molecules;
and 3) to document the effect of microenvironment factors on the regulation of these molecules.
Recurrent Al prostate cancer (PCa) has been shown to possess many similar characteristics with the
population of Al basal cells in the normal prostate. With the support of Department of Defense, our
project has generated many new reagents available for research community, discovered new gene, and
unveiled new pathway to modulate cell growth and differentiation of prostatic epithelia. We have
published two peer-review papers, two abstracts, and one manuscript in submission. The outcome of this
study can help us to understand the biology of normal basal (or stem) cell in prostate and plan new
treatment strategy for AIPCa cells.

BODY

Task 1. To specify the interaction of C-CAM1 and DOC-2 during development of the prostate
and of carcinogenesis.

Recently, we demonstrated that expression of C-CAMI, an immunoglobulin (Ig)-like CAM,
correlates with androgen-induced prostate epithelial differentiation in an organ-specific manner (l).
Constitutive expression of the C-CAM protein was detected in normal prostatic epithelium throughout the
fetal to adulthood stage (2). However, C-CAM expression was diminished in both prostate intraepithelial
neoplasia and cancer lesions (2), which indicates that loss of C-CAM expression may be involved in the
early stages of prostate carcinogenesis. In addition, increased C-CAM expression, through gene
transfection or delivery of recombinant adenovirus, can effectively control growth of prostate cancer both
in vitro (3) and in vivo (4). According to sequence analysis of C-CAM1 cDNA, C-CAM1 represents a
unique CAM with a potential signal transducing capability. Therefore, the relationship of each C-CAM
structural domain that could possibly affect its tumor suppression function in vivo was analyzed using a
variety of mutants — ranging from deletion mutation of the extracellular domain to the intracellular
domain. Because of its high infectivity, an adenoviral vector system was employed as a delivery system.
Data from in vivo tumorgenic assay indicated that the C-CAM mutant without cell adhesion function
retained its tumor suppressive activity. In contrast, deletion in the Ser/Thr phosphorylation site but not in
the tyrosine phosphorylation site of C-CAM1 resulted in the loss of tumor suppressive activity. These
data suggest that, in contrast to the extracellular domain, the potential Ser/Thr phosphorylation site in the
intracellular domain of the C-CAM molecule and its associated protein(s) are crucial for the suppression
of the growth of prostate cancer (Appendix 1).

Elevated levels of DOC-2 mRNA and protein are detected in the degenerated prostate (5).
Immunohistochemical staining indicates that both DOC-2 and C-CAM1 proteins are associated with the
enriched basal cells in the prostate (1, 5). Furthermore, restored expression of DOC-2 can inhibit the
growth of prostate cancer (5). It is likely that both proteins have an interaction. So, to further delineate
the possible interaction between DOC-2 and C-CAMI, a co-immunoprecipitation experiment was
conducted by transfecting both DOC-2 and C-CAM1 expression vectors. As shown in Fig. 1. no
physical interaction between these proteins can be detected. This suggests that DOC-2 and C-CAMI
proteins may not contact directly.



.

Fig. 1 The possible interaction between DOC-2 and C-CAMI. Cells were co-transfected with
DOC-2 plus either DIP1/2 or C-CAMI1 expression vectors for 48 h, then cell lysate were
immunoprecipitated with primary antibody, then immunocomplex was subjected to western blotting. 1,
cells were co-transfected with both DOC-2 and DIP1/2 vectors. 2, cells were co-transfected with both
DOC-2, and C-CAM1 vectors. IP: immunoprecipitation. WB, western blotting.

b IB: aDIP1/2
IP: aDOC-2 IB: oDIP1/2 IB: a.C-CAM1

IB: aC-CAM1

Task 2. To identify the signaling pathway elicited by these putative homeostatic molecules.

Our previous data demonstrated that the presence of an unknown factor(s) was associated with
DOC-2 protein by immunoprecipitation. We used a yeast two-hybrid system (6) to search for these
factors. Initially, the bait vector was constructed from pVJL11 by inserting the N-terminus of DOC-2
protein (i.e., residues 1-269), which had been demonstrated to the major protein phosphorylation site in

DOC-2. Among an estimated 9X10% clones plated for screening, 94 clones with His™ phenotype were
obtained. But, only 34 clones appeared positive in both His and LacZ phenotypes. After screening with
mating test to rule out false positive results, 3 independent clones, DIP1 (1.7 kb), DIP2 (5.5 kb), and
DIP7 (2.8 kb) were confirmed. Further cDNA sequencing and alignment (Appendix 2) suggest these
clones belong to, and are novel members of, the GTPase activating protein (i.e., GAP) family. The
sequence alignment data also suggests that these clones share some homologue with the C-terminus of
the GAP sequence that is known to interact with RAS-protein (7). The DIP1 and DIP2 sequences
overlapped, which indicates that both derive from the same cDNA species.

To unveil their expression pattern in different tissues and organs, and to demonstrate each clone’s
distinct pattern, northern analysis (Appendix 2) was performed. For example, DIP7, with a major 6.0 kb
transcript, appears to be brain-specific, while DIP1 and DIP2, with at least two transcripts (7.0 kb and 4.7
kb), appear present in brain, kidney, and both prostatic epithelial and stromal cell cultures. This suggests
that at least two groups of DIPs are present in brain and other tissues. Interestingly, DIP1/2 was detected
in prostatic epithelial cells derived from the basal cells (e.g., NbE and VPE), but it was not detected in
intact VP because the basal cell population constitutes only 5% of the total prostatic epithelia in intact VP.

After screening another brain cDNA library, we cloned a full-length ¢cDNA of DIP1/2. The
deduced sequence of a full-length DIP1/2 (Appendix 2) indicated that an open reading of 996 amino
acids contains three unique domain: a GAP domain (aa 194-409), a proline-rich domain (aa 727-736),
and a leucine zipper domain (aa 842-861). Using synthetic peptide derived from the C-terminus of
DIP1/2, we raised a polyclonal antibody specific against DIP1/2 (Appendix 2). In contrast to preimmune
serum, the polyclonal antibody can specifically recognize a 130 kD protein derived from in vitro
translation of DIP1/2 cDNA. In the rat brain we observed several additional protein bands that may be
produced by protein modification and/or isoform. The polyclonal antibody should be a specific antibody
against DIP1/2. A



To characterize the biochemical properties of DIP1/2, we demonstrated that DIP1/2 has RAS-
GAP activity in vitro and in vivo. Since RAS protein functions as an essential component in many
intracellular signaling pathways responsible for differentiation, proliferation, and apoptosis. The Raf-
MEK-ERK pathway is a key signal transduction pathway modulated by RAS protein. We
demonstrated that DIP1/2 alone protein is able to inhibit this cascade. The interaction between DOC-
2 and DIP1/2 further enhance the GAP activity of DIP1/2 (Appendix 2).

Previously we demonstrate that PKC-elicited DOC-2/DAB2 phosphorylation can block TPA-
induced gene activity (8). Therefore, we investigated whether DIP1/2 is a mediator involved in this
action. We found that AB (C-terminal deletion mutant of DOC-2) or DIP1/2 alone was able to inhibit
TPA-induced TRE reporter gene activity (Appendix 2). Conversely, combing AB-S24A mutant with
DIP1/2 failed to have any inhibitory effect because S*** in DOC-2/DAB2 is the key amino acid to
modulate this activity. We observed an additive effect on inhibiting TRE reporter gene activity in the
presence of AB and DIP1/2. In contrast, AB-S24A and DIP1/2 did not have any additive effect.
These data indicated that S24 phosphorylation in DOC-2 enhanced the binding to the DIP1/2 in
prostatic epithelia. ' .

Because DIP1/2 appears to be a negative regulator for the RAS-mediated pathway, it may
function as a growth inhibitor. To test this, C4-2 cells (a tumorgenic human prostate cancer cell line)
were transfected with a DIP1/2 expression vector. Initially, we observed that there were fewer surviving
clones in the DIP1/2-transfected plate than in plasmid control-transfected cells despite the same
number of cells being used in transfection. We found the growth rate of DIP1/2-transfected cells was

significantly lower than the control cell (Appendix 2). Furthermore, using transient transfection
method, we demonstrated that an elevated DIP1/2 expression resulted in less colony formation in C4-2
cells (Appendix 2). These data indicate that DIP1/2’s GAP activity modulates its growth inhibitory
effect. DIP1/2 appears to be a potent growth inhibitor for prostate cancer.

Task 3. The impact of microenvironment factors on the regulation of these putative homeostatic
molecules.

To determine the possible impact of microenvironment factors (such as EGF, NT3) on regulating
the activity of DOC-2, we decide to investigate the role of DOC-2 in EGF-induced signal pathway. In
our recent publication (Appendix 3), we demonstrated that increased in vitro binding of DOC-2 to Grb2
can be detected in a time dependent manner in C4-2 cells treated by EGF or in PC12 cells treated by NT3.
On the other hand, we used co-immunoprecipitation to confirm the intracellular interaction between DOC-
2 and Grb2. Data from both Grb2 binding assay and co-IP assay indicated that the interaction between
DOC-2/DAB2 and Grb2 was enhanced under the stimulation of peptide growth factors. We further
investigated the status of down stream effector protein (e.g., Erk kinase) and gene transcription. The
presence of DOC-2 was able to inhibit Erk kinase phosphorylation (active Erk) and SRE reporter gene
transcription. Taken together, we believe that DOC-2 is a potent inhibitor for RPTK-mediated signal
cascade.

To delineate the underlying mechanism for this inhibitory effect, we demonstrated the C-terminus
of DOC-2 (i.e., AN) responsible for the binding to Grb2 protein. Structurally, the C-terminus of DOC-2
contains three proline-rich domains. To further compare the binding affinity of these proline-rich
sequences, four oligopeptides were synthesized based on DOC-2/DAB2 protein sequence: PPQ (aa 619-
627), PPL (aa 663-671); LLL (aa 663-671 with all proline residues substituted with leucine residues) and
PPK (aa 714-722). Using these peptides, we demonstrated that the second proline-rich domain is the
major interactive site with Grb2 and proline is the key amino acid residue. It is known that the interaction
between Grb2 protein and the activated receptor can initiate the translocation of a group of proteins,
Guanine Nucleotide Exchange Factors (such as SOS), which activates RAS activity. We were able to
show that increased expression of p82 levels suppresses the binding of Grb2 to SOS, indicating that both
DOC-2 and SOS are competing with the same SH3 site in Grb2 (Appendix 3). We further showed that
PPL but not LLL is able to neutralize the inhibitory effect of DOC-2 on Erk phosphorylation in NbE (rat
normal prostatic epithelial line) expressing endogenous DOC-2 and gene transcription in C4-2 cells.



These data clearly indicate that the C-terminus of DOC-2 competes with SOS for Grb2 binding that leads
to the inactivation of RPTK-mediated signal transduction. Furthermore, we also found that the C-
terminus of DOC-2 was able to interact with several SH3-containing proteins (Fig. 2). These data
suggest that DOC-2 complex may play a key role in modulating peptide growth factors-induced signal
transduction.

Fig. 2 Determination of interaction domain between DOC-2/DAB2 and SH3 containing
protein. A rapid screening for the interaction between DOC-2 and SH3 containing proteins by pull
down experiment (Appendix 3).

GST Grb2 Crk Nck PI3k Src Abl Fgr  Spectrin

IB: aDOC-2

KEY RESEARCH ACCOMPLISHMENT

* Dissociated the Ig domain (for adhesion activity) of the C-CAMI1 protein with its tumor
suppression activity.

* Determined the functional domain of the C-CAM!1 protein (i.e., intracellular domain) for its
tumor suppression activity.

» Identified a novel gene (i.e., DIP1/2) from RAS-GAP family as an effector protein interacting
with the N-terminus of DOC-2 protein.

* Cloned a full-length DIP1/2 cDNA and generated a specific antibody for DIP1/2 protein.

* Demonstrated the presence of DIP1/2 in normal epithelial culture cells derived from basal cell of
the rat prostate and the loss of DIP1/2 expression in AIPCa cell lines.

* Demonstrated the RAS-GAP activity of DIP1/2 can be enhanced via binding with DOC-2
protein.

* Demonstrated DIP1/2 as a potent growth inhibitor in PCa cell lines.
* Determined a specific interaction of Grb2 proteins with the C-terminus of DOC-2 proteins.

* Microenvironment factors such as EGF, NT3 enhanced the binding between Grb2 and the C-
terminus of DOC-2 proteins.

* The binding between Grb2 and DOC-2 disabled the Grb2-mediated MAP kinase activation.

* Demonstrated the protein complex of DOC-2 functioning a unique negativé regulatory in
prostatic epithelia.
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CONCLUSIONS

The prostate gland is an exquisitely androgen-dependent organ, in particular, the prostatic
epithelium. The lamina epithelium requires androgen for maintaining its cell architecture and normal
physiologic function; it undergoes apoptosis with androgen deprivation. In contrast, the basal epithelium,
an androgen-independent cell population, remains in the degenerated gland and can fully regenerate the
entire gland back to normal preprogrammed size in the presence of androgen. Therefore, the basal cell
population may represent a stem cell population and homeostatic signal(s) in stem cells may play a critical
role in controlling growth/differentiation of prostate gland. However, the biochemical and molecular
characterization of prostatic stem cells are not well defined. The basal cells of the prostate gland,
considered as a stem cell population, are not only responsible for maintaining homeostasis of the normal
prostate but also contribute to the progression of Al prostate cancer. Until now, the regulatory pathway(s)
involved in prostate homeostasis was undefined. In this study we have examined: 1) the functional role of
two unique basal cell-associated genes, C-CAM1 and DOC-2, in Al prostate cancer, and 2) the signaling
network elicited by these two genes.



We were able to define the intracellular domain containing a Ser/Thr phosphorylation site as a key
domain to modulate the tumor suppression function of the C-CAM1 protein (Appendix 1). Our results
clearly indicate that the C-CAMI protein can function like a membrane receptor in order to initiate a
cascade of phosphorylation events through a variety of adapter proteins and kinases, which subsequently
culminate in a wave of immediate early gene expression in the nucleus. Therefore, because we have ruled
out any possible interaction between C-CAM1 and DOC-2 proteins, the immediate study is to identify the
effector protein(s) associated with DOC-2 protein.

We have shown that DOC-2 can suppress the in vitro growth of PCa cells (5). In our recent
study, we demonstrated that phosphorylation of serine 24 in the N-terminus of the DOC-2 protein
correlates with its activity (6). Using the yeast two-hybrid screening system we identified a novel gene,
DIP1/2, belonging to the RAS-GAP family, as an immediate interactive protein for DOC-2. DIP1/2
appears to express in many tissues, including degenerated prostates and prostatic epithelial cell cultures
derived from the basal cell population. Further characterization of DIP1/2 indicated that GAP activity of
DIP1/2 can be enhanced in the presence of DOC-2 and DIP1/2 and DOC-2 has an additive effect on the
growth inhibition of PCa cells. Therefore, we believe DIP1/2 is one of key mediator for DOC-2-elicited
signal transduction.

Moreover, we also characterized the effect of microenvironment factor (such as peptide growth
factors) on the DOC-2’s activity. In this study, we demonstrated that peptide growth factors-induced
signal transduction can be inhibited in the presence of DOC-2. This was due to that the C-terminus of
DOC-2 was able to sequester Grb2 that can recruit SOS for RAS activation. In addition to Grb2 binding,
the proline-rich domain in the C-terminus of DOC-2 was able to other SH3-containing protein. Taken
together, we believe DOC-2 protein complex play a critical role in maintaining the homeostasis of
prostatic epithelia.

This study signifies the potential role of homeostatic factors in the progression of PCa. These
new molecules may serves as surrogate markers for predicting the biologic behavior of PCa. Moreover,
the information gleaned from this study can be used to formulate a new regimen able to intervene sooner
during the multiple steps of prostate carcinogenesis.
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Appendix 1

Structural Analysis of the C-CAMI Molecule for
Its Tumor Suppression Function in Human
Prostate Cancer

Jer-Tsong Hsieh,'* Karen Earley,? Rey-Chen Pong,! Yan Wang,?
Nguyen T. Van,® and Sue-Hwa Lin?

'Department of Urology, University of Texas Southwestern Medical Center, Dallas, Texas
p gY; Y
2Department of Molecular Pathology, University of Texas M.D. Anderson Cancer Center,
p gY; y
Houston, Texas
3Department of Hematology, University of Texas M.D. Anderson Cancer Center,
Houston, Texas

BACKGROUND. Recently, we demonstrated that expression of C-CAM1, an immunoglob-
ulin (Ig)-like cell adhesion molecule (CAM), was diminished in both prostate intraepithelial
neoplasia and cancer lesions, indicating that loss of C-CAM1 expression may be involved in
the early events of prostate carcinogenesis. Also, increased C-CAM1 expression can effec-
tively inhibit the growth of prostate cancer. Structurally, C-CAMI represents a unique CAM
with a potential signal transducing capability. In this study, we further analyzed the func-
tional domain of C-CAM1 for controlling its tumor suppression function.

METHODS. Recombinant adenoviruses expressing a series of C-CAM1 mutants were gen-
erated, such as AACAMF488 (mutated C-CAMI1 containing Tyr-488 — Phe-488), Ad-
CAMHA458 (intracellular domain deletion mutant containing 458 amino acids), AACAMGA454
(intracellular domain deletion mutant containing 454 amino acids), and AACAMAD1(C-
CAM1 mutant containing first Ig domain deletion). After in vitro characterization of each
virus, human prostate cancer cells infected with these viruses were subcutaneously injected
into athymic mouse. Both tumor incidence and volume were measured for determining the
tumor suppression function for each mutant.

RESULTS. In vivo tumorigenic assay indicated that AACAMAD]1 without cell adhesion func-
tion still retained its tumor suppression activity. In contrast, both AACAMH458 and
AdCAMGA454 decreased or lost their tumor suppression activity.

CONCLUSIONS. Our data indicate that the intracellular domain of the C-CAM1 molecule is
critical for inhibiting the growth of prostate cancer, suggesting that C-CAM1 interactive
protein(s) may dictate prostate carcinogenesis. Prostate 41:31-38, 1999.

© 1999 Wiley-Liss, Inc.

KEY WORDS: cell adhesion molecule; tumor suppressor; prostate cancer

INTRODUCTION

In multicellular organisms, ontogenesis is orches-
trated by cell-cell interactions among different cell
types throughout embryogenesis. Cell adhesion mol-
ecules (CAMs) play a central role in coordinating the

Abbreviations: CAM, cell adhesion molecule; FACS, fluorescence-
activated cell sorting; FBS, fetal bovine serum; FITC, fluorescein
isothiocyanate; Ig, immunoglobulin; kb, kilobase; kDa, kilodalton.
Grant sponsor: National Institutes of Health; Grant number: CA
59939. Grant sponsor: U.S. Army; Grant number: PC 970259.

*Correspondence to: Dr. Jer-Tsong Hsieh, Department of Urology,
P g P gy

entire process. Very often, altered CAM expression
results in changing the homeostasis of normal cells
and leads to hyperplastic growth of cells. In recent

© 1999 Wiley-Liss, Inc.
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studies, we demonstrated that an androgen-repressed
CAM [1], C-CAM]1, was inversely correlated with the
status of premalignant lesions of human prostate can-
cer, ie., prostate intraepithelial neoplasia, and cancer
lesions as well, indicating that C-CAM1 may be a po-
tent tumor suppressor in prostate carcinogenesis [2].
To demonstrate the tumor-suppressive function of C-
CAM1, we transfected a high-tumorigenic prostate
cancer line (PC-3) with a C-CAM1 expression vector
[3], or infected PC-3 cells with a recombinant adeno-
virus expressing C-CAM1 cDNA [4]. In both cases,
both the in vitro and in vivo growth of prostate cancer
cells was significantly inhibited. In addition, by de-
creasing endogenous expression of C-CAM levels in a
nontumorigenic prostatic epithelium cell line with an
antisense vector resulted in an increase of the in vivo
tumorigenicity of this cell line [3]. Therefore, C-CAM
is a potent tumor suppressor in human prostate can-
cer.

Based on ¢cDNA sequences, the structure of the C-
CAM1 molecule is very similar to that of the carcino-
embryonic antigen (CEA) and belongs to the immu-
noglobulin (Ig) gene superfamily. However, C-CAM1
represents a new family of Ca?*-independent CAMs
because it contains three distinct domains, i.e., the ex-
tracellular, the transmembrane, and intracellular do-
mains. The first Ig loop in the extracelluar domain is
critical for the intercellular adhesion of C-CAM1 [5].
Also, the transmembrane domain is required for C-
CAM1 as a cell surface molecule. Interestingly, the
cytoplasmic (or intracellular) domain with 71 amino
acids contains at least two potential phosphorylation
sites, including one for cAMP-dependent kinase and
tyrosine kinase, suggesting that C-CAM1 may func-
tion as a receptor to initiate a signaling pathway.
However, the functional domain(s) of C-CAM1 as a
tumor suppressor in prostate cancer is still unknown.
Therefore, we decided to analyze the effect of each
domain of the C-CAM1 molecule on the in vivo
growth inhibition of prostate cancer.

MATERIALS AND METHODS

Construction and Characterization of
Recombinant Adenoviruses Containing C-CAM
Deletion Mutants

To generate recombinant adenoviruses containing
various deletion mutants of C-CAM1 cDNA, the
c¢DNAs were directionally cloned into the HindIIl and
Notl sites of a shuttle vector (pAdE1ICMV/pA) and
cotransfected with the pJM17 vector into 293 cells, as
described previously [4]. After a large-scale produc-
tion using two cycles of CsCl ultracentrifugation,
the titer of each virus was determined by the plaque

assay as follows: AACAM101 (3.4 x 10" pfu/ml);
AdCAM902 (1.1 x 10" pfu/ml); AACAMADI (1.8 x
10" pfu/ml); AACAMF488 (4.0 x 10'° pfu/ml);
AdCAMG454 (3.9 x 10'° pfu/ml); and AACAMH458
(1.3 x 10" pfu/ml).

In this study, we used both adenoviral DNA and
viral infectivity to characterize each recombinant ad-
enovirus. To confirm the presence of the cDNA insert,
recombinant adenoviral genomic structure was car-
ried out using the polymerase chain reaction (PCR), as
described previously [4]. In the PCR reaction, three
sets of primer were used separately: primer set B [6]
was used for identifying the presence of the cDNA
insert; primer set C [6] was used for identifying the
presence of viral sequences; primer set D [SATTAC-
CGAAGAAATGGCCGC?, SCCCATTTAACACGC-
CATGCA?] [7] was used for examining the presence
of the E1 region. On the other hand, viral infectivity
was determined in the PC-3 cells 24 hr after viral in-
fection by fluorescent-activated cell scanning (FACS)
analysis, as described previously [4].

Determination of Viral Infectivity of PC-3 Cells by
Fluorescent-Activated Cell Scanning Analysis

PC-3 cells were infected with different viruses at
100 m.o.i. {multiplicity of infection) and incubated at
37°C for 24 hr. Immunofluorescence staining was car-
ried out as described previously [4], and then the per-
centage of positive cells was determined by a dual-
laser Vantage flow cytometer (Becton Dickinson,
Mountain View, CA).

Determination of C-CAMI Expression and Cell
Adhesion Activity in PC-3 Cells by C-CAM
Recombinant Adenoviruses

To determine the levels of C-CAMI1 expression in
viral-infected cells, we performed both Northern and
Western blot assays, as described previously [1]. In
Northern blot analysis, a radiolabeled C-CAM cDNA
fragment generated from BamHI and Pstl digestion
was used for probing. For determining C-CAM1 pro-
tein expression by each clone, cells were infected with
virus at 10 m.o.i. for 24 hr. The cell lysate was sub-
jected to Western blot analysis using the antibody spe-
cific against C-CAMT1 [8,9].

Cell adhesion activity in PC-3 cells after adenoviral
infection was carried out for determining the func-
tion of the C-CAM molecule. One million PC-3 cells
were resuspended in a 1.0-ml medium and mixed
gently at room temperature to allow formation of
cell aggregation. At any given time, cell adhesion
activity was determined reciprocally by the pre-
sence of the percentage of single cells counted by a
hemacytometer [3].
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Fig. 1. Scheme of C-CAMI structure and its deletion mutants.
sig, signal peptide; DI, first g domain; D2, second Ig domain; D3,
third Ig domain; D4, fourth Ig domain; TM, transmembrane do-
main; cyto, cytoplasmic domain. Y, tyrosine; K, Lysine; R, arginine;
P, proline; T, threomine; S, servine; H, histidine; G, glycine;
F, phenylalanine.

Assessment of In Vivo Tumorigenicity of
PC-3 Cells

After viral infection for 18 hr, PC-3 cells were tryp-
sinized, and cell numbers were counted by hemacy-
tometer. One million cells were concentrated in a 100-
pl volume and injected subcutaneously at six sites in
the flanks of 8-10-week-old male nude mice. Tumors
became palpable in about 1 month; the change in tu-
mor volume was measured by a caliper and calculated
using the formula described previously [3].

RESULTS

Generation and Characterization of the
Recombinant Adenoviruses Carrying Various
C-CAMI Inserts

To assess the functional domain of C-CAM1 in sup-
pressing tumor growth of human prostate cancer cells,
we decided to create a variety of C-CAM1 mutants by
altering the potential phosphorylation site or the de-
leting intracellular domain of the C-CAM1 molecule.
As shown in Figure 1, a single base mutation on Tyr-

C-CAM
mutants

Ad CAM101
Ad CAM902

dl 312

[T
°
<

R 2 T e L <a— 0.86 Kb

-+— 1.07 Kb

Fig. 2. Characterization of recombinant adenoviruses carrying
the various C-CAMI constructs. Recombinant adenoviruses car-
rying the different C-CAMI deletion constructs were generated
from homologous recombination, as described previously [4]. The
PCR reaction was carried out for determining the genomic struc-
ture of each virus with three different sets of primers: primer set
B (A), primer set C (B), and primer set D (C).

488 of C-CAM1 was changed to phenylalanine with
site-directed mutagenesis PCR, as described previ-
ously [10]. In addition, we deleted most of the amino
acids in the intracellular domain to the His-458 posi-
tion (i.e., AACAMH458), or removed an additional
four amino acids containing a potential Ser/The
phosphorylation site to the Gly-454 position (i.e.,
AdCAMG454). On the other hand, the first Ig domain
of C-CAML1 is known to play an important role in cell
adhesion function [8]; therefore, a C-CAM1 mutant
containing the first Ig domain deletion (i.e.,
AJdCAMAD1) was created to eliminate its cell adhe-
sion function. Furthermore, two recombinant adeno-
viruses from a previous study [4], one containing a
sense strand of C-CAM1 ¢cDNA (i.e., AACAM902) and
the other containing an antisense strand of C-CAM1
cDNA (i.e., AACAM101), were used in this study.
We performed a PCR reaction to determine the
presence of an individual C-CAM1 insert from each
adenovirus. As shown in Figure 2A, the size of each
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Fig. 3. Efficiency of infection by various C-
CAMI mutant adenoviruses in PC-3 cells de-

termined by flow cytometry. Cells were in-
fected with different C-CAMI| mutant adeno-
viruses (100 m.o.i.) for 24 hr and were then
subjected to fluorescent-activated cell scan-
ning analysis, using immunofluorescence stain-

ing. The dual-parameter histogram represents
relative cell size (x-axis) measured from for-
ward light scatters (FSC), and log of C-CAM|
expression levels (y-axis) measured from the
green fluorescence intensity emitted by FITC-

stained cells. Positive staining was defined as
staining intensity greater than 10 FITC units,
which was the background level from control
cells stained with antibodies. Numbers in each
graph indicate the percentage of positive cells

infected by each virus. A: AdCAM902. B: Ad-
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PCR product corresponded to that of the individual
C-CAMI1 mutant. In addition, using a virus-specific
primer set (Fig. 2B), we were able to confirm the pres-
ence of viral DNA from each recombinant virus. Fur-
thermore, to rule out any possible contamination from
wild-type adenovirus in each preparation, we em-
ployed a PCR reaction to determine the presence of E1
sequences in each C-CAM1 adenovirus, using the E1-
specific primer set. The data in Figure 2C indicate that
a 1.07-kb specific band was only detected in the wild-
type adenovirus (i.e., Ad5), and not in C-CAM1 vi-
ruses and other control viruses such as d1312 with an
El-deletion [11].

Data from the plaque assay indicated that the titer
of each virus, ranging from 1 x 10'°-4 x 10" pfu/ml,
was very similar. Since the plaque assay was deter-
mined in 293 cells, it is critical to know whether each
virus has an infectivity similar to that of our target
PC-3 cells. As shown in Figure 3B, the FACS results
demonstrated that no C-CAMI expression was de-
tected in the AACAMI101-infected cells, because they
expressed the antisense C-CAM1 mRNA. In contrast,
the numbers of cells infected by each virus at 100
m.o.i. (Fig. 3A,C-F) reached a plateau. Therefore, we
decided to use a lower dose of virus to test its tumor
suppression function and in order to avoid any artifact
due to viral toxicity.

Determination of Expression and Function of
Mutated C-CAMI Protein in PC-3 Cells by Various
C-CAMI Adenoviruses

Once these C-CAM1 mutant viruses were gener-
ated, we performed both Northern and Western blot
analyses to examine the size of C-CAM1 transcript
from infected PC-3 cells. PC-3 cells were infected with

60 @ 160 CAMIOI. C: AdCAMF488. D: AdCAMH458,
E: AACAMG454. F: AdCAMADI.

200 «bo
FSC-H\FBC-Helght --->

different clones of viruses at 10 m.o.i. As shown in
Figure 4A, no detectable levels of C-CAM mRNA
were found in control PC-3 cells. A full-length C-
CAM1 mRNA was detected in PC-3 cells infected with
either AACAM101 or AACAMO02 viruses by a double-
stranded cDNA probe. In contrast, a variable-sized C-
CAM mRNA transcript was detected in PC-3 cells in-
fected with the rest of the C-CAM1 mutant viruses.
Western blot analysis (Fig. 4B) indicated that both
AdCAM902 and AdCAMF488 expressed a C-CAM1
protein with 105 kDa. As expected, the molecular
weight of mutated C-CAM1 protein induced by each
mutant virus was smaller than that of wild-type C-
CAM1 protein (Fig. 4B).

The cell adhesive assay was used as a functional
test for these deletion mutants. Data in Figure 5 indi-
cate that the control cells and PC-3 cells infected
with AACAM101 did not show any increase in inter-
cellular adhesion. However, cells infected with either
AdCAM902 or viruses containing the first Ig do-
main (such as AdCAMF488, AACAMH458, and
AdCAMG454) showed the same degree of cell adhe-
sion function. In contrast, AACAMAD1, a mutant with
a deletion of the first Ig domain, failed to elicit any
intercellular adhesion in PC-3 cells, indicating that the
first Ig domain is critical for the cell adhesive activity
of the C-CAM1 molecule.

Change in Tumor Suppression Activity of
C-CAM Mutants

To test the tumor suppression function of each C-
CAMI1 adenovirus, we infected PC-3 cells with the
same titer of viruses overnight. Cells were trypsinized
into single-cell suspensions: 1 x 10% cells were sub-
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Fig. 4. Characterization of C-CAM| expression in PC-3 cells by infecting the various C-CAMI adenoviruses. C-CAMI expression in PC-3
cells infected with the various C-CAM| viruses was determined by both Northern and Western blot analyses. In Northern blot analysis
(A), both a random primer radiolabeled C-CAM|I probe [8] and GAPDH as an internal control were used. In Western blot analysis (B),

Ab669 [2] was used to detect the presence C-CAMI protein.
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Fig. 5. Determination of cell adhesion activity from various C-
CAMI constructs. PC-3 cells were infected with each virus for 24
hr, and then the cells were trypsinized into a single-cell suspension.
One million cells from each infection were incubated at room
temperature with constant mixing. The percentage of single cells
was determined at the times described previously [2] as indicative
for the increment in cell adhesion activity. Mock infection (CJ),
AdCAM902 (O), AdCAMIO0| (@), AdCAMF488 (A), Ad-
CAMH458 (W), AACAMG454 (V), AACAMADI (V).

jected to FACS analysis for determining the percent-
age of positive cells prior to injection, and 1 x 10° cells
were injected into the flank of athymic nude mice.
Tumors became palpable 5 weeks after injection; tu-
mor incidence and volume were determined during
week 8. In Table IA, data indicate that the tumor-
suppression effect induced by C-CAM1 adenovirus
was dose-dependent. However, at a low dose of virus
(5 m.o.i.), we found that the tumor suppression effect
was not very significant. At 50 m.o.i., data from both
tumor incidence and volume clearly indicate that
both the AACAMF488 and AACAMADL1 still retained
their tumor suppression function, as observed with
AdCAM902. AACAMAD1 showed a decrease in its
tumor suppression function, which may have been
due to the low infectivity evidenced by FACS results
(61% positive cells). In contrast, AACAMH458 and
AdCAMG454 decreased or lost their suppression
function. AACAM101, a control virus, showed no tu-
mor suppression effect.

In the second experiment (Table IB), we reduced the
viral titer (m.o.i. = 20) to avoid any overdose of vi-
ruses. We observed a similar tumor suppression effect
from each C-CAM1 mutant virus at an m.o.i. of 20.
Data from both experiments demonstrated that
AdCAM902, AACAMF488, and AACAMADI1 are po-
tent tumor suppressors. However, the tumor suppres-
sion effect induced by AACAMH458 was intermedi-
ate. In contrast, AACAMG454 completely lost its tu-
mor suppression function. Taken together, these data
indicate that the intracellular domain, but not extra-
cellular domain, of C-CAM1 is critical for its tumor
suppression function.
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TABLE l. Tumor Incidence and Tumor Volume of PC-3 Cells Inhibited by Either Wild-type C-CAMI or C-CAMI
Deletion Mutant Adenoviruses

Percentage of positive cells” Tumor incidence Tumor volume (mm?)°

A. Treatment® m.o.i. =5 m.o.i. = 50 m.oi =5 m.o.i. = 50 m.oi. =5 m.o.i. = 50
Mock infection 0 0 10/12 (83%) 95 + 27
AdCAM101 0 0 6/6 (100%) 5/12 (42%) 105 + 28 69 +19
AdCAMI02 45 82 8/12 (66%) 0/12 (0%) 87 £32 00
AdCAMF488 42 80 12/12 (100%) 1/12 (8%) 123 + 33 153¢
AdCAMH458 54 90 8/12 (66%) 7/12 (58%) 79 + 28 34+5
AdCAMG454 73 92 10/12 (83%) 8/12 (66%) 71+ 14 67 +21
AdCAMAD1 39 61 5/12 (42%) 6/12 (50%) 52 +20 21+3

Percentage of positive cells,”

Tumor incidence, Tumor volume (mm?®)°

B. Treatment® m.o.i. = 20 m.o.i. = 20 m.o.i. = 20
Mock infection 0 11/12 (92%) 62 +18
AdCAM101 0 12/12 (100%) 83+30
AdCAM902 77 2/12 (17%) 8+4
AdCAMF488 75 0/12 (0%) 0+0
AdCAMH458 80 6/12 (50%) 34+12
AdCAMG454 82 12/12 (100%) 65+ 18
AdCAMADI1 82 2/12 (17%) 7+£3

“Mock infection (PBS + 10% glycerol), AdACAM101 (antisense C-CAM1), AdCAM902 (sense C-CAM1 virus), AACAMF488 (mutated
C-CAM1 containing Tyr-488 — Phe-488), AACAMH458 (C-CAM1 deletion mutant containing 458 amino acids), AACAMG454 (C-
CAMI deletion mutant containing 454 amino acids), and AACAMAD1 (C-CAM1 mutant containing first Ig domain deletion).

PPercentage of positive cells were determined by FACS analyses.

‘Tumor volume was calculated as described previously [3]; number represented mean * SE.
9Only one tumor was observed; therefore, no standard error was calculated.

DISCUSSION

It is known that CAMs play a central role in coor-
dinating tissue development and epithelial cell differ-
entiation [12-14]. Moreover, altered CAM expression
is often associated with carcinogenesis and the metas-
tasis of many neoplasms [15-18]. For example, de-
creased expression of E-cadherin, a Ca?*-dependent
epithelial cell-specific CAM, is associated with the
progression of several neoplasms [15,19-21]. Recent
data from our laboratory and others demonstrated
that C-CAM1, a Ca2+-independent epithelial cell-
specific CAM, can be a potent tumor suppressor in
prostate cancer [3,4], colon carcinoma, and hepatocar-
cinoma [22-24]. Furthermore, a cytogenetic study also
showed that deletion of the DCC gene, with a similar
Ig-like structure as the C-CAMI, is found in colon
cancer [25]. These data indicate that CAMs play a
functional role in regulating the carcinogenic process.

C-CAM1 (also named cell-CAM105) is a 105-kDa
cell-surface glycoprotein, first detected as the adhe-
sion molecule mediating hepatocyte aggregation [26].
Previously, we observed that the C-CAM1 protein can
be detected between cell boundaries of nonpolarized
basal prostate epithelial cells in either prolonged cas-

tration prostate [1] or human fetal prostate [2]. These
data imply that prostatic epithelial cells may use C-
CAM1 as an intercellular adhesion molecule to
achieve their cell-cell communication at this stage.
This observation is supported by the expression of
wild-type C-CAMI protein in insect cells (i.e., Sf9
cells); using a baculoviral vector system resulted in
cell aggregation of Sf9 cells [5]. Upon detailed dissec-
tion, of the function of four Ig domains of C-CAMI,
Cheung et al. [5] showed that the first Ig domain is
required for intercellular adhesion of the C-CAM1
molecule.

In addition to the extracellular domain of C-CAM1,
the 71 amino acids of the intracellular domain are also
required for the adhesion function of C-CAM1 [27].
Among these amino-acid sequences, there are two
consensus sequences for both cAMP-dependent ki-
nase and tyrosine kinase. Also, the putative tyrosine
phosphorylation site localized in the antigen-receptor
homology (ARH) motif is known to be essential for
signal transduction in B-cells [28]. Our recent studies
from both natural mutants of C-CAM (e.g., C-CAMS3)
[27] and deletion mutants generated by site-directed
mutagenesis [10] further indicated that the potential
Ser/Thr phosphorylation site (amino acids 455-458) in
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the intracellular domain, in addition to the first Ig do-
main, was also critical for C-CAM’s cell adhesion
function.

Little is known about the functional domain(s) of
C-CAM1 in modulating its tumor suppression activity
in prostate cancer. Therefore, we decided to generate a
variety of deletion mutants ranging from the deletion
of the first Ig domain to the deletion of the “potential
signal transduction motif” in the intracellular domain
of the C-CAM1 molecule. As shown in Table I, both
the first Ig domain and the tyrosine phosphorylation
site (i.e., amino acid 488) did not play a significant role
in modulating the suppression function of C-CAM1 in
vivo. Interestingly, H458 lost half of the tumor sup-
pression activity, suggesting that the C-terminal se-
quences (ie., the 61 amino acids adjacent to amino
acid 458), including ARH domain, may be critical for
retaining the tumor suppression function of C-CAMI1.
Nevertheless, this study indicated that these four
amino acids, containing a potential Ser/The phos-
phorylation site, are crucial for maintaining the tumor
suppression function of C-CAMI (Table I). Similar re-
sults were observed in breast cancer cells [29]. Taken
together, two domains (amino acids 454458 and 458-
519) of C-CAM1 are crucial for its tumor suppression
activity in human prostate cancer. Based on these re-
sults, we hypothesized that C-CAM1 protein phos-
phorylation modulated by protein kinase A may play
an important role in suppressing prostate cancer
growth. It is likely that the intracellular domain of
C-CAM1 may also interact with other soluble factors
to transduce its negative signal. An 80-kDa protein
was recently identified as a potential interactive pro-
tein that is correlated with its growth inhibitory activ-
ity [30]. Furthermore, an interaction between C-CAM1
and structural protein may contribute to its biologic
function. For example, three cytoplasmic proteins, a-,
B-, and y-catenin, are found to be associated with the
cytoplasmic domain of E-cadherin [31]. These associ-
ated proteins, which are part of the adherent junction
proteins, not only play important roles in maintaining
cellular architecture [32], but also have been found to
interact with other potential tumor suppressor gene
products, e.g., APC [33,34]. Therefore, the potential
interactive proteins associated with C-CAM1 warrant
further investigation.

In this study, we observed that recombinant adeno-
virus appears to be an efficient vector to deliver exog-
enous DNA into target cells (Fig. 2 and Table I) in
vitro. Also, our recent results showed that C-CAM]1
adenovirus (i.e., AACAMO902) can effectively inhibit in
vivo growth of tumors [4], indicating that the C-CAM1
adenovirus is a potent therapeutic agent in prostate
cancer. However, because of its wide spectrum of host
infectivity [35], recombinant adenovirus may express

the transgene in nontarget cells, causing side effects in
the host. To alleviate the undesired toxicity elicited by
adenoviruses, in the prostate, tissue-specific promot-
ers such as prostate-specific antigen [36] and the pro-
basin gene [37] should be good candidates. Most im-
portantly, this study demonstrated the critical func-
tional domain of C-CAM1 in controlling the in vivo
growth of human prostate cancer. Based on these re-
sults, C-CAMI1 can be further engineered into a “pure”
tumor suppressor by removing unnecessary residues,
which may increase the therapeutic index for this mol-
ecule. Furthermore, identifying the signal pathway
elicited by C-CAM1 in prostate cancer can provide a
new strategy in fighting this disease.
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Summary

We describe the cloning of DIP1/2, a novel gene that interacts with the N-terminal
DOC-2/DAB2. DOC-2/DAB2 is a member of the disable gene family. Its down
regulation is associated with several ncoplasms, and scrinc phosphorylation of its N-
terminal modulates DOC-2/DAB2’s inhibitory effect on AP-1 transcriptional activity.
DIP1/2 is a novel GTPase-activating protein containing a Ras GAP homology domain
(N-terminus) and two other unique domains (i.e., 10 proline repeats and leucine zipper).
Interaction between DOC-2/DAB2 and DIP1/2 is detected in normal tissues such as the
brain and prostate. Altered expression of these two proteins is often detected in prostate
cancer cells. Indeed, presence of DIP1/2 effectively blocks mitogen-induced gene
expression and inhibits the growth of prostate cancer. Thus, DOC-2/DAB2 and DIP1/2

appear to represent a unique negative regulatory network that maintains ccll homcostasis.



Introduction

DOC-2/DAB2 (differentially expressed in ovarian carcinoma 2 / disabled-2) is
identified in normal human ovarian epithelial cells but absent in ovarian cancer cell lines
(1, 2). Absence of DOC-2/DAB2 expression is associated with malignant cells including
mammary, prostate, and ovary (2, 3, 4). Increased expression of DOC-2/DAB2 inhibits
the growth of several cancer cells (4, 5), which suggests that it functions as a tumor
suppressor. DOC-2/DAB?2 also appears to be a phosphoprotein, and its phosphorylation
can be regulated by several stimuli (4, 6). We recently demonstrated that DOC-2/DAB2
expression is significantly increased in the enriched basal cell population with stem cell
potential of the degenerated rat prostate (4), suggesting that DOC-2/DAB2 may play z;n
important role in regulating the homeostasis of epithelial differentiation. Amino acid
sequence analysis predicts that DOC-2/DAB2 is a potential signaling molecule. Its N-
terminus shares 54% homology with mouse DAB1 protein that can be phosphorylated by
Src, and the disruption of the DABI gene can cause developmental defects in central
neurons (7, 8). In addition, we and other also show that C-terminal DOC-2/DAB2
containing protine-rich domains can bind to Grb2 proteins (9, 10). Thus it appears that

DOC-2/DAB2 is involved in modulating Ras signaling pathway.



To understand biochemical function of DOC-2/DAB2, we identified a key amino
acid residue (8*) in its N-terminus. The phosphorylation of this residuc by protein kinase
C (PKC) activator-12-O-tctradecanoylphorbol-13-acetate (TPA), can modulatc its
inhibitory activity on TPA-induced gene transcription (10). These data indicate that the
DOC-2/DAB2 protein, particularly its N-terminus, is a potent ncgative regulator for
PKC-elicited signal pathway. However, little is known about the down strcam cffector(s)

mediated by DOC-2/DAB2.

In this study, we employed a yeast two-hybrid system to identify DIP1/2 as an
immediate DOC-2/DAB?2 interactive protein. DIP1/2, a novel Ras GTPase-activating
protein (GAP), interacts with the N-terminal of DOC-2/DAB2. We cloned DIP1/2,
characterized it as an immediate downstream effector of DOC-2/DAB2. and delincated
its functional role in mitogen-induced gene expression and growth inhibition of prostate

cancer.



Experimental Procedures

Cell Cultures

Three human prostate cancer cell lines (TSU-Pr1, LNCaP, C4-2) and COS cells
were maintained in T medium supplemented with 5% fetal bovine serum (4). PrEC, a
primary prostatic epithelial cell derived from a 17-year-old juvenile prostate, was
maintained in a chemical-defined medium purchased from Clonetics. PZ-HPV-7, a cell
line derived from the peripheral zone of a normal prostate (11), was maintained in T
medium containing 5% fetal bovine serum. MDAPCa,, and MDAPCa,, cell lines were
derived from patients with bony metastasis (12). Three additional primary prostatic
epithelial cells, derived from either cancer lesions (SWPC1, SWPC2) or adjacent normal
tissue (SWNPC2), were obtained from patients with prostate cancer who had had radical
prostatectomy.  All these cells were maintained in the same medium as PrEC.
Corresponding antibody staining indicated that all primary cells were cytokeratin positive

and vimentin negative.

Yeast Two-hybrid Screening
Using  primers  5-GAATTCCCCGTCATGTCTAACGAA-3' and 5'-
GGATCCTAACTGAGGCTTTGGTCGAGG-3', and DOC-2/DAB2 c¢DNA as a

-

template, we generated an 823 bp fragment corresponding to the 5' end of the cDNA.
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The polymerase chain reaction (PCR)-amplified fragment was sequenced before it was
subcloned in-frame into pVJL11 vector as a bait construct. Equal amounts of constructed
bait vector and pVP16 rat brain cDNA library vector were co-transformed into the yeast
strain of L40, and the transformed yeast were plated on SD-L-T-H (synthetic medium
lacking amino acids of leucine, tryptophan, and’ histidine) platcs with 5 mM 3-AT (3-
amino-trizol). Only those colonies that had [-galactosidasc activities were further
analyzed. Plasimds from those positive clones were rescued and transformed into E.coli
HB101 strain for further amplification.

Four rounds of phage library screcning were performed with a rat brain A ZAP
phage library (Stratagenc) to clone the full-length ¢cDNA of DIP1/2.  After DNA
sequencing for each positive clone, the full-length cDNA of DIP1/2 was assecmbled with

the appropriate restriction enzyme digestion.

Northern Blot

Total RNA from various organs of the male rat was isolated with RNAzol (TEL-
TEST). Twenty micrograms of total RNA per lanc were separated on 1% formaldehyde
agarose gel, transformed onto Zeta-Probe membrane (Bio-RAD), then hybridized with

32p_labeled DIP1/2 or GAPDH ¢DNA probe.

Generation of the anti-DIP1/2 Polyclonal Antibody



A peptide sequence (CTNPTKLQITENGEFRNSSNC) corresponding to
DIP1/2 amino acid residues 976 to 996—with an extra cysteine at the N-terminus as a
linker—was synthesized and used as the antigen to immunize rabbits for generating
polyclonal antibody by Zymed Laboratory. After 7 weeks, rabbits were sacrificed to
collect antiserum after the fourth boosting injection of antigen. SulfoLink gel (Pierce)
was coupled with the synthetic peptide, then blocked with 50 mM cysteine in 50 mM
Tris, 5 mM EDTA, and pH 8.5 was then washed with 1M NaCl. Antibodies against
DIP1/2 were first purified by slowly passing the antiserum to the coupled SulfoLink
gel. After washing with 5 column’s volume of 1 M NaCl, they were eluted with
elution buffer from Sulfolink Kit (Pierce). Purified antibodies were dialyzed

overnight against 4 L of deionized water at 4 °C.

Coimmunoprecipitation and Immunobloting

COS cells were co-transfected with a series of T7-tagged deletion mutants, wild
types of DOC-2/DAB2 vectors, and HA-tagged DIP1/2 vector. Cells were lysed with a
lysis buffer (50mM Tris, pH 7.5, 1% NP-40, 1 mM EDTA) and a cocktail of protease and
phosphotase inhibitors (I mM phenylmethylsulfonylfluoride, 0.2 mM sodium
orthovanadate, 0.1 mM sodium fluoride, 10 ug/ml aprotinin, 10 ug/ml leupeptin). The
supernatant was collected and incubated overnight with either 60 ul of T7-antibody

-

conjugated-agarose beads solution (50% actual volume) or 60 pl of protein A agarose



bead with 10 ug HA-antibody at 4 °C. After incubation, pellets were washed 8 times and

subjected to a 10% SDS-PAGE and Western blot analysis.

Purification of the GST Fusion Protein and Ras GAP Activity Assays

The minimal GAP domain of DIP1/2 ¢cDNA was amplified by PCR using primers
5'-GGGATCCCAGAACGCAACAGC-3' and 5-AGAATTCTTAGCTTGAGCTGCGG
GCAGG-3'. The amplified fragment was subcloned in-frame into the pGEX-5X vector
and transformed into the E.coli strain of BL21. The bacteria culture wés induced with
2.5 mM IPTG at 37 °C for 4 hours. The bacterial pellet was washed once with cold PBS.
After spin, the pellet was re-suspended in PBS and subjected, five times, to 30-second
sonication. The GST-GAP fusion protein was purified according to the manufacture's
manual (Roche), and the purified protein was analyzed using 10% SDS-PAGE analysis
and followed by GELCODE Blue staining (Pierce).

Assay of Ras GAP activity in vitro was performed according to Kim ef al (13).
To prepare GTP-bound Ras protein, 0.25 pM human recombinant Ras protein (Cal
Biochem) was incubated with 20 nM [y-*P]JGTP (6,000Ci/mmol, DuPont-NEN) in a
buffer containing 20 mM HEPE (pH 7.3), | mM EDTA, 2 mM DTT, and 1 mg/ml BSA
for 5 minutes at room temperature. Up to 1 pg of either GST-GAP or GST protein alone
was added into a buffer containing 20 mM HEPE, pH7.3, 5 mM MgCl2, and | mM DTT.

The loaded Ras was then incubated with either GST-DIP1/2 or GST for the indicated

»



time, and the reaction was stopped by adding 5 volumes of ice-cold 20 mM HEPE, pH
7.3, and 1 mM MgCl,. The reaction mixture was then filtered through 0.45 um HA
membrane (Millipore). Filters were air-dried then subjected to scintillation count.

C4-2 cells were transfected with either HA-tagged Ras alone or HA-tagged Ras
and DIP1/2. Two days after transfection, cells were treated overnight with T medium
without serum, and 100 ng/ml EGF was added for 20 minutes. Then, cells were lysed
with lysis buffer (PBS with 5SmM MgCl, and 1% Triton X-100). The whole lysate was
spun down, and the supernatants were added with 10 pl of Raf—conjugatea agarose beads
(Upstate Biochetech). The mixtures were incubated at 4 °C for 30 minutes. Pellets were
spun down and washed 4 times with the same lysis buffer, and 20 ml 1x SDS-PAGE
sample buffer was added to the pellets and incubated a£ 100 °C for 3 minutes. Treated
samples were loaded on SDS PAGE gel, and Ras-Raf binding was detected using

Western blot.

Generation of pCI-DIP1/2 mutants and pGEX-5X-DIP1/2 constructs

To make mutants of DIP1/2 and the GST fusion DIP, the QuikChange™ Site-
Directed Mutagenesis Kit was employed. Site-directed mutagenesis was performed by
PCR according to the manufacture (Stratagen). Oligonucleotide used for each mutant
was 5'-GGACAATGAGCACCTCATCTTTCTGGAGAACACATTGGCCACCAAGG-

-

3’. Briefly described, after denatuing the wild type plasmids the oliginucleotide primer



10)

was annealed with template DNA then extend with PfuTurbo DNA polymerase. After
PCR, the methylated and non-mutated parental DNA template was digested with Dpnl.
The XL-1 Blue cells were then transformed with Dpnl-treated DNA for selecting the

mutated DNA. Mutants were verified by sequencing.

In vitro Characterization of the Effect of DIP1/2 on Prostate Cancer
To determine the effect of DIP1/2 on prostate cancer cells, we studied: 1) gene
transcription using either SRE or TRE reporter gene assays, and 2) ccll grthh using both
crystal violet and colony formation assays.
For reporter gene assay, C4-2 cells were transiently transfected with either SRE or
TRE reporter plasmids in the combination of DIP1/2, AB, and AB-S™A expression
vectors. Two days after transfection, T medium with 0.5 % FBS was changed for another
* 24 hours, then either 50 ng/ml of EGF or 100 ng/ml TPA was added to the cells for an
additional 14 hours. Luciferase activity assays were performed as described previously
¢

(10).

Using lipofectamine (Life Technology), C4-2 cells (2 x 10°) were transfected with
2 pg of pCI-DIP1/2 or 2 pg of pCl-neco (control). Two days after transfection, cells were
sclected with G418 (800 pg/ml), and an individual colony was cloned by ring isolation
(4). The in vitro growth rate of each clone was determined by plating cells in_a 24-well

plate at a density of 5,000 cclls/well with T medium containing 2% TCM and 0.5% FBS.
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At the indicated days, cell numbers were determined by crystal violet assay (14, 15).

Colony formation assay was carried out according to Yeung et al (16).



Results

Identifying and Cloning DIP ¢cDNA

DOC-2/DAB2’s first 260 amino acids were used as a "bait" scquence in the
yeast two-hybrid system to search for protein(s) that interacts with the N-terminal
DOC-2/DAB2 (17). Of 10,000 transformants screened, 36 positive clones were
selected, and two positive clones (DIP1, DIP2) were further analyzed. These two
clones shared overlapping sequence and were identical. However, as neither alone

contained a full-length sequence, we designated the full-length sequence “DIP1/2.”

To obtain the full-length cDNA of DIP1/2, a A ZAP c¢cDNA library from a rat
brain was screened. Eleven clones spanned about 6.3 kb and represented two different
sizes of DIP1/2 mRNA transcripts with different 5' untranslated sequences (Figure
1A). The full-length DIP1/2 ¢cDNA has been deposited into GenBank (AF236130).
The DIP1/2 was predicted to have an open reading frame of 996 amino acids and a

calculated molecular mass of 110 kD.

According to the deduced protein sequence, DIP1/2 appears to bc a novel
protein with several potential functional domains (Figure 1B). Its key featurc is the
RasGAP homology domain, which spans from residues 177 to 409 and is present in all

members of the RasGAP family (18).  Also, DIP1/2 had a stretch of 10 prolinc



repeats (residues 727 to 736) with the capacity to bind to proteins containing an SH3
domain (19) and a leucine zipper dimerization domain (residues 842 to 861) for
protein dimerization (20). The amino acid sequence alignment of DIP1/2’s GAP
domain with other RasGAP proteins (Figure 1C)—including p120GAP, Homo sapiens
neurofibromine (hNF1), Rattus norvegicus RasGAP (rnGAP), nGAP, and Synaptic
RasGAP (SynGAP)—shows that DIP1/2 contains all the critical consensus amino

acids for RasGAP activity (21). This suggests that DIP1/2 can function as a RasGAP.
Characterizing the DIP1/2 Expression Profile

Northern blot analysis indicated that steady-state levels of DIP1/2 mRNA are
detected in brain, lung, kidney, thymus, bladder, and skeletal muscle tissue (Figure
2A). At least two sizes of RNA transcripts (9.6 kb, 6.9 kb) were found in brain tissue
that may correspond to these two individual cDNAs identified from the brain cDNA
library. Steady-state levels of DIP1/2 mRNA were not detected in several urogenital
organs including the ventral prostate, dorsal lateral prostate, seminal vesicle, and
coagulating gland. However, increased levels of DIP1/2 mRNA (Figure 2A) were
detected in NbE (Noble rat prostate epithelia) and VPE (Sprague-Dawley rat prostate
epithelia) from basal cells of the ventral prostate. Increased levels were not detected
in stromal cells (i.e., NbF and VPF) from the same animals. This indicates that

DIP1/2 preferentially expresses in the prostatic basal epithelial cells. Further Northern



analysis (Figure 2B) indicated that expression of DIPI/2 mRNA increased in

degenerated prostates in a time-dependent manner, and the expression patterns of

DIP1/2 and DOC-2/DAB2 mRNA concur. These findings suggest that both genes co-
express in the enriched basal cell population during prostate degeneration (Figure 2B).

A polyclonal antibody was raised against a synthetic peptide derived from the
C-terminal DIP1/2. With this antibody, a single protein band with a molccular mass
of 110 kDa was detected from the in vitro transcription and translation of DIP1/2
cDNA (Figure 3A). Because at least two DIP1/2 mRNA transcripts were detected in

brain tissue, we examined the expression profile of DIP1/2 protein in brain tissue. As

expected, there were two sizes of DIP1/2 protein in the rat brain (molecular masses of

110 kDa and 135 kDa, respectively) (Figure 3A). To further test the specificity of this

antibody, serum was incubated with increasing concentrations of synthetic peptide of

DIP1/2, ranging from 20 pg/ml to 200 pg/ml, prior to probing with the blotted
membrane. Results (Figure 3B) indicated that the synthetic peptide effectively

competes with the antibody in ability to bind to the DIP1/2 protein.

We also examined the protein expression profile of DIP1/2 in different rat
organs (Figure 3C). Results indicated that DIP1/2 expression is not as abundant as

that of DOC-2/DAB2. We could only detect DIP1/2 in lung, bladder, and thymus

tissue was consistent with the Northern analysis (Figure 2A). However, expression ol



DOC-2/DAB2 appeared ubiquitous in all tissues examined. Consistent with elevated
DIP1/2 mRNA levels detected in degenerated prostate (Figure 2B), increased prétein
expression of DIP1/2 was seen in degenerated prostate tissue (Figure 3D). As they
were parallel with DOC-2/DAB2 levels, these results (Figure 3D) suggest a pairwise

control of both DIP1/2 and DOC-2/DAB?2 proteins.

To further understand the profile of DIP1/2 and DOC-2/DAB?2 expression in
prostate cancer, we screened a variety of prostate cancer cells. Figure SE shows that
the antibody also recognizes the homologue of human DIP1/2 (hDIP1/2), and the
molecular weight of hDIP1/2 is the same as rat DIP1/2. This implies that the sequence
of DIP1/2 may be conserved among species. We also found that DIP1/2 and DOC-
2/DAB2 proteins were present in both normal primary epithelial cells (PZ-HPV-7,
PrEC, and SWNPC2) and primary tumors (SWPC1 and SWPC2). However, a
significant decreased expression of DIP1/2 was detected in several metastatic cell lines
such as TSU-Pr1, LNCaP, C4-2, MDAPCa,,, and MDAPCa,,, cancer cell lines. We

believe this indicates that DIP1/2 is involved in the progression of prostate cancer.
Specific Interaction Between DIP1/2 and DOC-2/DAB2

Because data from the yeast two-hybrid screening indicated that DIP1/2 and

DOC-2/DAB2 directly interact, we further examined whether these proteims also



physically interact in mammalian cells. Cells were co-transfected with T7-tagged. wild
type DOC-2/DAB2 (p59 and p82) or DOC-2/DAB2 deletion mutants (AN, N-terminal
deletion mutant, and AB, C-terminal deletion mutant) (10), and a HA-tagged DIP1/2
construct. Figure 4A shows that when cell lysates were immunoprecipitated with T7-
antibody conjugated agarose beads and then probed with HA-antibody, DIP1/2 can be
co-immunoprecipitated with p59, p82, and AB. In contrast, AN failed to pull down
DIP1/2. But, using HA-antibody for immunoprecipitation and then probing with T7-
antibody, we demonstrated that DIP1/2 protein could interact with the wild typec DOC-
2/DAB2 protein and the AB protein, but not with the AN protein (Figure 4B). Taken

together, these data indicate that DIP1/2 protein only interacts with N-terminal, but not

C-terminal, DOC-2/DAB2 protein. Furthermore, Figure 4C shows that levels of

protein expression in each transfection were identical, which rules out any

experimental artifact.

We further examined whether these two native proteins interact with each
other using brain and prostate as tissue sources. Using antibodies against either DOC-
2/DAB2 or DIP1/2 in a co-immunoprecipitation experiment, we demonstrated that
endogenous DIP1/2 and DOC-2/DAB2 proteins were present in the same immuno
complex (Figure 4D). Since DAB1 and DOC-2/DAB2 share a high degrec homology

at the PTB domain, we also examined whether mouse DAB1 can interact with DIP1/2.
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Two mouse DAB1 cDNA clones (PTB, B3) were used (22), and we found that DIP1/2
interacts with DAB-PTB (aa 29-197) but not DAB-B3 (aal07-243). Because DAB-

B3 contains partial PTB sequences.
Function of DIP1/2 in vitro and in vivo

Due to the high sequence homology between DIP1/2 and other RasGAPs, we
thought it likely that DIP1/2 facilitates RasGTPase activity. To test this, we prepared
a GST-DIP1/2 fusion protein containing t‘he minimal RasGAP domain (23), and either
this fusion protein or GST protein was incubated with human recombinant [y-"*P]
GTP-bound Ras protein. The increasing amounts of GST-DIP1/2 (ranging from 0.2 to
1 pg) stimulated Ras GTPase activity in a dose-dependant manner (Figure 5A).

Conversely, control GST protein (1 png) had no effect on RasGTPase activity.

To further test the RasGAP activity of DIP1/2, we created a DIP1/2 cDNA
construct (DIP1/2,) as a control that had a point mutation (R220L) which disrupts
GAP activity. As sown in Figure 5B, the GST-DIP1/2 mutant did not have any GAP
activity towards Ras. These data clearly demonstrate that DIP1/2 can stimulate

RasGTPase activity in vitro.

Early study of Ras signal transduction indicates that Raf is an immediate

downstream effector for Ras signaling (24). Because Raf binds tightly to the GTP-



bound form of Ras but not to the GDP-bound form, such differential affinity can be
used to determine the GTP-bound status of Ras. To analyze the GAP activity of
DIP1/2 in vivo, C4-2 cells (25) were transfected with vectors expressing either HA-
tagged Ras, DIP1/2, or DIP1/2,,. After activating Ras using EGF, the GTP-bound
form of Ras was precipitated with GST-RBD (GST-Raf containing Ras binding
domain). Precipitated Ras was detected using the HA-antibody. Figurc 5C shows, that
in the presence of EGF, the amount of GTP-bound Ras increased over.that of the
control. Levels of the GTP-bound Ras significantly decrcased in cells expressing
DIP1/2, however, DIP1/2,, failed to stimulate RasGTPase in cells trecated EGF. The
whole cell lysates were examined for expression of DIP1/2 and Ras proteins. and
results demonstrated that expressions of DIP1/2 and Ras were identical between cach
transfection. These results indicate that DIP1/2 can function as a RasGTPasc
activating protein in vivo. Therefore, we conclude that DIP1/2 functions as a Ras

GAP in vivo and in vitro.

Regulation of the Ras-Raf Signaling Pathway by DIP1/2

Ras protein functions as an essential component in many intraccllular signaling

pathways responsible for differentiation, proliferation, and apoptosis (26). The Raf-

MEK-ERK pathway is a key signal transduction pathway modulated by Ras protcin.

.

(27). The downstream components of this pathway—including AP-1, which binds to



TRE (TPA response element), and EIK-1, which binds to SRE (serum response
element)—subsequently activates gene expression (28-30). Since PKC is able to
activate Raf/MEK/ERK axis (31, 32), we investigated the impact of DIP1/2 on this
cascade. As shown in Figure 6A, in the absence of EGF, increased expression of
DIP1/2 could inhibit the basal levels of SRE reporter gene activity in prostate cancer

cells.

The presence of EGF increased the reporter gene activity at léast 5-fold.
However, DIP1/2 could inhibit the reporter gene activity in a dose-dependent manner.
Using the same reporter gene assay, we found that DIP1/2 or AB alone can suppress
SRE activity (Figure 6B), but co-expression of AB and DIP1/2 had an additive effect
on the inhibition of SRE activity in the presence of TPA. These data indicate that
physical interaction between DIP1/2 and DOC-2/DAB2 has functional impact on Ras-

mediated signal transduction.

Previously we demonstrate that PKC-elicited DOC-2/DAB?2 phosphorylation
can block TPA-induced gene activity (10). Therefore, we investigated whether
DIP1/2 is a mediator involved in this action. We employed C4-2 cell line because
both DOC-2/DAB2 and DIP1/2 are not detectable. Either AB or DIP1/2 alone was
able to inhibit TPA-induced TRE reporter gene activity (Table 1). Conversely,

combing AB-S24A mutant with DIP1/2 failed to have any inhibitory effect because
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S**in DOC-2/DAB2 is the key amino acid to modulate this activity. We observed an
additive effect on inhibiting TRE reporter gcnc. activity in the presence of AB and
DIP1/2. In contrast, AB-S24A and DIP1/2 did not have any additive effect. Thus, the
binding of DIP1/2 to AB can be enhanced by TPA, whereas AB-S24A can not (Figure

6C).
Biological Effect of DIP1/2 on Prostate Cancer Cells

Because DIP1/2 appears to be a negative regulator for the Ras-mediated
pathway, it may function as a growth inhibitor. To test this. C4-2 cells (a tumorgenic
human prostate cancer cell line) were transfected with a DIP1/2 expression vector.
Initially, we observed that there were fewer surviving clones in the DIP1/2-transfected
plate than in plasmid control-transfected cells despite the same number of cells being
used in transfection (data not shown).  After isolating two coloniocs (D1.
D2)—confirmed by Southern blot (Figure 7A)—protein levels of DIP1/2 in the D2
subline were higher than those in the D1 subline (Figure 7B). Data from Figure 7C
indicated that expression of DIP1/2 significantly inhibited the in vitro cell growth
compared to the plasmid control. This inhibitory effect of both D1 and D2 correlated
with their DIP1/2 protein levels (Figure 7B).

To rule out possible artifact from stable transfection., we examined the growth

suppression of DIP1/2 in C4-2 cells using transient transfection (16). As shown in
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Figure 8A, an elevated DIP1/2 expression—evidenced by Western blot (Figure
8B)—inhibited colony formation of C4-2 in a time-dependent manner. Conversely,
increased DIP1/2,, expression did not effect colony formation of C4-2. These data
indicate that DIP1/2’s GAP activity modulates its growth inhibitory effect. DIP1/2

appears to be a potent growth inhibitor for prostate cancer.



Discussion

The DIP1/2 expression profile in tissue appears to be diverse. Both Northern
and Western analyses (Figures 2A and 3C) indicate a high level of DIP1/2 mRNA
expression in brain, thymus, and bladder tissue, and a low level in skeleton muscles,
kidney, and liver tissue. But, no expression can be detected in scveral urogenital
organs, including the ventral prostate, dorsolateral prostate, seminal vesicle, and
coagulating gland. This unique pattern of tissue distribution implies that bIP1/2 may
have a specific physiological function in each organ. For example, DIP1/2 expression
is detccted in the enriched basal cell population of degenerated prostatc and in
prostatic epithelial cell lines (such as NbE and VPE) derived from the basal cell
population (Figure 2A), suggesting that DIP1/2 may bc involved in prostate
regeneration. This hypothesis can be supported by our results: (1) decrease or absence
of either DIP1/2 or DOC-2/DAB?2 is often detected in several metastatic human
prostate cancer cell lines (Figure 3E); and (2) DIP1/2 appears to be a potent growth
inhibitor for human prostate cancer cells (Figures 7 and 8). Ii is known that increased
Ras activity is associated with high-grade metastatic prostate cancer, however, RAS
mutation is rarely detected (33, 34). Our results suggest an underlying mechanism
with which to account for this phenomenon. In addition to DIP1/2, we found that

altered expression of p120GAP is associated with prostate cancer cells (data not
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shown). Thus, our results indicate that altered RasGAP expression plays a critical role

in the progression of prostate cancer.

The phosphorylation of $* in DOC-2/DAB2, which is involved in inhibiting
TPA-induced AP-1 activity (10), provides evidence for underlying functional
mechanism of DOC-2/DAB2. In this study, our data indicate that DIP1/2 is an
immediate downstream effector for DOC-2/DAB2 in both prostate and brain tissues
(Figure 4) and the binding of DIP1/2 to DOC-2/DAB2 can be enhanced when the S
residue in DOC-2/DAB2 is phosphorylated (Figure 6C). The most conserved region
in DIP1/2 protein is the GAP domain, which has a high amino acid sequence
homology (40 to 90%) compared to the GAP domains of other RasGAPs, and
DIP1/2’s GAP domain contains all 31 consensus amino acids of other RasGAPs.
These consensus amino acid residues in the Ras GAP domain modulate RasGTPase
activity (13). For example, R’ of pl20GAP participates in catalysis and
simultaneously stabilizes Q* of Ras for optimal GTP-hydrolysis (35). Our data
(Figures 5A and 5C) indicate that DIP1/2 has RasGAP activity in vitro and in vivo.
Since R* of DIP1/2 is equivalent to R™ of p120GAP, once R*’ was altered (R220L),
the single amino acid mutant of DIP 1/2 lost its RasGAP activity in vitro and in vivo

(Figures 5B and 5C).
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We demonstrate that co-expression of DIP1/2 and the N-terminal DOC-
2/DAB2 (i.e., AB) has an additive effect on suppressing TPA-induced either SRE or
TRE reporter gene activity (Figure 6B and Table 1). Therefore, we believe that the in
vivo interaction of DIP1/2 with the N-terminal DOC-2/DAB2 plays a feed back
mechanism to modulate PKC-induced gene activation. It is known that the
modulation of RaffMEK/ERK axis is also controlled by growth factors through their
protein receptor tyrosine kinase. Our data indicate that DIP1/2 alonc is .also able to
inhibit EGF-induced SRE reporter gene activity (Figure 6A). Therefore, this protein
complex containing both DOC-2/DAB2 and DIP1/2 represents unique negative
regulatory machinery to balance signals elicited by growth factors (such as EGF) or

PKC activators (such as TPA).

In addition to the N-terminal RasGAP homology domain of DIP1/2, the
proline-rich repeats and leucine zipper domains from its C-terminus may contribute to
DIP1/2 activity. We found that the proline-rich repeats (residues 727 to 736) in

DIP1/2 can interact with Grb2 (data not shown). Because Grb2 binds to SOS, a

guanine nucleotide exchange factor critical for downstream signaling, the binding of

DIP1/2 to Grb2 may interrupt Ras activation. It is also possible that DIP1/2 can

interact with other proteins containing SH3 domain. On the other hand, leucine zipper

domain (residues 842 to 861) of DIP1/2 may form a homodimer or a heterodimer with



other proteins. Although no direct evidence has been shown for DIP1/2 dimerization,
we observed a self-dimerization of DIP1/2 using yeast two-hybrid experiment (data
not show). Nevertheless, a dramatic inhibitory effect is only seen with high amounts
of DIP1/2 used in transfection experiment (Figure 6A), which suggests that the
dimerization of DIP1/2 may affect its activity. More detailed studies are underway to

examine this hypothesis.

In summary, both DIP1/2 and DOC-2/DAB2 form a unique protéin complex
with a negative regulatory activity that modulates the Ras-mediated signal pathway.
This complex is operative in basal cells of the prostate and may orchestrate the
differentiation and proliferation potential of these cells during prostate regeneration.
In contrast, altered expression of any component of this complex may result in
abnormal growth and/or the acquired malignant phenotypes of prostate cancer—and
perhaps other types of cancer such as ovarian and breast cancer. Further dissection

and functional examination of each component in this complex is warranted.
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Figure legends

Figure 1. Schematic display and amino acid sequence analysis of DIP1/2

(A)  Diagram of different 5' untranslation sequences between two isoforms of DIP1/2
c¢DNAs. GAP, GTPase activating protein; PR, proline rich motif; LZ, leucine zipper
domain. (B) Three distinct domains of DIP1/2 protein, GAP domain (bold), ten-proline
repeats (italic), and a leucine zipper domain (underlined). (C) Multiple sequence
alignment of the GAP domain of DIP1/2 with GAP120, Homo sapiens.neurofibromin
(hNF1), Synaptic Ras GAP (SynGAP), Rattus norvegicus RasGAP (rn-GAP), and a
novel human RasGAP (nGAP). Bold letters indicate the consensus amino acid residues

within the Ras GAP domain.

Figure 2. Profile of DIP1/2 mRNA expression in various rat organs and cell lines

(A)  Northern blot analysis was performed to detect expression of DIP1/2 mRNA in
different organs. (B) Increased expression of DIP1/2 and DOC-2/DAB2 mRNA in
degenerated ventral prostate. Total cellular RNA (20 pg) from each organ or cell line
were subjected to Northern analysis gsing 32p-labeled DIP1/2 probe (1 x 10° cpm/ml).
NbE, prostatic epithelia from Noble rat; NbF, prostatic fibroblasts from Noble rat;
VPE, prostatic epithelia from Sprague-Dawley rat; VPF, prostatic fibroblasts from

Sprague-Dawley rat; VP, ventral prostate; DLP, dorsolateral prostate; SV, seminal



vesicle; and CG, coagulating gland. The probe made from glyceraldehyde-3-

phosphate-dehydrogenase (GAPDH) cDNA was used as an internal control.

Figure 3. Characterization of anti-DIP1/2 polyclonal antibody and determination
of DIP1/2 protein levels in rat organs and human prostate cell cultures

(A) In vitro translated DIP1/2 protein (5 ply and rat brain protein extracts (20 pg) were
subjected to Western blot a‘malysis probed with anti-DIP1/2 polyclonal antibody. (B)
In vitro translated DIP1/2 protein was detected by anti-DIP1/2 antibody ﬁrcincubalcd
with the indicated amount of synthetic peptide. (C) Sixty micrograms of protein from
each organ were detected by anti-DIP1/2 polyclonal antibody, p96 monoclonal
antibody, or anti-actin antibody. (D) One hundred micrograms of protcin were
analyzed from degenerated ventral prostate harvested at the indicated time by Western
blot with anti-DIP1/2 antibody. (E) Sixty micrograms of cell extract were subjected to
Western blot analysis. PrEC, PZ-HPV-7, and SWNPC2 (normal primary prostatic
epithelial cells); SWPC1 and SWPC2 (primary prostate cancer cells); TSU-Prl,

LNCaP, C4-2, MDAPCa,,, MDAPCa,,, (metastatic prostate cancer cell lines).

Figure 4. Direct interaction between DIP1/2 and DOC-2/DAB2 or DAB1

COS cells were cotransfected with different T7-tagged DOC-2/DAB?2 constructs and
HA-tagged DIP1/2 constructs for 48 hrs. The supernatants were immunoprccipitated

with either T7-antibody conjugated agarose beads (A) or HA-antibody plus protein



A/G agarose beads (B). After centrifugation, pellets were subjected to
immunoblotting analysis. The levels of protein expression from each transfection
were determined by western analysis (C). Cell lysate from rat brain or prostate was
incubated overnight with protein A sepharose beads alone, or plus either p96 antibody
(Transduction Laboratories) or DIP1/2 antibody at 4 °C. The blots were probed with
either p96 antibody or DIP1/2 antibody (D). Cell lysate was prepared from COS cells
transfected with each expression vector and subjected to immunoprecipitation then

probed with DIP1/2 antibody (E). IP, immunoprecipitation; IB, immunoblotting.

Figure 5. In vitro and in vivo RasGAP activity assays
(A) Kinetics of RasGAP activity of DIP1/2 protein. One microgram of purified GST
protein and different amounts of GST-DIP1/2 were incubated with [y-"*P]-GTP bound

Ras. At the indicated time, retention of the unhydrolyzed [y->*P]-GTP was measured

by a filter assay. GST: 1 ug (9); GST-DIP1/2: 0.2 ug (©); 0.4 pg (©); 1.0 pug («). (B)
In vitro GAP assay for DIP1/2 mutant. [y-**P]-GTP bound Ras was incubated
separately with 1 pg purified GST, GST-DIP1/2y, and GST-DIP1/2 protein at 25 °C
for 10 min. The unhydrolyzed [y3 2P]-GTP was assayed by a filter assay. (C)
Interruption of Ras and Raf binding by DIP1/2. C4-2 cells transfected with both HA-
tagged Ras and DIP1/2 vectors were treated with EGF (100 ng/ml) for 30 min. After
incubating, cell supernatants were precipitated with GST-Raf agarose beads, the

precipitates were subjected to immunoblotting. The levels of protein expressio—n from




each transfection were determined by western analysis. [P, immunoprecipitation: IB,

immunoblotting.

Figure 6. Interaction of DIP1/2 and DOC-2/DAB2 on SRE reporter gene activity
(A) C4-2 cells were co-transfected with SRE reporter gene, B-galactosidase. and
DIP1/2 vectors and then treated with EGF (100 ng/ml) for 14 hrs. (B) C4-2 cells were
co-transfected with either AB or DIP1/2 or in combination with SRE reporter gene and
B-galactosidase vectors and treated with TPA (100 ng/ml) for 14 hrs. Cell lysates were
determined by both luciferase and B-galactosidase activity assays. Reporter gene
activity from each sample was normalized with PB-galactosidase activity. Data
represent means £ S.D. from three independent experiments. (C) Effect of TPA on
interaction of DIP1/2 and DOC-2/DAB2. C4-2 cells were cotransfected with DIP1/2
in combination of either AB or AB-S*A. Twenty-four hours after transfection, cells
were treated with T-medium containing 0.1% FBS, then 24 hours later, cells were
incubated with TPA (100 ng/ml) for 40 min. After incubation, cells were washed with
PBS and lysed. Immunoprecipitation and Western blot were performed as described in

Figure 4.

Figure 7. Growth inhibitory effect of DIP1/2 on prostate cancer cells

Cells were transfected with either pCl-neo or DIP1/2 expression vector. After G418

selecting, two independent clones were isolated and characterized. (A) The selected
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transfectants were characterized by Southern blot analysis. (B) Increased protein
expression was detected by DIP1/2 antibody. (C) The in vitro growth rate for each
clone was determined by crystal violet assay. Data represent the mean £ S.D. from six

determinants.

Figure 8. Effect of transient transfection of DIP1/2 and DIP/2 , on the growth of
prostate cancer cells

(A) C4-2 cells (3 x 10*) were pleated on 35 mm dish with T-medium coﬁtaining 5%
FBS and co-transfected with 0.2 pig of _-gal expression vector in combination with 0.8
ug pCl-neo (1), DIP1/2, (2), and DIP1/2 (3) ¢cDNA respectively. Twenty-four hours
after transfection, cells were changed to T-medium containing 0.2% FBS. At the
indicated time, cells were washed with cold PBS twice and fixed. The number of blue
cells was counted by [B-gal staining according to Yeung er al. (16). (B) At the
indicated time, Western blbt analysis was used to determine the protein expression of
DIP1/2 and DIP1/2, using DIP1/2 antibody. (C) Actin was used as an internal control

for equal protein loading.
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Table | Effect of DIP1/2 and AB on TPA-induced gene activation in prostate cancer

Relative Luciferase activity *

Experiment | Experiment I1
PCl-neo 36.1+4.5 33.0+0.2
AB 21.8x 1.1 13.7£1.9
AB-S*A 359+0.7 33.1+£0.3
DIP1/2 25.1+24 124+ 1.2
AB +DIP1/2 152+1.9 63102
AB-S*A+DIP1/2 267+ 14 11.4+2.1

* The relative luciferase gene activity is expressed as folds of induction compared

with ethanol control. The results were calculated as meantS.D. in triplicate
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DOC-2/DAB2 (differentially expressed in ovarian car-
cinoma-2/disabled 2) appears to be a potential tumor
suppressor gene with a growth inhibitory effect on sev-
eral cancer types. Previously, we have shown that DOC-
2/DAB2 suppresses protein kinase C-induced AP-1 acti-
vation, which is modulated by serine 24 phos-
phorylation in the N terminus of DOC-2/DAB2. However,
the functional impact of the C terminus of DOC-2/DAB2,
containing three proline-rich domains, has not been ex-
plored. In this study, we examined this functional role in
modulating signaling mediated by peptide growth fac-
tor receptor tyrosine kinase, particularly because it in-
volves the interaction with Grb2. Using sequence-
specific peptides, we found that the second proline-rich
domain of DOC-2/DAB2 is the key binding site to Grb2 in
the presence of growth factors. Such elevated binding
interrupts the binding between SOS and Grb2, which
consequently suppresses downstream ERK phosphoryl-
ation. Reduced ERK phosphorylation was restored
when the binding between DOC-2/DAB2 and Grb2 was
interrupted by a specific peptide or by increasing the
expression of Grb2. Furthermore, the C terminus of the
DOC-2/DAB2 construct can inhibit the AP-1 activity elic-
ited by growth factors. We conclude that DOC-2/DAB2,
a potent negative regulator, can suppress ERK activa-
tion by interrupting the binding between Grb2 and
SOS that is elicited by peptide growth factors. This
study further illustrates that DOC-2/DAB2 has multi-
ple effects on the RAS-mediated signal cascades active
in cancer cells.

DOC-2/DAB2 (differentially expressed in ovarian carcinoma-
2/disabled 2) is a potential tumor suppressor associated with
ovarian (1), choriocarcinoma (2), prostate (3), and mammary
tumors (4). It is a novel phosphorprotein that contains several
unique motifs such as the N-terminal disable-like domain and
the C-terminal proline-rich SH3-binding domain. The DOC-2/
DAB2 gene was first cloned by a differential display polymer-
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receptor binding protein 2.
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ase chain reaction, which screened for gene(s) down-regulated
in human ovarian cancer but not in their normal counterpart
(5). Using the same technique, our laboratory cloned the rat
homologue from a degenerated prostate gland. We demon-
strated that DOC-2/DAB2 is: (a) associated with the basal cells of
the prostate; (b) involved in the growth and differentiation of
prostate epithelia, and (c) able to inhibit the growth of cell lines
derived from human prostate cancer (3). Similarly, the inhibitory
role of DOC-2/DAB2 has also been shown in cell lines of ovarian
cancer and choriocarcinoma (1, 2, 6). Taken together, these data
indicate that DOC-2/DAB2 is a potent growth inhibitor.

We examined the mechanism(s) of the DOC-2/DAB2-elicited
growth inhibitory pathway in prostate cancer cell lines. We
found that phosphorylation of DOC-2/DAB2 at the extreme
N-terminal region by protein kinase C suppresses AP-1 activ-
ity. Specifically, the phosphorylation of serine 24 in the N
terminus of DOC-2/DAB2 is the key amino acid residue mod-
ulating its inhibitory effect (7). Qur recent study revealed that
the N terminus of DOC-2/DAB2 interacts with a RAS GTPase-
activating protein,? which suggests that DOC-2/DAB2 is in-
volved in the RAS-mediated signal pathway.

The C terminus of DOC-2/DAB2, on the other hand, interacts
with Grb2, which is an adapter protein critical in bridging
signal transduction between the activated protein receptor ty-
rosine kinase (RPTK) and the RAS-mediated MAP kinase cas-
cade (8, 9). The functional significance of the binding between
DOC-2/DAB2 and Grb2 is undefined. Therefore, we investi-
gated this relationship using two RPTK ligands: epidermal
growth factor (EGF) and neurotrophin 3 (NT3).

We demonstrated in four different cell lines that RPTK ac-
tivation increases the binding of DOC-2/DAB2 (particularly the
C terminus) to Grb2. This binding further leads to a decrease in
the activation of the downstream effector, ERK phosphoryla-
tion, and AP-1-mediated gene transcription. Our data illus-
trate the underlying mechanism of the C terminus of DOC-2/
DAB2 in modulating RPTK activation.

EXPERIMENTAL PROCEDURES

Cell Lines, Synthetic Peptides, and Plasmid Constructs—A rat phe-
ochromocytoma cell line (PC12) was grown in Dulbecco’s modified
Eagle’s medium (Life Technologies, Inc.) supplemented with 10% heat-
inactivated horse serum (Life Technologies, Inc.), 5% heat-inactivated
fetal bovine serum, 100 units/ml penicillin, and 100 units/ml strepto-
mycin. C4-2, NbE, and COS cells were maintained in T medium
supplemented with 5% fetal bovine serum (3). Four peptides were
synthesized corresponding to the protein sequence of DOC-2/DAB2:
PPQ (amino acids 619—627); PPK (amino acids 714-722); PPL (amino
acids 663-671); and LLL (amino acids 663-671, the substitution of
proline with leucine). All DOC-2/DAB2 ¢DNA expression constructs,

2Z. Wang, C.-P. Tseng, R. C. Pong, H. Chen, J. D. McConnell, and
J.-T. Hsieh, manuscript submitted.
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Fic. 1. The effects of growth factor

on the interaction between DOC-2/ GST-Grb2
DAB2 and Grb2. PC12 (A4), C4-2 (B), and 1B:ap98
COS (C and D) cells (6 X 10%60-mm dish)

were transfected with 0.6 ug of trkC and

2.4 pg (T7-p82) (A and C) or 3 g of p82 (B Cell Lysate
and D) for 24 h. After incubating with 1B:op6

NT3 (A and C) or EGF (B and D), cells
were harvested at the indicated time. An
aliquot of cell lysate was subjected to a
Grb2 binding assay (A and B) or co-immu-
noprecipitation (C and D). In the upper
panels, the precipitate was probed with
anti-DOC-2/DAB2 antibody, ap96 (A and
B) or the anti-T7 tag antibody, «T7 (C and
D). In the lower panels, an aliquot of cell
lysate was analyzed using Western blot
detected by either ap96 (A and B) or oT7
(C and D). IB, immunoblot.

IP:aGrb2
1B.aT7

Cell lysate

1B:aT7

such as pCl-neo-T7-p82 (T7-p82) and pCl-neo-T7-AN (T7-AN), have
been described (7).

Transfection of Plasmid Vector and Oligopeptide—The indicated
number of cells was plated at 37 °C 24 h prior to LipofectAMINE
transfection (Life Technologies, Inc.). In each experiment, the control
plasmid (pCI-neo) was supplemented to reach an equal amount of total
DNA. For the NT3 induction experiment, the trkC expression vector
(10), pAC-CMV-trkC, was co-transfected with the DOC-2/DAB2 ¢cDNA
construct. 24 h after transfection, cells were switched to a low serum
condition (1% heat-inactivated horse serum for PC12 cells; 0.5% fetal
bovine serum for COS and C4-2 cells) for another 24 h prior to being
treated with growth factors.

For peptide transfection, cells were plated in a 24-well plate with
serum-free medium for 24 h. Chariot™ reagent (Active Motif) was
mixed with 100 ng of different oligopeptides according to the manufac-
turer’s protocol. 1 h after transfection, cells were treated with growth
factors, and cell lysate was prepared at the indicated time.

In Vitro GST-Grb2 Binding Assay—After transfection, cells were
exposed to 50 ng/m! of EGF or recombinant NT3 (Upstate Biotechnol-
ogy). The cells were collected in 0.5 ml of lysis buffer (50 mm Tris-HCI,
pH 7.5, 150 mM NaCl, 5 mM EDTA supplemented with 1% of Triton
X-100, and a mixture of protease inhibitors) at the indicated time. After
a low speed spin, 0.4 ml of supernatant was separately incubated
overnight at 4 °C with either 60 ul of GST-Grb2-glutathione Sepharose
or GST-glutathione Sepharose. After centrifugation, the pellet was
washed twice with the lysis buffer, dissolved in the sample buffer, and
then subjected to Western blot analysis probed with either monoclonal
antibody against DOC-2/DAB2 (ap96) (Transduction Laboratories) or
against the T7 tag (aTT) (Novagen).

Co-immunoprecipitation Assay—The cells were co-transfected with
both DOC-2/DAB2 expression vectors and 0.6 pg of Grb2 expression
vector (pHM6-Grb2). Using the same treatment protocol, cells were
collected in 0.5 ml of lysis buffer. After a low speed spin, 0.4 ml of
supernatant was incubated overnight at 4 °C with 1 pug of monoclonal
antibody against Grb2 (Transduction Laboratories) and 40 ul of protein G
PLUS-agarose (Santa Cruz Biotechnology, Inc.). The pellet was washed
twice with lysis buffer, dissolved in sample buffer, and subjected to
Western blot analysis detected by the antibody against T7 tag («T7).

ERK Phosphorylation Assay—Transfected cells were exposed to 50
ng/ml of EGF or NT3 for 10 min and were collected in 70 p1 of phosphate-
buffered saline (with 1% of Triton X-100 and a mixture of protease inhib-
itors). After a low speed spin, 20 pl of supernatant was subjected to
Western blot analysis. The filter was probed with the antibody against
phosphorylated ERK p44/42 (New England Biolab), and the same filter
was stripped and reprobed with antibodies against either total ERK 1/2
(p44/42) or p42 (New England Biolab).

Luciferase Reporter Gene Assay—The AP-1-Luciferase reporter con-
struct (—73/+63-Col-Luc) (7) and internal control B-gal vector (pCH110)
were used with various DOC-2/DAB2 ¢DNA expression vectors. The
cells were treated with or without 50 ng/ml of EGF or recombinant NT3
for 16 h. Both luciferase and B-galactosidase were assayed (7). The data
from the reporter gene activity were normalized with B-galactosidase
activity.

The Role of DOC-2/DAB?2 in Signal Cascade

EGE

min.) min. )

EGF -  +

GST-Grb2
1B:a¥7

Celf Lysate |
B:a¥7

FiG. 2. The interaction of the C terminus of DOC-2/DAB2 and
Grb2. A, COS cells (6 X 10%/60-mm dish) were co-transfected with 0.6
ug of pAC-CMV-trkC and 2.4 ug of either DOC-2/DAB2 (T7-p82) or the
C terminus of DOC-2/DAB2 (T7-AN) and then treated with NT3. B,
COS cells (6 X 10%60-mm dish) were transfected with 3 pg of either
T7-p82 or T7-AN and then treated with EGF. Cell lysates were pre-
pared 10 min after treatment and subjected to a Grb2 binding assay.
The precipitate (upper panels) or total cell lysate (lower panels) was
detected by anti-T'7 tag antibody (a77). IB, immunoblot.

RESULTS

NT3 and EGF Increase the Binding of Grb2 to DOC-2/
DAB2—In a previous study (7), we showed that the C terminus,
but not the N terminus, of DOC-2/DAB2 binds to Grb2. In this
study, we investigated the effect of growth factors on this
binding. Because DOC-2/DAB2 is expressed in brain tissue (4)
and prostate epithelia (3), we chose two RPTK systems: NT3/
trkC cascade in PC12 cell and EGF/EGFR cascade in C4-2 cells.

PC12 cells were co-transfected with pAC-CMV-trkC and T7-
p82 ¢DNAs and then treated with NT3 (50 ng/ml) for the
indicated time. The cell lysate was prepared and subjected to
Grb2-GST binding assay. As shown in the upper panel of Fig.
14, a basal level interaction between DOC-2/DAB2 and Grb2
was detected in the PC12 cells; a similar result was shown
previously (7). However, binding of DOC-2/DAB2 to Grb2 in-
creased 5 min after treatment with NT3, and increased binding
remained constant throughout the entire course of treatment.
This indicates that trkC activation can immediately increase
the interaction between DOC-2/DAB2 and Grb2. The same
expression levels of DOC-2/DAB2 expression were detected in
each lane (Fig. 1A, lower panel), and this rules out the possi-
bility of a transfection artifact.

In the other RPTK signaling system (Fig. 1B, upper panel),
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F1G. 3. The specific interaction of the proline-rich domains in
DOC-2/DAB2 and Grb2. A, COS cells (6 X 10%100-mm dish) were
transfected with either DOC-2/DAB2 (T7-p82) or the C terminus of
DOC-2/DAB2 (T7-AN). The cell lysates were prepared 48 h after trans-
fection and subjected to Grb2 binding assay in the presence of different
concentrations of oligopeptides. B, cell lysate from 80% confluent NbE
cells were prepared and subjected to Grb2 binding assay in presence of
different concentrations of oligopeptides. The precipitate was detected
by either anti-T7 (aT'7) or anti-p96 (ap96) antibodies.

pCl T7-p82

IP: aHA(Gb2)
1B: «SOS »

1B: aGrb2

Cell Lysate
iB: apgs

FiG. 4. The interruption of SOS binding to Grb2 by DOC-2/
DAB2. COS cells (6 X 10%/60-mm dish) were co-transfected with HA-
Grb2 and either pCI-neo or DOC-2/DAB2 (T'7-p82) and then treated
with EGF (100 ng/ml) for 10 min. The cell lysates were prepared
subjected to co-immunoprecipitation assay by anti-HA tag antibody
(aHA). The precipitate was detected by anti-SOS antibody (aSOS) (top
panel) and reprobed with anti-Grb2 antibody (aGrb2) (middle panel).
Total cell lysate (bottom panel) was detected by anti-p96 antibody
(ap96). IB, immunoblot.

A

Fic.5. The suppression of the
growth factor-induced ERK phospho-
rylation mediated by sequestering
Grb2 by DOC-2/DAB2 protein. PC12 (A NT3 -
and C) and C4-2 (B and D) cells (8 X
10*/12-well plate) were co-transfected
with either the control plasmid pCI, full-
length (T7-p82), or the C terminus of
DOC-2/DAB2 (T7-AN) and pAC-CMV- 1BaEre
trkC (A and C) or EGFR expression plas- .

mid (B and D). In addition, pHM-Grb2 (C,

D) was used for increasing Grb2 levels in

cells. 24 h after transfection, cells were

switched to a low serum medium for an- C

other 24 h. 50 ng/ml of NT3 (A and C) or
EGF (B and D) were added for a 10-min
incubation. An aliquot of cell lysate was
analyzed by Western blot. In the upper
panels, the filter was probed with an an-
tibody against phosphorylated ERK
p44/42 (apERK), and in the lower panels,
the same filter was reprobed with either
ERK p42-specific antibody («ERK2) or
ERK1/2-specific antibody («ERK1/2). IB,
immunobﬁ:t. 1B:oErk2

1B:apErk /2

(BiopErki/2 |

increased binding of DOC-2/DAB2 to Grb2 occurred in a time-
dependent manner in a prostatic epithelial cell line (C4-2)
treated by EGF. Also, as shown in the lower panel of Fig. 1B, an
equal amount of DOC-2/DAB2 protein expression was detected
at each time point. There was difference in the Grb2 binding
kinetics between NT3-treated PC12 cells and EGF-treated
C4-2 cells. For example, EGF showed a slower rate of Grb2
binding than did NT3. Peak binding of Grb2 occurred 20 min
after EGF treatment, compared with 5 min after NT3 treat-
ment. Such difference may influence the effect of DOC-2/DAB2
on the downstream pathway mediated by these two growth
factors.

In addition to data obtained from the in vitro binding assay,
we used co-immunoprecipitation to examine the intracellular
interaction between DOC-2/DAB2 and Grb2. As shown in Fig.
1(C and D), the complex containing DOC-2/DAB2 significantly
increased in the presence of either NT3 or EGF compared with
the control. EGF also increased the intracellular interaction
between the Grb2 and DOC-2/DAB2. Data from both Grb2 and
co-immunoprecipitation assays indicate that the interaction
between DOC-2/DAB2 and Grb2 was enhanced under the stim-
ulation of peptide growth factors, which suggests that DOC-2/
DAB2 may play a regulatory role in RPTK-mediated signaling.

Growth Factors Enhance the Binding of the C Terminus of
DOC-2/DAB2 to Grb2—As we described, the C terminus but
not the N terminus of DOC-2/DAB2 interacts with Grb2 (7). To
determine whether growth factors increase the affinity of the C
terminus of DOC-2/DAB2 to Grb2, we performed Grb2 binding
assay using the N-terminal deletion mutant of DOC-2/DAB2
(T7-AN). We wanted to validate this interaction using different
cell types. Therefore, COS cells were reconstituted with trkC in
the presence of either T7-p82 or T7-AN construct. As expected,
stimulation with NT3 significantly increased the binding of
Grb2 to both DOC-2/DAB2 and the C terminus of DOC-2/DAB2
(Fig. 24). This elevated binding was not caused by variable
expressions of T7-p82 or T7-AN proteins because equal
amounts of these proteins were detected. Similarly, Grb2 bind-
ing to DOC-2/DAB2 or to the C terminus of DOC-2/DAB2 also
increased with EGF treatment (Fig. 2B). These data indicate
that the binding domain of DOC-2/DAB2 to Grb2 is located in
the C terminus of DOC-2/DAB2.

Binding of Grb2 Is Mediated by the Second Proline-rich Do-
main of DOC-2/DAB2—There are three proline-rich domains
in DOC-2/DAB2 with the same consensus sequence as the SOS

B
Bl 17-p82 Y7-AN
+ - 4 - &
D
pHM-Grb2 pHM-Grb2

DQ] T7-p82. pC 1 7-p82
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binding site to Grb2. Therefore, all three domains may be
involved in Grb2 binding. To compare the binding affinity of
these proline-rich sequences, four oligopeptides were synthe-
sized according to the DOC-2/DAB2 protein sequence: PPQ
(amino acids 619—-627); PPL (amino acids 663—669); LLL (ami-
no acids 663-669 with all proline residues substituted with
leucine residues); and PPK (amino acids 714-722). Using the
in vitro GST-Grb2 binding assay, the PPL peptide blocked the
binding of either T7-p82 or T7-AN proteins to GST-Grb2,
whereas the PPQ peptide had no effect (Fig. 3A). Moreover, we
prepared cell lysates from NbE cells (a normal rat prostatic
epithelial cell line with the endogenous expression of DOC-2/
DAB2 proteins) to determine the in vitro binding of DOC-2/
DAB2 proteins to Grb2. As shown in Fig. 3B, PPL effectively
blocked the binding in a dose-dependent manner compared
with the other two peptides (i.e. PPQ and PPK). The effective
dose of PPL in COS and NbE cells was very similar, suggesting
that the binding kinetics of these proteins remains consistent
in different cell lines. The proline residues in this domain are
critical for binding because the peptide with leucine substitu-
tion (i.e. LLL) cannot affect the binding between DOC-2/DAB2
and Grb2 (Fig. 3B). These data clearly indicate that the second
proline-rich domain in the C terminus of DOC-2/DAB2 is the
key interactive site with Grb2.

DOC-2/DAB2 interrupts the binding of Grb2 with SOS In-
teraction between the Grb2 protein, and the activated receptor
can initiate translocation of a group of proteins, namely
guanine nucleotide exchange factors (such as SOS), which mod-
ulate the GTPase activity of RAS. As shown in Fig. 4, stimu-
lation with EGF increased the binding of Grb2 to SOS in COS
cells with no detectable levels of DOC-2/DAB2. However, in-
creased expression of p82 levels in COS cells diminished the
binding of Grb2 to SOS, which indicates that DOC-2/DAB2 and
SOS compete for the same SH3 site in Grb2.

Both Native DOC-2/DAB2 and the C Terminus of DOC-2/
DAB2 Inhibit NT3- and EGF-induced ERK Activation—Grb2 is
a key adapter protein for the growth factor-induced MAP ki-
nase pathway (11). To understand the impact of the interaction
between DOC-2/DAB2 and Grb2 on this pathway, we examined
the phosphorylation status of ERK kinase in the presence of
DOC-2/DAB2. Upon the treatment of growth factors, ERK phos-
phorylation reflected the activation of ERK kinase (12). ERK
activation is transient. It peaks at 10 min and then returns to a
basal level within 30 min. As shown in Fig. 54, the basal level of
phosphorylated ERK was very low in PC12 cells without NT3
treatment. The addition of DOC-2/DAB2 did not alter this level.

In contrast, increasing phosphorylation of ERK1 (44 kDa)
and ERK2 (42 kDa) was detected in PC12 cells 10 min after
NT3 treatment. Furthermore, NT3-induced phosphorylation of
ERK1/2 decreased profoundly in the presence of either full-
length DOC-2/DAB2 (T7-p82) or the C terminus of DOC-2/
DAB2 (T7- AN). Such a change was not caused by the decrease
of ERK1/2 protein levels (Fig. 54, middle and lower panel).

Without EGF treatment, the basal level of ERK2 phospho-
rylation was lower in C4-2 cells than in PC12 cells (Fig. 5B).
With EGF treatment, phosphorylation levels of ERK kinases,
mainly ERK2 (42 kDa), were elevated. The presence of either
T7-p82 or T7-AN dramatically suppressed EGF-induced ERK2
phosphorylation. However, the steady-state levels of the
ERK2 protein remained the same. These data indicate that
ERK2 phosphorylation was inhibited when DOC-2/DAB2 pro-
teins decrease the availability of Grb2 to SOS.

Decreased ERK phosphorylation appears to be a potent
downstream event that results from the binding between DOC-
2/DAB2 and Grb2. We examined whether increased expression
of Grb2 restores the ERK phosphorylation status in cells
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Fic. 6. The effect of specific peptides derived from DOC-2/
DAB2 on EGF-induced ERK phosphorylation. NbE cells (1 X
10%/24 well plate) grew in serum-free medium for 24 h and then were
transfected with 100 ng of oligopeptides using Chariot™! reagent. 1 h
after transfection, cells were treated with 50 ng of EGF. At the indi-
cated time, cell lysate was prepared and analyzed by Western blot
probed with opERK antibody (left panels), and then the same filter was
reprobed aERK 1/2 (right panels). The intensity of ERK2 signal was
determined by densitometer (A). The fold of was calculated by normal-
izing the ratio between phosphorylated ERK2 and total ERK2 proteins
induction from each time point with the time 0 (B). O, control; H, LLL;
A, PPL. After 16 h of incubation with growth factors, cells were sub-
jected to reporter gene assay (C) as described previously (6). IB,
immunoblot.

treated with growth factors. As shown in Fig. 5 (C and D), in
the absence of either NT3 or EGF, transfection of the Grb2
expression vector failed to induce ERK phosphorylation be-
cause Grb2 alone is not capable of activating the growth factor-
induced downstream signal pathway (8). In contrast, in either
EGF-treated C4-2 or NT3-treated PC12 cells, transfection of
the Grb2 expression vector did restore the decreased ERK
phosphorylation induced by T7-p82 proteins. This suggests
that DOC-2/DAB2 binding to Grb2 is a key step in inactivating
ERK phosphorylation.
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FiG. 7. The effect of DOC-2/DAB2 and its C-terminal recombinant protein on the growth factor-induced AP-1 activation. PC12 (A
and C) and C4-2 (B and D) cells (2 X 105/6-well plate) were co-transfected with 0.2 ug of AP-1 luciferase reporter gene, 0.25 ug of pCH110 (8-gal),
and the indicated amount of T7-p82 (A and B) or 0.4 ug of T7-p82 or T7-AN (C and D). For PC12 cells, 0.15 pg of trkC was included. The total
amount of DNA (1 pg/transfection) was supplemented with pCI-neo. 24 h after transfection, cells were down-switched to a low serum for another
24 h. After 16 h of incubation with growth factors, cells were subjected to reporter gene assay. The data represent the means + S.D. from three

independent experiments.

Because the second proline-rich domain of DOC-2/DAB2is a
key binding site to Grb2, we investigated whether blocking this
binding also affects the ERK phosphorylation status in cells
stimulated with growth factors. To do this, NbE cells were
transfected with either PPL or LLL peptide, and the ERK
phosphorylation status in EGF-treated NbE cells was deter-
mined. As shown in Fig. 6 (A and B), minutes after EGF
treatment, the ERK2 phosphorylation increased about 3—4-fold
compared with basal level. PPL enhanced ERK2 phosphoryla-
tion about 20-fold. It peaked 10 min after EGF treatment,
whereas LLL failed to have the same effect, indicating that
PPL can specifically prevent the sequestering Grb2 by the
second proline-rich domain of DOC-2/DAB2. These “free” Grb2
molecules amplify signal transduction via the downstream cas-
cade, such as the activation of ERK kinase. Similarly, PPL but
not LLL can also antagonize the inhibitory effect of DOC-2/
DAB2 on EGF-induced gene transcription (Fig. 6C). The overall
activity of the reporter gene in this experiment was lower than
usual because cell death became more apparent when cells
were incubated with both LipofectAMINE and Chariot™
transfection agents. Nevertheless, these data further indicate
that one mechanism of DOC-2/DAB2 is to balance the growth
factor-induced signal by modulating the availability of effector
protein such as Grb2.

Native DOC-2/DAB2 and the C terminus of DOC-2/DAB2
Inhibit NT3- and EGF-induced AP-1 Activation—To determine
whether the binding of DOC-2/DAB2 to Grb2 has any impact on
RPTK-mediated gene activation, we chose the AP-1 reporter
gene assay. AP-1 is activated in PC12 cells upon treatment
with neurotrophin (13), and it is the downstream target of
RPTK via Grb2 and ERK (14). Suppression on ERK activation

indicates that RPTK-induced AP-1 activation may also be af-
fected. As shown in Fig. 7A, NT3 induced activation of the AP-1
reporter gene in PC12 cells. In the presence of increasing
amounts of T7-p82, the NT3-induced AP-1 activity was sup-
pressed in a dose-dependent manner. In C4-2 cells, the EGF-
induced AP-1 activation was also suppressed by T7-p82 in a
dose-dependent manner (Fig. 7B).

From these results, we believe that the C-terminal recombi-
nant protein has the same inhibitory effect on AP-1 as native
DOC-2/DAB2. As depicted in Fig. 7 (C and D), both T7-p82 and
T7-AN inhibited NT3- and EGF-induced AP-1 activity with
similar magnitude. Thus, the C terminus of DOC-2/DAB2,
which contains the Grb2-binding domain(s), is critical to mod-
ulate the RPTK-mediated gene expression that is mediated
through ERK phosphorylation.

DISCUSSION

Grb2 is a potent adaptor protein. It contains both SH2 and
SH3 domains in modulating RPTK-elicited signaling. The SH2
domain directly recognizes phosphotyrosine motifs and is
thereby recruited to activated, phosphorylated RPTK. This in-
teraction helps the recruitment of guanine nucleotide exchange
factors (i.e. SOS) through the binding of the SH3 domain, which
subsequently stimulates RAS-GTP binding. The RAS-mediated
MAP kinase cascade, a key pathway controlling growth and
differentiation, further leads to gene transcription by activat-
ing several transcription factors. We and others have shown
that DOC-2/DAB2 can interact with Grb2 through its C termi-
nus (7, 15). However, the functional role of this interaction has
not been elucidated.

In this study, we manipulated PC12 cell lines without DOC-
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2/DAB2 expression such as C4-2 and with different DOC-2/
DAB2 ¢DNA constructs. We found that activation of RPTK by
its own ligand also increases the binding of DOC-2/DAB2 to
Grb2, which interrupts the binding of SOS to Grb2 (Figs. 1 and
4). We also demonstrated that the second proline-rich domain in
the C terminus of DOC-2/DAB2 protein is the key site responsi-
ble for the Grb2 binding that prevents a sequential change in the
downstream region of the RPTK-mediated pathway (Figs. 3 and
5), including suppressing ERK phosphorylation.

We used a cell line (NbE) that expresses endogenous
DOC-2/DAB2 to demonstrate the interaction between endoge-
nous DOC-2/DAB2 and Grb2 proteins. We showed that this
interaction appears to be sequence-specific because only pep-
tides with the same sequence as the second proline-rich domain
of DOC-2/DAB2 can interrupt Grb2 binding, whereas substitu-
tion of key proline residues with leucine residues abolishes its
inhibitory function (Fig. 3). Moreover, increasing Grb2 expres-
sion in C4-2 cells by using the transient transfection of the
Grb2 expression vector alters the inhibitory effect of DOC-2/
DAB2 (Fig. 5). We conclude that this inhibitory effect on the
MAP kinase pathway results from sequestering Grb2 away from
recruiting downstream signaling effectors such as SOS. There-
fore, DOC-2/DAB2 represents a potent homeostatic factor that
modulates many exogenous stimulus-mediated signal pathways.

To characterize the effect of DOC-2/DAB2 on the RPTK-
mediated pathway, we studied two classic ligands in three
different cell lines. NT3, which interacts with its receptor trkC,
is an important neurotrophin for neuronal development and
plasticity. Because other members of the disabled family (i.e.
DAB1) have been associated with neuronal development (16,
17) and DOC-2/DAB2 is present in brain tissue, we employed
PC12 cells (a well established cell model for studying neuronal
differentiation) to examine the possible role of DOC-2/DAB2 in
NT3-induced signaling. Our results (Figs. 1A and 34) demon-
strate that DOC-2/DAB2 can block the transient activation of
ERK kinase that is considered a mitogenic signal (18) even
though neurotrophins can induce a sustained activation of
ERK kinase, which can last for several hours in PC12 cells and
is related to neuronal differentiation (19). However, we failed to
observe any inhibition of the second phase of ERK activation in
the presence of DOC-2/DAB2 (data not shown). These results
imply that DOC-2/DAB2 may modulate the mitogenic effect of
NT3. This function differs from DAB1 protein in neuronal cells.

EGF, a potent mitogen for cell growth, elevation, and EGFR
amplification and/or mutation is associated with the progres-
sion of many cancer types (20) including prostate cancer (21).
Data from our laboratory and others indicate that DOC-2/
DAB2 is a tumor suppressor, which is absent in many cancer
types (1-6). In this study, we demonstrated that the C termi-
nus of DOC-2/DAB2 may block EGFR-mediated signaling by
sequestering Grb2 (Fig. 1) from the upstream of the cascade.
This blocking essentially deactivates several key effectors such
as ERK and AP-1 (Figs. 3 and 7). Several studies show that
unregulated activation of ERK can cause cell transformation
(22) and that AP-1 activation is crucial to angiogenesis and
neoplastic invasion (23). Moreover, our recent publication in-
dicates that the serine 24 phosphorylation of DOC-2/DAB2
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inhibits protein kinase C-mediated gene activation (7). Taken
together, we believe that DOC-2/DAB2 represents a unique
negative regulator. Upon exogenous stimulus, it demonstrates
multiple actions on signaling cascade.

The underlying mechanism regarding the increased affinity
of DOC-2/DAB2 to Grb2 by growth factors is still unknown.
Our data (Figs. 1 and 2) indicate that this is a rapid event and
that the steady-state levels of DOC-2/DAB2 do not change.
Therefore, post-translational modification, such as phosphoryl-
ation, is likely. Unlike with DAB1 (16), we did not detect any
tyrosine phosphorylation in DOC-2/DAB2 (data not shown). Xie
et al. (24) report that colony-stimulating factor-1 induces serine
phosphorylation in DOC-2/DAB2, but they did not determine
the key amino acid(s) responsible for this event. We demon-
strated that the phorbol ester also induces serine phosphoryl-
ation in the N terminus but not in the C terminus of DOC-2/
DAB2 (7). Therefore, post-translational modification of DOC-2/
DAB2 may play a role in this event because there are several
potential ERK phosphorylation sites in the C terminus of
DOC2/DAB2 (24). Alternatively, however, we cannot rule out
that the presence of other factor(s) may facilitate this interac-
tion upon stimulation with growth factors. Therefore, more
detailed study is warranted.
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