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BRCA?2 is a tumor suppressor gene that when mutated
confers an increased susceptibility to developing breast
and prostate carcinoma. Besides its role in mediating
DNA repair, new evidence suggests that BRCA2 may
also play a role in suppressing cancer cell growth. Be-
cause altered interactions between neoplastic cells and
the surrounding extracellular matrix (ECM) play a piv-
otal role in unchecked cancer cell proliferation and met-
astatic progression, we hypothesized that the ECM may
have an effect in BRCA2 expression. By using normal
and prostate carcinoma cell lines, we demonstrated that
although normal cells transiently increase BRCA2 pro-
tein levels when adhering to the ECM protein collagen
type I (COL1), carcinoma cells exhibit a significant p
duction in BRCA2 protein. This aberrant effect i
pendent from de novo protein synthesis and res
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Germ line mutations in the BRCAZ2 @ in breast and
ovarian cancer susceptibility in women 2@ prostate carcinoma
in men (1-4). Inheritance of one defective allele confers cancer
predisposition, and neoplastic cells from predisposed individu-
als frequently exhibit loss of heterozygosity in the wild-type
allele (5, 6). The major identified function of the BRCAZ2 protein
is to form complexes with Rad51, which orchestrate homolo-
gous recombination repair of DNA double-strand breaks (7).
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Inactivation of the murine homologue Brca2 leads to embryonic
lethality (8—11), and Brca2-null murine embryonic fibroblasts
exhibit spontaneous accumulation of chromosomal abnormali-
ties (12, 13) and defective cytokinesis (14). In addition to its role
in mediating DNA repair and genome stability, new evidence
suggests that BRCA2 could opress tumor development by
inhibiting cancer cell ggp
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etastasis of prostate cancer to the bone has

ed to involve collagen type I (COL1) (20), the

ructural component of the bone (22). Collagens and

fiier ECM proteins interact with cells through integrins (23),

a family of heterodimeric transmembrane receptors composed

of an « and a B subunit (24). These interactions activate cyto-

plasmic kinases, such as members of the mitogen-activated

protein kinase/extracellular signal-regulated kinase-1 and -2

(25, 26) and the phosphatidylinositol (PI) 3-kinase/AKT (27,

28), which modulate the expression of genes exerting stringent
control on cell proliferation (23).

In this study, we have elucidated a novel mechanism
whereby adhesion of prostate carcinoma cells to the ECM pro-
tein COL1 results in BRCA2 protein degradation, which stim-
ulates cancer cell proliferation.

EXPERIMENTAL PROCEDURES

Cell Culture—PNT1A cells (a human prostate normal cell line estab-
lished by immortalization of normal adult prostate epithelial cells),

! The abbreviations used are: ECM, extracellular matrix; COL1, col-
lagen type I; PI 3-kinase, phosphatidylinositol 3-kinase; PBS, phos-
phate-buffered saline solution; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; PL, plastic; PLL, polylysine; Me,SO, dimethyl sulfox-
ide; BSA, bovine serum albumin; siRNA, small interference RNA; RT,
reverse transcription.

This paper is available on line at http://www.jbc.org
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Fic. 1. BRCA2 mRNA and protein ex- A

pression is comparable in normal and

cancer prostate cells. A, semi-quantita- P

tive RT-PCR of BRCA2 mRNA from PNT1A P

and PC-3 cells. RT-PCR of BRCA2 mRNA 603 —

from MCF-7 cells was included as positive 310

control. RT-PCR of GAPDH mRNA was 281/27] —

used as internal control. M, molecular size 234 7

marker. Results are representative of three 194 =

independent experiments. B, immunoblot- ug =~

ting analysis of BRCA2 protein. MCF-7, 2

PNT1A, and PC-3 cell protein extracts (100

ng) were electrophoresed on 6% SDS-poly- 03

acrylamide gel under reducing conditions ;

and immunostained using an antibody to 310

BRCA2. B-Tubulin signals were used as 281/ 5;‘: —

loading controls. Autoradiographs are repre- 104 =

sentative of five independent experiments. 118 ?
72

PC-3 cells (a human prostate carcinoma cell line derived from a bone
metastasis), and MCF-7 (a human breast adenocarcinoma cell line)
were obtained from the European Collection of Cell Cultures (ECACC,
Salisbury, UK). PNT1A and PC-3 cells were kept in culture as described
previously (29). MCF-7 cells were cultured in Dulbecco’s modified Ea-
gle’s medium (Invitrogen) supplemented with 10% inactivated fetal
bovine serum (BioSpa, Milan, Italy), 2 mM glutamine (Invitrogen), 100
units/ml penicillin (Invitrogen), and 100 pg/ml streptomycin (Invitro-
gen), at 37 °C in the presence of 5% CO.,.

RNA Extraction and RT-PCR—Cells were grown to 60—-70% conflu-
ence and washed twice with cold phosphate-buffered saline (PBS), and
total cellular RNA was isolated using the TRIzol reagent (Invitro
following the manufacturer’s instructions. The amount of
mRNA present in the cells was measured by semi-quantitgj#
transcription. Total RNA was reverse-transcribed, g
c¢cDNA was amplified by PCR using the Titan One
(Roche Applied Science), as described prevmu
(1 ng) was reverse-transcribed for 30
(Roche Applied Science), 5 units of
Italy), 1X RT-PCR buffer (Roc
primer (Invitrogen), 0.6 w
enzyme mix (avian m;
proofreading polymera
sis, a cycle of denaturat
denaturation at 94 °C for
tion at 72 °C for 60 s were
the BRCA2 ¢cDNA were use
dehyde-3-phosphate dehydrog
control, as described by Wu et
using a PCR system (PerkinElm
were analyzed on a 2% agarose ge

Immunoblotting Analysis and Im
and MCF-7 cells were grown either on
ng/ml; Sigma, Milan, Italy), COL1 (10
B, integrin antibody P4G11 (1 pg/ml;
mecula, CA) and then lysed in PBS (pH
P-40, 2 mm phenylmethylsulfonyl fluoride, 1 protinin, 10 pg/ml
leupeptin, 10 mM sodium fluoride, 1 mm sodi orthovanadate, 5 mMm
sodium pyrophosphate. In some experiments, cells were added with
either the protein synthesis inhibitor cycloheximide (12.5 um; Sigma) or
the lysosomal inhibitors leupeptin (100 uM; Sigma) or pepstatin (100
uM; Sigma) or NH,Cl (50 mM), or the calpain inhibitor ALLN (10 wM;
Calbiochem), or the proteasome inhibitor MG132 (10 uMm; Calbiochem),
or the vehicle alone (Me,SO). Where indicated, cells were pretreated
either for 1 h on ice with the blocking B; integrin antibody P4C10
(ascites 1:200; Chemicon) or the monoclonal antibody 1C10 to a vascu-
lar endothelial surface protein (ascites 1:200; Invitrogen) as a negative
control, or for 1 h at 37 °C with wortmannin (0.1 uMm; Sigma) or
LY294002 (10 um; Calbiochem), two different PI 3-kinase inhibitors, or
the solvent alone (Me,SO). The protein content of each lysate was
quantified using the Bio-Rad Dc protein assay reagent (Bio-Rad) ac-
cording to the manufacturer’s protocol. Protein extracts (100 ug) were
electrophoresed through 6 or 10% SDS-polyacrylamide gel under reduc-
ing conditions according to Laemmli (31) and transferred to polyvinyli-
dene difluoride membranes (Millipore, Bedford, MA) in 25 mM Tris and
192 mm glycine, pH 8.3, containing 20% methanol. Membranes were
blotted with either 1 ug/ml polyclonal rabbit anti-BRCA2 antibody
(H-300; Santa Cruz Biotechnology, Santa Cruz, CA), 10 pug/ml mono-

2 1% Nonidet
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Fic. 2. Cancer cells adhere more efficiently to COL1 than nor-
mal prostate cells. A, to analyze cell adhesion, 1.5 X 10° PNT1A or
PC-3 cells were allowed to attach to BSA (10 ug/ml), PLL (10 pug/ml), or
COL1 (10 pg/ml) at 37 °C for 1 h, washed, and stained with crystal
violet. Data are expressed as mean * S.E. of triplicate wells. A repre-
sentative experiment of three is shown. B, immunoblotting analysis of
B, integrin protein. Total cell lysates (100 pg) from PNT1A and PC-3
cells were processed for immunoblotting. Membranes were probed with
anti-B; integrin monoclonal antibody. B-Tubulin signals were used as
loading controls. C, to analyze the involvement of B, integrin in cell
adhesion, 1.5 X 10° PNT1A or PC-3 cells were incubated for 1 h on ice
in the presence of the B; integrin blocking antibody P4C10 (ascites
1:200) or 1C10 monoclonal antibody (ascites 1:200) as control and al-
lowed to adhere to BSA or COL1, in the presence of the antibodies, as
described in A. Data are expressed as mean = S.E. of triplicate wells. A
representative experiment of three is shown.

clonal antibody to B-tubulin (Sigma), 1 pg/ml monoclonal antibody to 3,
integrin (BD Transduction Laboratory), 1 ug/ml polyclonal rabbit anti-
phospho-AKT-Ser-473 antibody (Santa Cruz Biotechnology), 1 ug/ml
polyclonal rabbit anti-AKT 1/2 antibody (H-136; Santa Cruz Biotech-
nology), 1:400 dilution of anti-p110 antibody (H-239; Santa Cruz Bio-
technology), or 1:1000 dilution of anti-p85« rabbit antiserum (Sigma),
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COL1 decreases BRCA2 protein levels
in a B, integrin-dependent manner. A, COL1 coL1
PNT1A and PC-3 cells were allowed to at-

tach to PLL or COL1 at 37 °C for 0—6 h, s

washed, lysed, and processed for immuno- 'z 500 150 —o— PLL
blotting. Membranes were probed with anti- = 400 —e— COLI
BRCA2 antibody. B-Tubulin signals were =2

used as loading controls. The blots are rep- : ‘g 300

resentative of three independent experi- E 3

ments. At the bottom, a quantification of £s 2

BRCA2 protein levels is reported as percent- f:' =100

age of the protein levels at 0 h of cell adhe- -«

sion to PLL or COL1 (control), set at 100. g 0 r—T

Data are expressed as mean = S.E. of three =] 0 2 4 6 2 4

independent experiments. B, PNT1A and
PC-3 cells were incubated for 1 h on ice in
the presence or absence of P4AC10 (ascites
1:200) and then allowed to adhere to the B,
integrin activating antibody P4G11 or to
COL1 at 37°C for the indicated times, B
washed, lysed, and processed for immuno-
blotting. Membranes were probed with anti-
BRCAZ2 antibody. The blots are representa-
tive of three independent experiments.

for 16 h at 4 °C in Tris-buffe
pH 7.5, 150 mM NaCl, 0.1%
washed three times in TBS-T a
horseradish peroxidase-conjugate
either rabbit or mouse IgG (Amers
room temperature. After three wash¥
ized using the enhanced chemilumind
Biosciences) according to the manufact
ric values for immunoreactive bands we
Imaging densitometer (Bio-Rad).

To perform a coupled immunoprecipitat) noblotting assay,
the whole cell extract (0.25-0.5 mg of proteinYas first precleared and
then incubated overnight at 4 °C with 1 ug of polyclonal antibody to
BRCA2 (H-300). Immunocomplexes were recovered by binding to pro-
tein A-Sepharose (Sigma) and washed five times with PBS containing
1% Nonidet P-40, 2 mM phenylmethylsulfonyl fluoride, 10 mm sodium
fluoride, 1 mM sodium orthovanadate, 5 mM sodium pyrophosphate.
Immunocomplexes were analyzed by 6% SDS-PAGE under reducing
conditions followed by transfer to polyvinylidene difluoride membrane.
Filters were immunoblotted using a 1:500 dilution of monoclonal anti-
body to ubiquitin (Sigma) or 2 ug/ml monoclonal antibody to BRCA2
(clone 5.23; Chemicon) following the manufacturer’s instructions.

Cell Adhesion—Cell adhesion assays were carried out using 96-well
tissue culture plates. Plates were pre-coated with different concentra-
tions of COL1 (0.1-10 pg/ml) or P4G11 (0.5-1 pg/ml) for 16 h at 4 °C.
Coating with 10 ug/ml bovine serum albumin (BSA; Sigma) was per-
formed as a negative control. Coating with 10 ug/ml PLL was performed
as a positive control. Adventitious binding sites in the wells were
blocked with 1 mg/ml BSA in PBS for 1 h at 37 °C. Cells (150,000
cells/well) were plated on coated wells for 1 h at 37 °C, washed twice
with PBS to remove unattached cells, fixed with 3% paraformaldehyde
in PBS for 30 min at 4 °C, and stained with 0.5% crystal violet in PBS.

Time (h) Time (h)

fntified by measuring the absorbance at 630 nm in
g immunosorbent assay reader. Inhibition assays were
y incubating cells for 1 h on ice in the presence of either
e monoclonal antibody to human 3, integrin (ascites 1:200), or
U (ascites 1:200) as a negative control. Triplicate observations were
performed in each experiment.

Plasmid Expression Vectors—Expression vectors for wild-type PI
3-kinase p85 regulatory subunit (wt-p85), Ap85, a dominant negative
form of PI 3-kinase, and pl110*, a constitutively active form of PI
3-kinase, were generously provided by Dr. Robert Freeman (University
of Rochester, Rochester, NY). The expression vector containing the
wild-type BRCA2 ¢cDNA was a kind gift of Dr. M. C. Hung (University
of Texas M. D. Anderson Cancer Center, Houston). pCMV-3-gal vector
expressing 3-galactosidase was from Stratagene.

Transient Transfection—PNT1A and PC-3 cells were seeded into
6-well dishes at 4—5 X 10° cells/well. After 24 h, transient transfections
were performed using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The DNA sequence against which small
interfering RNA (siRNA) for BRCA2 was created is AACAACAAUUAC-
GAACCAAACUU (32). Duplexed RNA oligomer for BRCA2 was synthe-
sized by Qiagen (Milan, Italy). Double-stranded RNA was transfected
into the cells as 0.3 ug of siRNA/well. pCMV-B-gal (0.5 ug/well) was
transfected along with 4.5 ug/well of either one of the PI 3-kinase
variant cDNAs constructs or the empty vector (pcDNA3). Cells were
harvested 36-96 h after transfection and used in immunoblotting,
immunoprecipitation, and [*H]thymidine incorporation assays. Trans-
fected cells were also plated in 48-well plates and stained for B-galac-
tosidase expression to determine transfection efficiency. The B-galacto-
sidase staining was performed as described by Manes et al. (33).

[PH]Thymidine Incorporation—Thymidine incorporation assay was
used to measure the cell proliferative index. Cells were starved for 24 h,
detached, plated in a 96-well plate (10,000 cells/well), and grown for
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15 h either on PL-, PLL (10 ug/ml)-, COL1 (10 ug/ml)-, or P4G11 (1
ung/ml)-coated wells. Where indicated, cells were preincubated for 1 h on
ice with P4C10 (ascites 1:200) or 1C10 (ascites 1:200) as a negative
control, or added with MG132 (10 uMm), or preincubated for 1 h at 37 °C
with wortmannin (0.1 uM) or the solvent alone (Me,SO) before plating.
During the last 3 h of the 15-h culture, cells were pulsed with 1 pCi/ml
methyl-[*H]thymidine (Amersham Biosciences), washed three times
with PBS at 0 °C, and dissolved with 10% SDS. Radioactivity was
measured by using a scintillation counter (Beckman Instruments).

Statistical Analysis—Data are reported as the mean *+ S.E. Statis-
tical analysis was performed by the Student’s ¢ test. All experiments
were repeated at least twice.

RESULTS

In this study a normal human cell line (PNT1A), established
by immortalization of normal adult prostate epithelial cells,
non-tumorigenic in mice (34), and the prostate cancer epithelial
cell line PC-3, derived from a bone metastasis (35, 36), were
used as the experimental model. Both PNT1A and PC-3 cells
expressed comparable levels of BRCA2 mRNA and protein as
measured by RT-PCR (Fig. 1A) and Western blot assays (Fig.
1B), respectively. MCF-7, a breast cancer cell line that ex-
presses wild-type BRCA2 (37), was included as a positive con-
trol (Fig. 1, A and B).

Cancer Cells Adhere More Efficiently to COLI than Normal
Prostate Cells—We proceeded to investigate the adhesive prop-
erties of PNT1A and PC-3 cells to COL1. Adhesion to BSA and
PLL, an integrin-independent adhesive substrate, served as
negative and positive controls, respectively. Serial dilution;

played comparable adhesion to PLL (Fig.
differed significantly when interacting

cells expressed similar
bation with P4C10, a blo
PNT1A and PC-3 cell adhe
and 92 = 6% (p < 0.001), rd
adhesion after P4C10 treatmd

Adhesion of PC-3 Cells to
Levels in a B; Integrin-dependen)
cell adhesion to COL1 had any efta
PNT1A cells transiently increased M
tegrin-dependent (COL1) and -inde
substrates (Fig. 3A). Levels surged 4. old on PLL (p <
0.001) and 3.6 = 0.2-fold on COL1 (p <0.001) after 2 h and
returned to basal levels after 6 h. In PC-3 cells, adhesion to
PLL did not affect BRCA2 levels. However, adhesion to COL1
reduced BRCA2 levels by 75 + 4% (p < 0.0001) after 3 h and
completely depleted them after 4 h. BRCA2 protein levels did
not recover after 12—15 h of cell adhesion (data not shown). To
investigate whether this effect was directly linked to the in-
teraction between COL1 and B; integrin, we set up similar
experiments in which PNT1A and PC-3 cells were either prein-
cubated with the B; integrin blocking antibody P4C10 or
allowed to adhere to P4G11, a B, integrin-activating antibody
(Fig. 3B). Cell adhesion to P4G11 (1 ug/ml) was similar to cell
adhesion to COL1 (10 pg/ml) for both cell types (data not
shown). After PC-3 cell adhesion to P4G11, BRCA2 levels de-
creased by 42 += 5% at 2.5 h (p < 0.001) and became undetec-
table at 4 and 6 h. However, BRCA2 protein depletion was
partly prevented by pretreating the cells with P4C10 before
adhesion to COL1. Indeed, after 4 h, BRCA2 levels were 39 *=

adhesive

PNTIA PC-3
Time (h): 0 25 6 25 6 0 25 6 25 6
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& N
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O O M s > T (& & &
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- == | BRCAZ - ' a-ubiquitin
S —— 0 1T
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Fic. 4. BRCA2 protein undergoes ubiquitination and degrada-
tion in the proteasome in PC;? Is. A, PNT1A and PC-3 cells were
allowed to adhere to PLL gp 37 °C for 0, 2.5, or 6 h, washed,
and processed for BRCA quantitative RT-PCR. GAPDH
mRNA RT-PCR wgg atrol. Results are representa-
tive of two ingd PC-3 cells were allowed to
adhere to imes in the presence of the
ml), the lysosomal inhibi-
LN (10 um), the protea-
e alone (Me,SO). Cell
ptein by immunoblot-
andent experiments.
sresence of MG132
imes before being
ith an antibody
to ubiquitin.
riments.

#In PNT1A cells,
P4C10 did not change
cssion observed on COLI.
@biquitination and Degradation
Cells—Because variations at the
could provide an explanation for the

A2 protein levels, we evaluated the eventual
RNA levels upon PNT1A and PC-3 cell adhesion
or PLL (Fig. 4A). In PNT1A cells, BRCA2 mRNA
eased 1.4- and 1.5-fold 2.5 h after adhesion to PLL and
COL1, respectively, and remained elevated at 6 h. In PC-3
cells, although adhesion to PLL did not affect BRCA2 mRNA
levels, adhesion to COL1 transiently abated BRCA2 mRNA to
~10% after 2.5 h and then to later increase to ~65% of basal
levels after 6 h. However, the increase in mRNA 6 h after
adhesion (Fig. 4A) did not result in an increase in BRCA2
protein (Fig. 3A). These results suggested that post-transcrip-
tional mechanisms might be mainly responsible for BRCA2
protein depletion by COL1 in PC-3 cells.

We next proceeded to investigate whether de novo protein
synthesis and/or protein degradation contributed to the reduc-
tion of BRCA2 protein levels in PC-3 cells after adhesion to
COL1. Cycloheximide treatment of PC-3 cells did not prevent
BRCAZ2 loss within 12 h of adhesion to COL1, indicating that de
novo protein synthesis was not necessary for BRCA2 depletion
(Fig. 4B). The involvement of lysosomal-, calpain-, and ubiq-
uitin-proteasome-mediated proteolysis was investigated by
measuring BRCA2 protein levels after allowing PC-3 cells to
adhere to COL1 in the presence of the lysosomal inhibitor
leupeptin, the calpain inhibitor ALLN, or the proteasome in-
hibitor MG132 (Fig. 4B). MG132 prevented BRCA2 depletion
almost completely, with levels that were 89 + 7% after 12 h of
adhesion. Treatment of PC-3 cells with leupeptin failed to
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(ascites 1:200) as a negative control, be- £~

fore plating on COL1. Cell protein ex- Eg
tracts (100 ug) were electrophoresed on 2 g 100 1
10% SDS-polyacrylamide gel under re- [
ducing conditions, and membranes were 29
probed with anti-phospho-Ser-473 AKT ast 504
antibody (P-AKT) or anti-AKT 1/2 anti- =

body (AKT 1/2) as control, after stripping -«

of the membrane. The blots are represent- 0
ative of three independent experiments.
At the bottom of A, a quantification of
AKT phosphorylation is reported as per-
centage of phosphorylation at 0 h of cell
adhesion to PLL or COL1 (control), set at
100. Data are expressed as mean + S.E.

prevent BRCA2 depletid
lysosomal inhibitor pepsd

NH,CI yielded similar resu

minor effect in preventing BRY

4% after 12 h. Cell viability, as

was >98% in all the experiments
solvent Me,SO did not affect BR!

To investigate whether BRCA2
degradation through ubiquitination,
adhere to COL1 in the presence of MG golvent alone, and
cell extracts were immunoprecipitated”with an antibody to
BRCAZ2, followed by Western blotting with an antibody against
ubiquitin (Fig. 4C). Before adhesion (0 h), PC-3 cells showed
minimal BRCA2 ubiquitination. After 3 h of adhesion to COL1,
BRCAZ2 ubiquitination increased steadily at a pace that mir-
rored the reduction in BRCA2 protein levels seen in Fig. 3A.
Treatment with MG132 further increased the levels of ubiq-
uitinated BRCA2.

PI 3-Kinase Activation after PC-3 Cell Adhesion to COLI
Promotes BRCA2 Ubiquitination—Integrin engagement has
been shown to trigger the activation of the PI 3-kinase signal-
ing pathway (27, 28), which can modulate gene expression (23).
Thus, we asked whether PI 3-kinase/AKT mediated the down-
regulation of BRCA2 after PC-3 cell adhesion to COL1. The PI
3-kinase activity was measured by Western blotting with anti-
phospho-Ser-473 AKT antibody following adhesion of PNT1A
and PC-3 cells to COL1 or PLL (Fig. 5A). Both PNT1A and PC-3
cells showed basal AKT phosphorylation. Whereas PNT1A cells

easome
-3 cells to

COL1 COL1

—o— PLL
y —— (COL1

ease in PI 3-kinase activity 3 h after

# and no significant change after adhesion to

ells exhibited a 3.8-fold increase in AKT phospho-

at 2 h of adhesion to COL1. These high levels remained
anged throughout the 6 h of cell adhesion (Fig. 54) and
after 12 h of adhesion (data not shown). On the contrary, there
was no change in AKT phosphorylation after PC-3 cell adhesion
to PLL. The increase in AKT phosphorylation upon PC-3 cell
adhesion to COL1 was dependent on B, integrin, as P4C10
pretreatment resulted in ~80% inhibition as compared with
1C10-treated cells (Fig. 5B). To investigate whether activation
of the PI 3-kinase/AKT was involved in the down-regulation of
BRCA2 expression, we determined the effect of PI 3-kinase
inhibitors on BRCA2 protein levels. In PC-3 cells, inhibition of
the PI 3-kinase activity through wortmannin (Fig. 6A) or
LY294002 (data not shown) caused a 3.8-fold increase of
BRCA2 expression after 2.5 h of adhesion to COL1 but had no
significant effect in PNT1A cells. After 6 h, BRCA2 levels were
slightly higher (~23%) than those observed before cell attach-
ment (0 h). Treatment with wortmannin did not affect BRCA2
protein levels in PC-3 cells adherent to PLL. As expected,
wortmannin or LY294002 significantly inhibited AKT phospho-
rylation both in PNT1A and PC-3 cells (data not shown). These
results were further validated by transiently transfecting PC-3
cells with either a dominant negative (Ap85) or a constitutively
active (p110*) form of the PI 3-kinase before adhesion to COL1.
Transfection with Ap85 completely prevented BRCA2 protein
degradation, with 97 = 5% of starting levels at 12 h (Fig. 6B).
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A

Fic. 6. PI 3-kinase activation after
PC-3 cell adhesion to COL1 promotes
BRCA2 ubiquitination. A, PNT1A and
PC-3 cells were pre-treated for 1 h at
37 °C with 0.1 uM wortmannin (WM), a PI
3-kinase inhibitor, or the solvent alone
(Me,SO0O), and then allowed to adhere to

Time (h):
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PLL or COLI at 87 °C for 0, 2.5, or 6 h, ‘
washed, lysed, and processed for immuno-

blotting (IB). Membranes were probed
with anti-BRCA2 antibody. B and C, ‘

PNT1A and PC-3 cells were transiently

transfected with empty vector (pcDNA3),
dominant negative PI 3-kinase p85 sub-
unit (Ap85), or constitutively active PI
3-kinase p110 subunit (p110*). Thirty-six
hours after transfection, the cells were
allowed to adhere to COL1 at 37 °C for B
the indicated times in the presence or ab-
sence of the proteasome inhibitor MG132
(10 uMm) or the solvent alone (Me,SO) and
then lysed. Cell lysates were processed for

Time (h):
immunoblotting with an antibody to Gl g

IB: a-BRCA2

C

12 MG132: = hx

BRCA2 (B) or first immunoprecipitated
(IP) with an antibody to BRCA2 and then
immunoblotted with a monoclonal anti-

body to ubiquitin or to BRCA2 (C). The
blots are representative of two independ-

a-ubiquitin

a-BRCA2

ent experiments.

Transfections with p110* (Fig. 6B) or a wild-type form g
p85a subunit of the PI 3-kinase (data not shown) did g
BRCA2 depletion by COL1. Overall, these re
compelling evidence that 3, integrin signaliyp
nase/AKT mediated the depletion of BRZ
cell adhesion to COL1. Transfectje
ments was about 80-85% gs
staining, and overexpresgk
was confirmed by imp
antibody, respective

To investigate whet)
pathway after PC-3 cel
to the ubiquitin-proteasd
PC-3 cells were transiend
Ap85, or p110* and allowed
the proteasome inhibitor MG\
immunoprecipitated with an
lowed by immunoblotting analy
ubiquitin (Fig. 6C). Upon treatme fns-
fected cells showed BRCA2 ubiquit vith the
results reported in Fig. 4C. Transfect1 resulted in
86% decrease in ubiquitinated BRCA cas the constitu-
tively active p110* increased BRCA2 ubiquitination by 32%
when compared with mock-transfected cells. Ap85 transfec-
tants treated with MG132 showed lower BRCA2 ubiquitination
than untreated cells.

Down-regulation of BRCA2 Expression by COLI Increases
DNA Synthesis in Prostate Cancer Cells—To investigate
whether the ECM had any effect on prostate cell proliferation,
we measured [*H|thymidine incorporation into DNA in PNT1A
and PC-3 cells growing onto different substrates (Fig. 7A).
PNT1A cells exhibited similar DNA synthesis when growing
onto COL1 or PL, i.e. their own matrix, whereas adhesion to
PLL decreased DNA synthesis by 39 * 5% of the levels seen on
PL (p < 0.03). On the contrary, COL1 stimulated PC-3 cell
proliferation when compared with PL or PLL. We immediately
posed the question whether the differences in DNA synthesis
on COL1 were related to BRCA2 depletion in PC-3 cells. This
was first addressed by small RNA interference assays. We
transfected PC-3 cells with BRCA2 double-stranded RNA,

RCA2

L days. Forty-eight

n of BRCA2 was

his point, PC-3

ymidine in-

e levels of

pse results

versely corre-

s hypothesis was

#pe BRCA2 cDNA into

transfection the [*H]thy-

of cell adhesion to PL, PLL, or

absence of MG132 (Fig. 7C). Mock-

Fserved as a control. Thirty six hours after

A2 protein levels increased ~2.2-fold and

gnstant upon adhesion to PL (data not shown) or

decreased by 39 *= 8% after adhesion to COL1 (p <

(Fig. 7C, top panel). Treatment of BRCA2 overexpressing

cells with MG132 did not affect BRCA2 protein levels upon

adhesion to PLL (data not shown) but resulted in a 210 = 16%

increase upon adhesion to COL1 (p < 0.001) (Fig. 7C, top

panel). The expression of recombinant BRCA2 protein did not

affect [*’H]thymidine incorporation in PC-3 cells adherent to PL

or PLL but completely abrogated the increase in DNA synthe-

sis in response to adhesion to COL1 (Fig. 7C, bottom panel).

Consistently, treatment with MG132 did not affect DNA syn-

thesis in BRCA2-transfected cells adherent to PLL but de-

creased [*H]thymidine incorporation in control and BRCA2

transfectants adherent to COL1 by 46 and 57%, respectively
(p < 0.003).

Inhibition of PI 3-Kinase/AKT Abrogates COL1-B, Integrin
Stimulatory Effect on DNA Synthesis in PC-3 Cells—In order to
establish whether a link exists between B, integrin, PI 3-ki-
nase/AKT activation, and the increase in DNA synthesis after
PC-3 cell adhesion to COL1, we measured [*H|thymidine in-
corporation in PNT1A and PC-3 cells either preincubated with
P4C10 before adhesion to COL1 or allowed to adhere to P4G11
(Fig. 8A) and in cells allowed to adhere to COL1 for 12 h in the
presence or absence of wortmannin (Fig. 8B). Blocking of B,
integrin by P4C10 decreased by 27% the incorporation of
[3H]thymidine in PC-3 cells (p < 0.01). Conversely, PC-3 cell
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A

Fic. 7. Down-regulation of BRCA2 60 1
expression by COL1 increases DNA T
synthesis in prostate cancer cells. A, 5y
PNT1A and PC-3 cells were allowed to g;‘,"
adhere to PL, PLL, or COL1 for 15 h and =i 40
pulsed with 1 uCi/well methyl-[*H]thymi- g~
dine during the last 3 h of the 15-h cul- = E
ture. Thereafter, the “hot” medium was i =
washed out, the cells were lysed with & 5 207
SDS, and cell remnants were collected g
into scintillation tubes to measure incor- 2]

porated radioactivity. B, PC-3 cells either

1 lPC-3

transfected to express an interfering RNA 0
for BRCA2 or treated with the transfec-

tion reagent alone, 48 h after transfec-

tion, were allowed to adhere to COL1 for

15 h, and pulsed with methyl-[?H]thymi-

dine as described in A. At the bottom,

BRCA2 protein knock-down was deter- C

mined by immunoblotting 48 h after
transfection. B-Tubulin signals were used
as loading controls. C, PC-3 cells were
transfected to express the wild-type
BRCA2 c¢DNA or the empty vector
(pcDNA3), and 36 h after transfection,
BRCA2 protein expression was deter-
mined by immunoblotting before (Con-
trol) and after 12 h of adhesion to PLL or
to COL1 in the presence or absence of the
proteasome inhibitor MG132 (10 uMm).
B-Tubulin signals were used as loading
controls. At the bottom, PC-3 cells trans-
fected to express the wild-type BRCA2
c¢DNA (BRCA2 ¢cDNA) or the empty vector
(pcDNA3) 36 h after transfection were al-
lowed to adhere to COL1 for 15 h in pres-
ence of MG132 (10 uM) or the solv:
alone (Me,SO), and pulsed with
[*Hlthymidine as described in
expressed as mean * S,
wells. A representat;i
three is shown.

adhesion to a B; integrin
~40% [*H]thymidine incorpo
bition nor activation of B; int
response of PNT1A cells as co
Inhibition of PI 3-kinase with wo
midine incorporation in PC-3 cells
no effect in PNT1A cells. This was fu ed by trans-
fections with Ap85 dominant negative ase form, which
decreased DNA synthesis in PC-3 cells adherent to COL1 by
36% (p < 0.001; Fig. 8C). Transfection with wt-p85 or p110* did
not affect DNA synthesis.

DISCUSSION

We have uncovered evidence suggesting that ECM proteins
enriched at metastatic bone sites have a stimulatory effect on
prostate cancer cell proliferation. This proliferative effect is
linked to BRCA2 protein depletion via B; integrin-dependent
activation of the PI 3-kinase pathway, which promotes BRCA2
ubiquitination and degradation in the proteasome.

Prostate carcinoma has an exquisite tendency to metastasize
to the bone with as many as 90% of patients with advanced
disease suffering from osseous metastasis (38). The selective
nature of this process is suggestive of a unique microenviron-
ment that provides prostate cancer cells with the factors nec-
essary to sustain metastatic capabilities. The non-mineral os-
seous ECM consists mostly of COL1, a protein that serves as a

BRCA2 ¢DNA: - s
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B

=
&

[ PNT1A

>®
=
-

[3H]thymidine
incorporation x 103 (cpm)

£
=
-

0.l
BRCA2 siRNA: - +

FL PLL oLl BRCA2 siRNA: - +

w— we=  BRCA2

s s | Tubulin

COL1
Control PLL coL1  +M

e substrate through interaction with «,8;, asBq,
; integrins. Prior work has suggested that PC-3 cells,
1ich are derived from a human bone metastasis (35), adhere
to the collagenous component of the osseous matrix to a great
extent through the a,B; integrin (20). We observed that PC-3
cells exhibited an increased adhesion to COL1 compared with
the normal prostate cell line PNT1A. This property hinged on
the presence of B, integrin as it was entirely prevented by a 3,
integrin blocking antibody. It has been postulated that elevated
cell adhesion to COL1 may partly explain the osteotropism
displayed by metastatic prostate tumor cells (20, 39). Interest-
ingly, both normal and cancer cells displayed comparable
amounts of B, integrin protein. Thus, it is conceivable that the
different adhesive properties of PNT1A and PC-3 cells to COL1
could be because of the differential expression of specific «
integrin subunits between the two cell types (40).

In addition to providing osteotropic properties to prostate
cancer cells, we show for the first time that 8, integrin-medi-
ated adhesion to an ECM protein has a negative effect on
BRCAZ2 protein levels. Although in normal cells the adhesion to
PLL and COL1 elicits a transient increase in BRCAZ2 protein,
PC-3 cells exhibit a complete loss of BRCA2 after adhesion to
COL1 but not to PLL. A few hours after adhesion, there is a
sizable decrease in BRCA2 mRNA levels, which should contrib-
ute at least initially to lowering BRCA2 protein levels. How-
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Fic. 8. Inhibition of PI 3-kinase/ A
AKT abrogates COL1-B, integrin 150 A
stimulatory effect on DNA synthesis
in PC-3 cells. A, PNT1A and PC-3 cells
preincubated for 1 h on ice in the presence
or absence of the ; integrin blocking an-
tibody P4C10 (ascites 1:200) or 1C10
monoclonal antibody (ascites 1:200), as a
negative control, were allowed to adhere
to COL1 or P4G11 for 15 h, and pulsed
with 1 uCi/well methyl-[*H]thymidine
during the last 3 h of the 15-h culture.

100 A

[3H|thymidine
incorporation x 103 (cpm)
'
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[JPNTI1A
W PC-3

Thereafter, the hot medium was washed 0
out; the cells were lysed with SDS, and

cell remnants were collected into scintil-

lation tubes to measure incorporated ra-

dioactivity. B, PNT1A and PC-3 cells, pre-

treated for 1 h at 37°C with 0.1 um

wortmannin (WM), a PI 3-kinase inhibi- B

tor, were allowed to adhere to COL1 for

15 h and pulsed with methyl-[*H]thymi-

dine as described in A. C, PC-3 cells were 180
transiently transfected with empty vector
(pcDNA3), wild-type PI 3-kinase p85 sub-
unit (wt-p85), dominant negative PI 3-ki-
nase p85 subunit (Ap85), or constitutively
active PI 3-kinase p110 subunit (p110%).
Thirty six hours after transfection, the
cells were allowed to adhere to PLL or
COL1 at 37 °C for 15 h and pulsed with
methyl-[*H]thymidine as described in A.
Data are expressed as mean = S.E. of
triplicate wells. A representative experi-
ment of three is shown.

PNTIA

b
=

[3H]thymidine
incorporation x 103 (cpm)
=N

ever, although mRNA recovers after 4 J
levels, BRCA2 protein levels remaip

fair to assume that transcriptiop
minor role in the sustaing

adhesion to COL1. Tk
transcriptional dow
been shown that p5
moter causing reductio
response to DNA damag
is mutated in PC-3 cel
mRNA expression is likely t
mechanism. Furthermore, tha
els after cancer cell adhesio
exclusively by a COL1-B; integ

proteins may have an analogous & as
been reported for BRCAI, a tumo ction-
ally related to BRCA2 (42), after adht carcinoma

cells to laminin-1 and collagen type I us, it is conceiv-
able that BRCA1 and BRCAZ2 proteins a¥at the cross-roads of
abnormal cancer cell response to signaling from the extracel-
lular environment.

We proceeded to dissect the biological mechanisms involved
in BRCA2 disappearance in response to PC-3 cell adhesion to
COLL1. It had been reported previously that the BRCA2 protein
depletion that occurs after ultraviolet irradiation requires new
protein synthesis (44). However, adhesion experiments in the
presence of the translational inhibitor cycloheximide failed to
prevent BRCA2 degradation, implicating a more conventional
proteolytic process. Two major proteolytic systems exist in
mammalian cells, the lysosomal and the non-lysosomal sys-
tems (45); our experiments excluded any involvement of the
former in the COL1-mediated depletion of BRCA2 protein.
Among the latter, calpain- and ubiquitin-mediated proteolysis

2L. Moro, A. A. Arbini, E. Marra, and M. Greco, manuscript in
preparation.

1C10 P4C10

P4G11
COL1

PC-3 PC-3

D Vector
[ wt-pss
W apss

] p110*

QL1

e involved in

48). As in

fisal levels of

evels increased

g COL1 and increased

fition, thus providing cir-

#A2 depletion under these con-

abiquitin-proteasome degradation.

as been shown to play a role in down-

A2 expression in response to mitomycin C-

damage (49) but not in ultraviolet irradiation-

BRCA2 depletion (44), suggesting that the

anisms of regulation of BRCA2 expression are complex

and can vary in different physiopathological conditions. Cal-

pain-mediated proteolysis of BRCA2 protein was observed in

our conditions but to a much lesser extent than proteolysis
mediated by the ubiquitin-proteasome system.

Ligation of B; integrins can activate both the mitogen-acti-
vated protein kinase/extracellular signal-regulated kinase and
the PI 3-kinase/AKT signaling pathway (50, 51). In normal
cells, the transient increase in BRCA2 expression after attach-
ment to an adhesive substrate is accompanied by a transient
increase in extracellular signal-regulated kinase phosphoryla-
tion.? In contrast, PC-3 cell adhesion to COL1 triggers a con-
spicuous increase in AKT phosphorylation along with the de-
crease in BRCA2 levels. These two events were proven to be
linked to each other in experiments whereby chemical inhibi-
tion of AKT phosphorylation with wortmannin or .LY294002 or
by transfection of a dominant negative form of PI 3-kinase
prevented any ensuing BRCA2 protein degradation from hap-
pening. Transfection of a constitutively active form of PI 3-ki-
nase had the opposite effect and promoted BRCA2 ubiquitina-
tion and degradation upon PC-3 cell adhesion to COL1. These
experiments provide compelling evidence that the PI 3-kinase

3 L. Moro, A. A. Arbini, E. Marra, and M. Greco, unpublished data.
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pathway promotes ubiquitination of BRCA2 protein in cancer Tranchant, T., Weaver-Feldhaus, J., Wong, A. K. C., Shizuya, H., Eyfjord,
1 h . . h f lvsi J. E., Cannon-Albright, L., Labrie, F., Skolnick, M. H., Weber, B., Kamb, A.,
cells, thus targeting it to the proteasome for proteolysis. Recent and Goldgar, D. E. (1996) Nat. Genet. 12, 333-337

studies have shown that the PI 3-kinase/AKT pathway can 4. Simard, J., Dumont, M., Labuda, D., Sinnett, D., Meloche, C., El-Alfy, M.,

control the expression of proteins such as tuberin, FOXO, p53, gzl;lgc‘z’ {40 ;‘;;izgg Labrie, F., and Tavtigian, 8. V. (2003) Endocr. Relat.

the androgen receptor, and insulin receptor substrate-1 5. Collins, N., McManus, R., Wooster, R., Mangion, J., Seal, S., Lakhani, S. R.,

through ubiquitination (52-55). AKT has been shown to acti- Ormiston, W., Daly, P. A, Ford, D., Easton, D. F., and Stratton, M. R. (1995)
S . .. . . Oncogene 10, 1673-1675

vate the ublqultln hgase aCtIVIty of murine double minute-2 6. Gudmundsson, J., Johannesdottir, G., Bergthorsson, J. T., Arason, A., Ingvars-

that has been implicated in AKT-stimulated increase in p53 son, S., Egilsson, V., and Barkardottir, R. B. (1995) Cancer Res. 55,

and androgen receptor degradation (53, 54, 56). However, the 48304832

. A 7. Moynahan, M. E., Pierce, A. J., and Jasin, M. (2001) Mol. Cell 7, 263-272
mechanism whereby PI 3-kinase/AKT targets substrates such 8. Ludwig, T., Chapman, D. L., Papaioannou, V. E., and Efstratiadis, A. (1997)
as BRCA2 for ubiquitination remains to be investigated. o s Gelzes ADela 111’ 113226—12431 L Hakem. R. Blia. A Yoshida R. Mo. R

. . . Suzuki, A., de la Pompa, J. L., Hakem, R., Elia, A., Yoshida, R., Mo, R.,

In .normal prostate cellis we .dld not find any.conslstent co.r- Nishina, H., Chuang, T., Wakeham, A., Itie, A., Koo, W., Billia, P., Ho, A.,
relation between cell proliferation and the transient increase in Fukumoto, M., Hui, C. C., and Mak, T. W. (1997) Genes Dev. 11, 1242-1252
BRCA2 expression resulting from attachment to an adhesive 10- Sharan, 8. K., Morimatsu, M., Albrecht, U., Lim, D. 8., Regel, E., Dinh, C.,

. C. . . . Sands, A., Eichele, G., Hasty, P., and Bradley, A. (1997) Nature 386,
substrate. Adhesion to PLL diminishes the proliferative index, 804-810 Y v

which could be rather attributed to the absence of specific 11. Connor, F., Bertwistle, D., Mee, P. J., Ross, G. M., Swift, S., Grigorieva, E.,

. .. . Tybulewicz, V. L., and Ashworth, A. (1997) Nat. Genet. 17, 423—-430
mltOgenlc SIgnals derived from the ECM (57). On the contrary, 12. Patell[, K.J.,Yu, V. P, Lee, H., Corcoran, A., Thistlethwaite, F. b., Evans, M. d.,

in cancer cells we demonstrate that BRCA2 protein degrada- Colledge, W. H., Friedman, L. S., Ponder, B. A., and Venkitaraman, A. R.
tion after adhesion to the ECM results in a conspicuous in- (1998) Mol. Cell 1, 347-357 ) )

. A hesi ind £i d cell lif 13. Yu, V. P., Koehler, M., Steinlein, C., Schmid, M., Hanakahi, L. A., van Gool,
crease in DNA synthesis, an index of increased cell prolifera- A. J., West, S. C, and Vgp aman, A. R. (2000) Genes Dev. 14,

tion. This was corroborated by demonstrating that BRCA2 1400-1406
protein depletion after transfection with small interfering RNA 1% Dag;egf’é\gé‘]“ Wang, ¥
did enhance DNA synthesis on COL1, and this effect was 15. Wang, S.C., Shs
reversed by the expression of recombinant wild-type BRCA2 or p

by incubating the cells with a proteasome inhibitor. An in- {7
crease in cell proliferation after PC-3 cell adhesion to COL1
had been noted in a previous report that showed an increase ig

itaraman, A. R. (2004) Science 306,
ung, M. C., and Su, L. K. (2002)

Vat. Rev. Cancer 4, 814—819
150-156

s, F., Bye, J., Chin, S. F.,
en, T., Schulzer, M., Chia,
eo, E., Jordanova, E. S.,
. B., Doherty, A., Apa-
, C., and Kouzarides,
down-regulation of BRCA2 mRNA expression d P ' - Riol. 5, 816826

liferative expansion of a nodal marginal zogg N\ \ N , G. (1996) Clin.

cancer cell line once expressing wj
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3-kinase signaling
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970) Nature 227, 680—-685
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(Amst.) 2, 1007-1013
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Languino, L. R. (2003) J. Cell Biol. 161, 817-826
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only serves as a major adhesive subst prostate cancer  37. Su, L. K., Wang, S. C., Qi, Y., Luo, W., Hung, M. C., and Lin, S. H. (1998)
Oncogene 17, 2377-2381

cells but also provides a permissive substrate for enhanced g5 p i V" “Blii M. Mucci, N., Smith, D. C., Wojno, K., Korenchuk, S., and
cancer cell proliferation at metastatic osseous sites, a para- Pienta, K. J. (2000) Clin. Cancer Res. 6, 10381045
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