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Carcinoma-associated fibroblasts (CAFs) are associated with tumor progression and metastasis, and are
able to activate estrogen receptor (ER) in breast cancer. We established a stable transformant of a human
breast cancer cell line to detect CAF-specific ER-activating ability, and found that this CAF ability varied
among tumors. Some studies have reported a high frequency of alterations among tumor suppressor
genes in stromal cells, but do not generally agree as to the frequency. Moreover, the activation mecha-
nism of CAF-induced estrogen signals, including the effects of these gene aberrations, is not fully under-
stood. We investigated the relevance of tumor suppressor gene aberrations and ER-activating ability in
CAFs derived from 20 breast cancer patients. Although CAF-specific ER-activating abilities varied among
individual cases, all CAFs maintained wild-type alleles for TP53 and PTEN. Also, copy number aberrations
in these genes were not observed in any CAFs. Our results suggest that the ER-activating ability of the
CAFs is regulated independently of aberrations in these genes; and that other mechanisms of tumor—

stromal interaction may affect activation of estrogen signals in breast cancer.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Carcinoma-associated fibroblasts (CAFs) in proximity to epithe-
lial tumor cells have been associated with tumor-promoting roles
in various human carcinomas. In the human prostate cancer model,
CAFs have been grown with initiated nontumorigenic epithelial
cells, stimulated tumor growth and altered histology of epithelial
cells [1]. Significant evidence also shows that CAFs regulate tumor
angiogenesis in neuroblastoma and prostate cancer [2,3]. Secreted
factors, cytokines and cell surface proteins of CAFs are also associ-
ated with metastasis in colon and other tumors [4-6]. However,
the activation mechanism of CAFs during tumor development is
not yet fully understood.

In breast cancer, CAFs are similarly associated with tumor
growth, metastasis and poor clinical outcome, and enhance tumor
angiogenesis in comingled breast cancer cells {7,8]. Over two
thirds of breast cancers express estrogen receptors (ERs), which
can be mediated by two distinct types of signaling, often referred
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to as the genomic pathway, and the non-genomic or non-
genotropic pathways. Therefore ERa expression is predictive of
response to endocrine therapy to reduce estrogen stimulation
for proliferation. While selective ER modulators (SERMs), includ-
ing tamoxifen, have been used as first-line hormonal therapy
for postmenopausal patients for many years, aromatase inhibitors
(Als) including letrozole, anastrozole and exemestane have shown
benefit by minimizing risk of early relapse in advanced disease;
Als are potent inhibitors of aromatase activity that locally con-
verts androgens into estrogens in a variety of tissues including
muscle, connective tissue, skin and liver [9,10]. The CAFs in the
vicinity of breast cancer tissues are known to express aromatase
[11,12], and are target of Als, which have now largely replaced
tamoxifen as first-line therapy in the postmenopausal breast
cancer [13,14].

High mutation frequencies for TP53 and/or PTEN were de-
scribed in CAFs of breast cancer tissue [15,16]. In addition, loss
of heterozygosity (LOH) in TP53, PTEN and other loci was reported
in CAFs [15-17]; such mutations and CAF-specific LOH were asso-
ciated with lymph node metastasis in sporadic breast cancer [16].
For an in vivo model of prostate cancer, Hill et al. found that the
selective mutation of p53 in reactive stroma accelerates spontane-
ous tumor progression [18]. Although these results suggest that
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stromal mutations affect tumor growth and progression, further
research has revealed that such mutations are rare events in
stromal fibroblasts; this question is still controversial [19-21].

Previously, we reported establishing a stable transformant of a
human breast cancer cell line to detect CAF-specific ER-activating
ability in the co-culture by transfection with the estrogen-
responsive element-GFP. This system is a useful tool for analyz-
ing local ER-related signals and tumor-stromal interactions [22]
(Fig. 1). We reported that the ability of CAFs to activate ERs
and sensitivity to Als varied among tumors, and that the analysis
of CAF characteristics in an individual breast cancer is essential
to prediction of hormone therapy efficacy [22]. However, the
mechanism underlying regulation of ER-activating ability in CAFs,
including the effects of genomic instability, remains unknown. In
this study, we focused on aberrations of the tumor suppressor
genes TP53 and PTEN in CAFs of breast cancer, and clarified their
relevance to clinicopathological features and ER-activating ability
in CAFs.

2. Materials and methods
2.1. Cells and culture conditions

The human breast cancer cell line ERE-GFP-E10, a MCF7 clone
stably transfected with the d2E-green fluorescent protein (GFP)
vector carrying the ptk-estrogen-responsive element (ERE) insert,
was isolated and described previously [22]. ERE-GFP-E10 was
maintained in RPMI-1640 medium (Sigma-Aldrich Co., St. Louis,
MO) supplemented with 10% fetal bovine serum (FBS).

Human breast cancer tissues were obtained by surgery at the
Saitama Cancer Center Hospital (Saitama, Japan) after informed
consent was obtained from the patients. The Saitama Cancer Cen-
ter Ethics Committee approved this study. We have previously
described the isolation procedure of intratumoral stromal cells
and the characterization of CAFs obtained from individual breast
cancer patients [22]. Isolated primary CAFs were maintained in
modified minimum essential medium (MEM)-Alpha (Invitrogen,
Carlsbad, CA) with 10% FBS. The ER-activating ability of CAFs
was detected with GFP signals of ERE-GFP-E10 co-cultured with
CAFs after pre-culture in phenol red-free RPMI 1640 with
dextran-coated and charcoal-treated 10% FCS (DCC-FCS); ability
to activate ER had been previously evaluated by the individual
value of the ratio of GFP-positive cells for CAFs from 20 breast
cancers [22].

Tumor-stromal cells cocuiture system

Stromal ceil Tumor cell

= /®

Fig. 1. Many breast cancer stromal fibroblasts can activate estrogen receptors (ER)
and accelerate breast cancer proliferation and progression via the ER. Our
established system detects ER-activating ability of CAFs by GFP signals of this
human breast cancer cell line, and is useful for analysis of the local estrogen
signaling pathway. ER: estrogen receptor; ERE: estrogen-responsive element.

2.2. Nucleic acid preparation

For genomic DNA isolation, a QIAamp DNA Mini Kit (Qiagen KK,
Tokyo, Japan) was used for CAFs from breast cancers and periphe-
ral blood leukocytes from healthy volunteer, according to the man-
ufacturer’s instructions. DNA concentration and purity were
determined by Nanodrop® ND-1000 Spectrophotometer (Labora-
tory & Medical Supplies, Tokyo, Japan), and then stored at —20 °C
until analysis.

2.3. PCR amplification

The three fragments of TP53 (corresponding to exon 4, exons 5—
6 and exons 7-8) were amplified from genomic DNA extracted
from CAFs for each case by polymerase chain reaction (PCR). The
amplification conditions for exons 5-8 of TP53 have been described
in our previous report {23], with minor modifications. The primers
for exon 4 were synthesized according to the IARC protocols of
TP53 direct sequencing (http://www-p53.iarc.fr/p53sequenc-
ing.html). Primer sequences of all sets are described in Additional
file 1. The primers used for exons 1-9 of PTEN have been reported
previously [24-26] (Additional file 1). PCR amplification was car-
ried out in a total volume of 20 pl, consisting of 50 ng of DNA,
1x PrimeSTAR Buffer (Takara Bio Inc., Shiga, Japan), 200 pM dNTPs,
200 nM of each PCR primer, and 0.5 U of PrimeSTAR® HS DNA Poly-
merase (Takara Bio Inc.). PCR amplification was performed for 30—
35 cycles of denaturation at 98 °C for 10 s, annealing at 55-63 °C
for 55, and extension at 72 °C for 30s. Annealing temperatures
for each primer were shown in Additional file 1. Real-time RT-
PCR was performed using a LightCycler® Carousel-Based System
(Roche Diagnostics GmbH Mannheim, Germany) to analyze rela-
tive amounts of CYP19A1 (Aromatae) mRNA; the averaged value
of 12 samples in this standard curve method was used as cut-off
value. The CYP19A1 expression status of CAFs, including all 67 in
our previous report [22], will be described elsewhere.

2.4. DNA sequence

Mutation analysis of TP53 and PTEN was performed by direct
sequencing. The purified PCR products were directly sequenced
with upstream or downstream primers (Additional file 1) using
Big Dye® Terminators v1.1 Cycle Sequencing Kit and ABI PRISM®
310 Genetic Analyzer (Life Technologies Corporation, Rockville,
MD). The obtained nucleotide sequences were compared with
the reference sequence of TP53 and PTEN (GenBank accession num-
ber X54156 and AF067844, respectively).

2.5. Copy number analysis

TagMan® Copy Number Assays (Life Technologies Corporation)
were used to analyze loss of heterozygosity (LOH) of TP53 and PTEN
genes. PCR was performed using an Applied Biosystems 7300 Real-
time PCR system (Life Technologies Corporation), and TagMan®
Copy Number Assays for TP53 (Hs05516623_cn) and PTEN
(Hs05177393_cn) were purchased from Life Technologies Corpora-
tion. PCR was performed with TagMan® Genotyping Master Mix
(Life Technologies Corporation) according to the manufacturer’s
instructions. PCR amplification was carried out in a total volume
of 10 pl; the reaction mixture comprised 10 ng of DNA, 1x Taq-
Man® Copy Number Assay and 1x TagMan® Copy Number Refer-
ence Assay RNase P. PCR amplification was performed using
following conditions: 50 °C for 2 min, 95 °C for 10 min; and then
45 cycles of 95 °C for 15s and 60 °C for 1 min. All PCR was per-
formed in duplicate for each sample. Data analysis was carried
out using the software CopyCaller v1.0 (Life Technologies
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Table 1
Estrogen receptor (ER)-activating ability of CAFs and clinicopathological features of
breast cancer patients (n = 20).

ER-activating ability

<10% >10%
(n=7) (n=13)
ER, n Positive 3 10
Negative 4 3
PgR, n Positive 1 4
Negative 6 9
Histology, n Papillotubular Ca. 0 2
Solid-tubular Ca. 4 5
Scirrhous Ca. 1 5
Special types 1 1
Invasive micropapillary 1 0
Ca.
Tumor size, n T1 4 9
T2 2 4
T3 1 0
Lymph node NO 3 4
metastasis, n
N1 4 7
N2 0 1
Unknown 0
Menopausal status, n Premenopausal 2 7
Postmenopausal 5 6
Aromatase mRNA. n High expression 3 2
Low expression 3 4
Unknown 1 7

ER and PgR status was determined using the Allred scoring system or enzyme
immunoassay (EIA).

Tumor Allred scores >3, or EIA >15fmol/mg were considered to be positive
specimens in this study.

Corporation). Peripheral blood leukocyte DNA from a healthy vol-
unteer was used to calibrate each experiment.

3. Results
3.1. Patient population and ER-activating ability of CAFs

The ER-activating ability of CAFs and clinicopathological fea-
tures of the patients included in the study are listed in Tables 1
and 2. ER-activating ability of CAFs was evaluated by co-culture
system with ERE-GFP-E10 cells in the presence of testosterone,
an aromatase substrate. The ratio of GFP* cells was evaluated.
Among the 20 breast cancer patients, 7 (35%) showed low ER-
activating ability of CAFs (GFP* E10 cells <10%) and 13 (65%) were
high ER-activating ability of CAFs (GFP* E10 cells >10%). Levels
similar to estrogen-induced ER-activation were detected in 3 out
of 13 high ER-activating patients.

3.2. TP53 and PTEN sequence analysis of CAFs

Many CAFs activate ER in tumor cells by genomic or non-geno-
mic pathways through the estrogen or growth factors, which are
produced by the CAF itself. Because CAFs are reportedly associated
with high frequency of genetic aberration, CAF-specific ER-activat-
ing ability may be affected by genomic instability. To clarify
whether the aberrant tumor suppressor genes in CAFs affect the
ER-activation, we performed the mutation analysis of TP53 and
PTEN gene. The CAF-derived DNA was analyzed for TP53 mutations
in exons 4-8 that corresponded to the sequence-specific DNA-
binding domain, and for PTEN mutations in exons 1 and 3-9. As
in the previous report {25}, we could not detect exon 2 of PTEN,
despite using two different primer sets. As shown in Table 2,

Table 2

Mutation analysis of TP53 and PTEN in CAFs.
CAF No GFP positive rate (%) TP53 PTEN
1 46 wt wt
2 27.3 wt wt
3 275 wt wt
4 28 wt wt
5 93 wt wt
6 1.0 wt wt
7 40.5 wt wt
8 38.8 wt wt
9 31.0 wt wt
10 382 wt wt
11 5.0 wt wt
12 28.5 wt wt
13 8.3 wt wt
14 131 wt wt
15 285 wt wt
16 14.5 wt wt
17 23.7 wt wt
18 125 wt wt
19 93 wt wt
20 16.2 wt wt

wt, wild-type.

mutations were not found among the regions of these genes in
all 20 CAF samples. We also examined the genotypes of ten SNP
sites to evaluate LOH using this sequence analysis. Seven out of
10 SNP sites (rs55950612, rs56196266, rs1642786, rs1642787,
rs1642788, rs1794288, rs35979531) showed homozygous geno-
types in all 20 CAF cells (data not shown), and 3 SNP sites showed
a heterozygous genotype in at least one sample (Table 3). These
results have shown that LOH had not occurred at least in 12 CAF
samples for TP53 and in 1 sample for PTEN.

3.3. Copy number analysis of TP53 and PTEN

The copy number of the TP53 and PTEN gene was evaluated by
quantitative real-time PCR-based Copy Number Assays for deter-
mining LOH. Copy number of TP53 ranged from 1.73 to 2.39 copies;
copy number aberrations were not observed in any CAFs (Fig. 2A).
Although the calculated copy number of PTEN had extended more
widely than that of TP53, LOH at these loci was not detected in any
CAFs (Fig. 2B; range: 1.62-3.41). Four cases out of the 20 CAFs
examined were predicted to show three copies of PTEN, with copy
numbers of 2.84, 2.85, 3.05 and 3.41 (Fig. 2B). In these cases, no
clear correlation was found between the ER-activating ability and
PTEN gene copy number in CAFs. These results were true of both
premenopausal and postmenopausal patients (Fig. 2). In addition,
correlation between gene copy number and ER protein expression
in tumor specimens were not found (data not shown).

4. Discussion

In the present study, we investigated genomic alterations of
TP53 and PTEN genes in breast cancer CAFs, and for the first time,
examined their correlation with ER-activating ability of CAFs and
clinicopathological features of tumors. Although various ER-
activating abilities were detected in individual CAFs, all CAFs
tested in this study maintained wild-type alleles for the genes. In
addition, in contrast to previous reports {15,16,27], none of these
breast-cancer CAFs showed any evidence of LOH in these genes.
This genomically stable phenotype in all 20 CAFs agrees with
two previous reports that aberration of these genes in CAFs is a
rare event {19,21]. Therefore, our results suggest that the ER-
activating ability of the CAFs is regulated independently of
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Table 3
The genotypes of three SNP sites in CAFs.
CAF No. TP53 PTEN
rs.1042522 15.12951053 1s.1799734

1 GCG TTC TTATC
2 GCG/GGG TTC TTATC
3 GCG/GGG TTC/TGC TTATC
4 GCG/GGG TTC/TGC TTATC
5 GCG/GGG TTC/TGC TTATC
6 GCG/GGG TTC TTATC/ -
7 GCG TTC -/-

8 GCG TTC TTATC
9 GCG/GGG TTC TTATC
10 GCG/GGG TTC/TGC TTATC
11 GGG TGC TTATC
12 GCG/GGG TTC/TGC TTATC
13 GCG TTC TTATC
14 GCG/GGG TTC/TGC TTATC
15 GCG TTC TTATC
16 GCG/GGG TTC/TGC TTATC
17 GCG TTC TTATC
18 GCG TTC TTATC
18 GCG/GGG TTC/TGC TTATC
20 GCG/GGG TTC/TGC TTATC

rs, reference SNP clusters number in NCBI's dbSNP database.
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Fig. 2. Copy number analysis and GFP-inducing ability of CAFs. (A and B)
Quantitative real-time PCR-based copy number assays for determining loss of
heterozygosity (LOH) in CAFs show normal copy number variations of TP53 (A) and
PTEN (B). Open and closed circles indicated the menopausal status of premeno-
pausal and postmenopausal patients, respectively.

aberrations in these tumor suppressor genes, and that the
mutation or LOH of the genes is rare event.

High frequency mutations and LOH of stromal cells in the pre-
vious reports by Kurose et al. and by Patocs et al. have been
investigated using DNA derived from microdissected formalin-
fixed paraffin-embedded (FFPE) tissues [15,16]. Although obtaining

LOH and mutation data from FFPE-derived DNA is a well-
established method, low concentrations or low-yield template
DNA for PCR might lead to false conclusions {28]. Consequently,
the existence of frequent genetic alterations in CAFs is still
controversial [19-21]. In this study, we investigated DNA from
short-term cultured mammary fibroblasts, which were isolated
from carcinoma-associated regions of tumor masses obtained from
breast cancer patients. This isolation method can establish adipose
stromal fibroblast cells from tumor masses [29], and avoids
contamination by tumor cells and other effects.

In the present experiments, we showed that copy numbers
were below the cut-off value at 4 copies, which indicates amplifi-
cation, although the slight increase in copy number of PTEN gene
was detected in four out of 20 CAFs. No relation was also found be-
tween the CAF-specific ER-activating ability and the gene copy
number amplification. Somatic mutation and/or deletion of the
PTEN tumor suppressor gene have been shown to play a crucial role
in proliferation and cell survival [30,31}]. While the copy number
gain of PTEN gene in breast cancer does not significantly affect pro-
tein levels [32]. Therefore, it can be speculated that the PTEN in our
CAFs is not the main regulating factor in activation of ER in tumor
cells. However, two previous studies have reported genome-wide
copy number analysis of breast CAF samples, and reported 2 CAFs
to show genomic alterations in several loci of chromosomes
[19,21]. Therefore, the effects of CAFs with low copy amplification
of several genes remain to be elucidated.

As for the analysis of CAF-specific ER-activating ability, the
detection system of the GFP-based ERE element had been estab-
lished by our previous report (Fig. 1). We demonstrated that CAFs
of postmenopausal patients did not always have high ER-activating
ability. Furthermore, it was shown that GFP induction levels did
not always correlate with expression of the aromatase gene in CAFs
[22]. These results suggest that the ERE-GFP system is not only
activated by the estrogen-dependent pathway, but also by
estrogen-independent pathways, such as phosphorylation by
growth factor-inducing signals. Nevertheless, our results demon-
strated that TP53 or PTEN mutation was not the main regulator
in either pathway. In this study, we concluded that CAF-specific
ER-activating ability is regulated independently from genetic
aberrations; however, methylation patterns of several gene regions
in tumor stroma have been shown to be distinctly different from
normal breast tissue in one report [33]. Furthermore, other epige-
netic modifiers of stromal fibroblasts, such as a microRNA that crit-
ically affects tumor suppressor function, have also been reported
[34,35]. The functional contribution of ER-activation by CAFs in
this microenvironment is still unclear; further studies are needed.
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BRCAZ2 localizes to centrosomes between G1 and prophase and is removed from the centrosomes during
mitosis, but the underlying mechanism is not clear. Here we show that BRCA2 is cleaved into two frag-
ments by membrane type-1 matrix metalloproteinase (MT1-MMP), and that knockdown of MT1-MMP
prevents the removal of BRCA2 from centrosomes during metaphase. Mass spectrometry mapping
revealed that the MT1-MMP cleavage site of human BRCA2 is between Asn-2135 and Leu-2136
(*132LSNN/LNVEGG?'!), and the point mutation L2136D abrogated MT1-MMP cleavage. Our data
demonstrate that MT1-MMP proteolysis of BRCA2 regulates the abundance of BRCA2 on centrosomes.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Germline mutations of BRCA2 (breast cancer type 2 susceptibil-
ity gene) that truncate the encoded protein result in increased pre-
disposition to cancers of the breast, ovaries [1], and pancreas [2].
Although the role of BRCA2 inactivation in sporadic carcinogenesis
remains unclear, several studies have provided evidence that loss
of BRCA2 facilitates cancer cell proliferation [3]. BRCA2 is a large
protein consisting of 3418 amino acids, including a nuclear locali-
zation signal (NLS), centrosomal localization signal (CLS), and nu-
clear export sequence (NES), and plays multiple roles in repair of
DNA double-stand breaks (DSBs), centrosome replication {4}, and
cytokinesis [5]. In human cell lines, the level of BRCA2 is regulated
throughout the cell cycle: expression is low in GO and G1 phase,
but increases as the cell enters S phase [6].

Tight control of cell-cycle progression is ensured by multiple
mechanisms, including ubiquitination of G1 cyclin and CDK inhib-
itors. For example, Skp2 targets numerous substrates such as p27
[7] and BRCA2 for degradation [8]. Previous studies have shown
that BRCA2 is localized to the centrosomes during interphase and
prophase, but not after prophase [4]. The mechanism by which
BRCA2 is removed from the centrosomes during mitosis is not
yet clear; to date, ubiquitinated BRCA2 has not been detected at
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centrosomes. Changes in protein levels over the course of the cell
cycle are regulated by ubiquitin-independent proteolysis as well
as by the ubiquitin-proteasome system. Several proteolytic
activities have been localized to centrosomes, including MT1-
MMP, initially described for its role in proteolytic cleavage of the
membrane-tethered MMP subfamily [9]. Although best known
for its pericellular activities, endocytosed MT1-MMP has also been
shown to traffic to the centrosome {10}, where it cleaves centro-
somal pericentrin. Furthermore, MT1-MMP has been reported to
exhibit the preference of cleavage sites [11]. The MEROPS database
(http://merops.sanger.ac.uk/) includes a collection of known cleav-
age sites in protease substrates [12,13].

Here, we provide compelling evidence that BRCA2 is cleaved by
MT1-MMP. MT1-MMP-depleted cells exhibited elevated levels of
wild-type BRCA2 and reduced levels of BRCA2 cleavage. Further-
more, BRCA2 exhibited centrosomal localization during metaphase
in MT1-MMP-depleted cells. Finally, expression of wild-type
BRCA2 was inversely correlated with the level of BRCA2 cleavage
over the course of the cell cycle. Taken together, these results dem-
onstrate that the abundance of BRCA2 protein on centrosomes is
controlled by MT1-MMP.

2. Materials and methods
2.1. Plasmid and antibodies

FLAG-tagged BRCA2 protein was generated by fusing sequence
encoding the FLAG epitope to the 3’ end of the BRCA2 gene, thereby
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creating gene encoding the BRCA2 protein with a carboxy-terminal
FLAG tag. GST-tagged BRCA2 (amino acids [a.a.] 1968-2135) pro-
tein was generated by fusing sequence encoding GST to the 5
end of the BRCA2 gene, thereby creating a gene encoding the
BRCA2 protein with an N-terminal GST tag. HA-tagged BRCA2
(a.a. 1596-2280) protein was generated by fusing sequence encod-
ing the HA epitope 5’ to BRCA2 gene, thereby creating gene encod-
ing the BRCA2 protein with an N-terminal HA tag. The following
commercially available antibodies were used in this study: anti-
BRCA2 rabbit polyclonal antibody (pAb) (Ab123491, Abcam, Cam-
bridge, UK); anti-BRCA2 mouse monoclonal antibody (mAb) (Ab-1,
Calbiochem); anti-BRCA2 rabbit pAb (H-300 and H-299, Santa Cruz
Biotechnology, Dallas, TX, USA); anti-HA rat mAb (3F10, Cell Sig-
naling Technology, Danvers, MA, USA); anti-FLAG mAb (F3165, Sig-
ma-Aldrich, St. Louis, MO, USA); anti-BRCA2 rabbit pAb (5.23,
Merck Millipore, Billerica, MA, USA); anti-MT1-MMP [LEM-2/
63.1] catalytic domain mouse mAb (ab78738, Abcam); anti-p-actin
mAb (AC-74, Sigma-Aldrich); anti-PCNA mAb (5A10, MBL, Nagoya,
Japan).

2.2. Peptide synthesis and antibody preparation

Peptides were synthesized by the solid-phase method on an Ap-
plied Biosystems Model 430A peptide synthesizer, and purified by
reverse-phase high performance liquid chromatography on a C18
column. The following antibodies were generated in rabbits, using
synthetic peptides as haptens conjugated to keyhole limpet hemo-
cyanin (KLH), and purified from antisera by affinity chromatography
using immobilized antigen peptides: brca2n, which recognizes the
N-terminal cleavage fragment of BRCA2, raised against residues
2126~2135 (CSKEFKLSNN); and brca2c, which recognizes the
C-terminal cleavage fragment of BRCA2, raised against residues
2136-2149 (LNVEGGSSENNHSI). Antibody titer in antiserum was
monitored by dot-blot assay. When the antibody titer increased suf-
ficiently, rabbits were bled from the ear artery (30-50 ml).

2.3. Cell culture and transfection

HelLa S3 cells were purchased from the RIKEN GenBank (Ibaraki,
Japan) and cultured in Dulbecco’s Modified Eagle Medium (DMEM;
Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% fetal
bovine serum (FBS). Other cell lines, U20S cells, and MCF7 cells
were obtained from ATCC (Manassas, VA, USA). HA-BRCA2 and
BRCA2-FLAG were expressed into HeLa S3 cells. HeLa S3 cells were
synchronized in S phase by a double-thymidine block (DTB): cells
were incubated in 2.5 mM thymidine for 18 h, washed with PBS,
released for 9h, and then blocked for another 15h in 2.5 mM
thymidine.

2.4. Immunoblotting and immunoprecipitation (IP) analysis

Anti-normal rabbit IgG or anti-BRCA2 antibody was added to
the Hela S3 cells extract and incubated for 30 min at 4 °C with
shaking. Protein G-Sepharose (20 ul of 50% suspension) was added,
and the mixture was further incubated for 1 h at 4 °C with shaking.
Immunoprecipitates were washed five times with cell lysis buffer
containing protease inhibitors. After washing, samples were sub-
jected to SDS-PAGE and transferred electrophoretically onto
0.45-pm PVDF membranes (Merck Millipore). The membranes
were stained with primary antibodies for 2 h at RT, followed by
incubation for 1h at RT with secondary antibodies coupled to
horseradish peroxidase (ECL anti-mouse or -rabbit IgG; Amer-
sham/GE Healthcare, Buckinghamshire, UK). The blots were devel-
oped using the SuperSignal enhanced chemiluminescence reagent
(Pierce, Rockford, IL, USA) and exposed to Kodak X-OMAT film.

2.5. Mass-spectrometry analysis

The samples immunoprecipitated for full-length BRCA2 were
subjected to SDS-PAGE, and the gels were stained with SYPRO
Ruby Protein Gel Stain (Molecular Probes/Life Technologies, Carls-
bad, CA, USA). The stained gel bands around 250 kDa were cut out
and treated with dithiothreitol (DTT, Nacalai Tesque, Kyoto, Japan)
dissolved in ammonium hydrogen carbonate (Nacalai Tesque), fol-
lowed by treatment with iodoacetamide (Wako, Osaka, Japan).
After the gels were dried, 20 pl of 0.05 pmol/pl trypsin (AB SCIEX,
Framingham, MA, USA) solution was applied to each gel piece and
incubated for 14 h at 37 °C to digest proteins. Digested peptides
were extracted by washing the gel pieces twice with 50% trifluoro-
acetic acid (TFA, Wako), followed by washing with 80% TFA. The
purified peptide samples were injected onto a reversed-phase
C18 column (HiQ sil C18W-3P, 3 um, 120 A, KYA TECH Corp.) and
separated by nanoflow liquid chromatography (300 nL/min) on a
nano LC Dina-A system (KYA TECH Corp.) in line with a Q-TRAP
5500 instrument (AB SCIEX). A synthesized peptide that is recog-
nized by MT-MMP1 (LSNNLNVEGG) and a mutant derivative
(LSNNDNVEGG) were subjected to similar analysis following
digestion.

2.6. Immunofluorescence (IF) analysis

HelLa S3 cells were fixed for 10 min on ice in 3.7% formaldehyde
in PBS, and then sequentially permeabilized by incubation in 50%,
75%, and 95% ethanol solutions on ice for 5 min each. Slides were
blocked with PBS containing blocking solution for 30 min at RT,
incubated with primary antibody for 1 h at RT, and then washed
three times with PBS. Next, cells were incubated with Alexa Fluor
488- or Alexa Fluor 594~ conjugated secondary antibody (Molecu-
lar Probes; Life Technologies) for 1h at RT, washed three times
with PBS, and preserved in Vectashield (Vector Inc., Burlingame,
CA, USA).

2.7. FACS analysis

HeLa cells were arrested at S phase by DTB. At various times,
cells were washed with PBS, and then fixed in 70% ethanol solu-
tion. Fixed cells were washed twice with PBS, and then treated
with RNase A at 37 °C for 30 min. Finally, cells were stained with
propidium iodide and incubated in the dark for 30 min. Samples
were analyzed by flow cytometry using fluorescence activated cell
sorting (FACS, BD Bioscience, San Jose, CA). A total of 10,000 cells
were counted for each sample. Gating of cell populations and
quantitation were performed using the ModFit LT™ program pro-
vided by the Verity Software House.

2.8. MT1-MMP activity assay

MT1-MMP activity buffer was 50 mM Tris-HCl (pH 7.4),
150 mM Nadl, 1 mM CaCl;, and 5 uM ZnCl,. Recombinant MT1-
MMP catalytic domain and Brij 35 (final concentration: 0.01%)
were added to the activity buffer. Anti-HA or anti-FLAG immuno-
precipitates from HeLa S3 cells expressing HA-BRCA2 or BRCA2-
FLAG were incubated with 100 ng active MT1-MMP for 3 h at
37 °C, followed by immunoblotting with anti-HA or FLAG antibod-
ies. Recombinant MT1-MMP catalytic domain (475935) and a
hydroxamate inhibitor (GM6001, N-[(2R)-2-(hydroxamidocarbon~
ylmethyl)-4-methylpentanoyl]-i-tryptophan methylamide) were
purchased from CALBIOCHEM (USA). GM6001 was dissolved at a
concentration of 25 mM in DMSO.
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2.9. Knockdown of BRCA2 and MT1-MMP

Expression of BRCA2 was knocked down using two different siR-
NAs, BRCA2-1 (5'-GAAACGGACUUGCUAUUUA-3') and BRCA2-2 (5'-
GAAGAAUGCAGGUUUAAUA-3"). Likewise, MT1-MMP was knocked
down using two different siRNAs, MT1-MMP-1 (5-GGAUGGAC
ACGGAGAAUUU-3") and MT1-MMP-2 (5-GGUCUCAAAUGGCAAC
AUA-3"). Cells at about 40% confluence were transfected with siRNAs
using Lipofectamine RNAIMAX reagent (Invitrogen; Life Technolo-
gies) in Opti-MEM I (Invitrogen; Life Technologies) and cultured in
5% CO, at 37 °Cfor 72 h.

3. Results
3.1. Detection of cleaved BRCA2 in cancer cells

The positions of the binding sites of BRCA2 antibodies are sum-
marized in Fig. 1A. Using the antibodies Ab123491, Ab-1, and 5.23,
full-length BRCA2 (384 kDa) was detected in several cell lines
(Fig. 1B; lanes 1-6). Simultaneously, an approximately 250-kDa
protein was also detected in cell lines other than MCF-7 using
the Ab123491 and Ab-1 antibodies (Fig. 1B; lanes 1-5). By contrast,
no 250-kDa protein was detected using the 5.23 antibody (Fig. 1B;
lane 6). In order to confirm whether the 250-kDa protein was de-
rived from BRCA2, we made use of specific BRCA2 siRNAs and
the Ab123491 antibody. Fig. 1C shows that siRNAs against BRCA2
specifically reduced the level of full-length BRCA2 (384 kDa) and
also significantly reduced the level of the 250-kDa protein, as
revealed by immunoblotting for BRCA2. To further confirm the
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(450-500 a.a.) (1651-1821 a.a.)
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Fig. 1. A BRCA2 fragment of approximately 250 kDa was found in cancer cells and

identity of the 250-kDa protein, anti-BRCA2 immunoprecipitate
was subjected to SDS-PAGE followed by SYPRO RUBY staining,
and the 250-kDa region of the gel was cut out and subjected by
nano-LC-MS/MS. The mass-spectrometry analysis detected both
BRCA2 and MT1-MMP (Fig. 1D). These results suggest the presence
of a cleaved fragment of BRCA2 in several cancer cell lines.

3.2. MT1-MMP cleaves BRCA2

Searching the MEROPS peptidase database revealed the pres-
ence of four MT1-MMP cleavage sites (LSG402-L403, SHN1333-
L1334, SDN1619-L1620 and SNN2135-L2136) in BRCA2 (Fig. 2A).
Calculation of the molecular weights of fragments resulting from
the predicted cleavage pattern identified two candidates for the
250-kDa protein described in the previous section (Fragment 1:
239-kDa and Fragment 2: 235-kDa). In order to narrow down the
location of the MT1-MMP target cleavage site within BRCA2, we
constructed a plasmid for expression of an HA-tagged fragment
of BRCA2, HA-BRCA2 (a.a. 1596-2280), which includes the cleav-
age site, SNN?135-12136 HA-BRCA2 purified on an HA-affinity col-
umn was cleaved into two fragments by active MT1-MMP, and
one of the fragments was detected at 62 kDa (Fragment 3) using
anti-HA antibody (Fig. 2A and B). When GM6001, an MMP inhibi-
tor, was added to the cleavage reaction, the 62-kDa cleavage
fragment was not observed (Fig. 2C). Furthermore, we observed a
time-dependent increase in the level of Fragment 3, and a corre-
sponding decrease in level of the original HA-BRCA2, following
addition of active MT1-MMP (Fig. 2D). Next, we investigated
whether full-length BRCA2 is cleaved by MT1-MMP. Full-length
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confirmed by mass spectrometry. (A) Schematic of epitope regions for three anti-BRCA2

antibodies. (B) Cell lysates from the indicated cell lines (U20S, MDA-MB-231, HeLa S3, and MCF-7) were subjected to SDS-PAGE and blotted onto membranes. The blots were
probed with antibodies (Ab123491, Ab-1, and 5.23) against BRCA2. Full-length BRCA2 (1) and a BRCA2 fragment of approximately 250 kDa (2) were detected by anti-BRCA2
antibody. (C) HeLa S3 cells were transiently transfected with BRCA2 siRNA (1 or 2), control siRNA, or nontransfected. At 72 h, cells were harvested and subjected to
immunoblotting using anti-BRCA2 and anti-p-actin. B-actin was used as a gel loading control. (1) and (2) show full-length BRCA2 and the BRCA2 fragment of approximately
250 kDa, respectively. (D) Anti-BRCA2 and anti-IgG immunoprecipitates were subjected to SDS-PAGE, and the gel was stained with SYPRO RUBY. Gel bands corresponding to

approximately 250 kDa were cut out and analyzed by nano-LC MS/MS. Mass spectra
right panel).

for a BRCA2 peptide (a.a. 1435-1445; left panel) and an MT1-MMP peptide (a.a. 346-362;
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Fig. 2. BRCA2 is cleaved by MT1-MMP in vitro. (A) Candidate cleavage sites within BRCA2, and the positions of the BRCA2 antibody binding sites. Based on the positions of
putative cleavage sites, we predicted two potential fragments with sizes near 250 kDa (Fragment 1: a.a. 1-2135; Fragment 2: a.a. 1334-3418). We constructed a plasmid
vector for expression of the HA-BRCA2 fragment (a.a. 1596-2280 a.a.), and the molecular weight of the predicted MT1-MMP cleavage fragment is shown (Fragment 3: 62-kDa,
a.a. 1596-2135). (B) HA-BRCA2 fragment (a.a. 1596-2280) was expressed in HeLa S3 cells and purified using an HA-affinity column. After digestion of purified HA-BRCA2
fragment with active MT1-MMP (100 ng), the reaction products were analyzed by immunoblotting with anti-HA antibody. (C) An MT1-MMP inhibitor, GM6001 (8.7 ng), was
added to a reaction mix containing purified HA-BRCA2 fragment and MT1-MMP (100 ng). (D) After incubation of HA-BRCA2 fragment with active MT1-MMP, the digestion
products were harvested at several points (0, 20, 60, and 180 min) and analyzed by immunoblotting with anti-HA antibody. The intensities of 62-kDa cleavage polypeptides
(white circles) and HA-BRCA2 fragment (black circles) are indicated under the immunoblot image. (E) BRCA2-FLAG was transfected into HeLa S3 cells and collected by
immunoprecipitation with anti-FLAG antibody. Precipitates were either not treated (group 1) or treated MT1-MMP1; from the treated samples, supernatant (group 2) and
precipitate (group 3) were collected separately. All groups were subjected to SDS-PAGE and immunoblot with anti-FLAG antibody. Group 1 contains full-length FLAG-tagged
BRCA2 (384 kDa); group 2 contains N-cBRCA2 without a FLAG tag (no band detected); and group 3 contains C-cBRCA2 with a FLAG tag (145 kDa).

BRCA2 with a C-terminal FLAG tag was cleaved by MT1-MMP, and 1-2135) and C-cBRCA2 (a.a. 2136-3418), respectively. To investi-
the FLAG-tagged cleavage fragment was detected at 145 kDa gate in detail the subcellular localization of N-cBRCA2 and C-
(Fig. 2E, lane 3) in immunoblotting analysis. The other cleavage cBRCA2 during the cell cycle, HeLa S3 cells were immunostained
fragment, which is predicted to be a 239 kDa fragment lacking a with anti-BRCA2, brca2n, and brca2c antibodies (Fig. 3A). During

FLAG tag, was not detected (Fig. 2E, lane 2). interphase, full-length BRCA2 was localized to dots in the nucleus

To determine the MT1-MMP cleavage site within BRCA2 and to and widely distributed in the cytoplasm. In metaphase, BRCA2
confirm the predictions based on the database search, we synthe- was uniformly distributed outside the region containing the chro-
sized a 10-mer peptide (LSNNLNVEGG) derived from the putative mosomes. By contrast, N-cBRCA2 localized in the cytoplasm in
cleavage site of BRCA2, and subjected it to cleavage by recombi- interphase and metaphase, whereas C-cBRCA2 localized in the

nant polypeptide corresponding to the catalytic domain of human nucleus during interphase but was not detectable in metaphase
MT1-MMP (abcam; ab38970). We determined the mass of the (Fig. 3A).

cleavage product (LNVEGG: 588.2 m/z) and the experimental MS/ Next, we examined the relationship between the levels of full-
MS spectra by mass spectrometry (Supplemental Fig. S1). A mutant length and cleaved BRCA2. Fig. 3B shows a typical experiment in
peptide containing a single amino-acid substitution, LSNN2!3>- which cell-cycle progression was analyzed by flow cytometry up

D?135NVEGG (L2136D), was resistant to proteolysis by MT1-MMP  to 24 h after release from double-thymidine block (DTB). Cells
(data not shown). These data further confirm that BRCA2, which were harvested at various times after release, and extracted pro-
bears the predicted cleavage site (LSNN2135]L2136NVEGG), is teins were analyzed on immunoblots using anti-BRCA2, brca2c,

cleaved by MT1-MMP. anti-MT1-MMP, and anti-Bactin antibodies (Fig. 3C). The expres-
sion pattern of full-length BRCA2 was tightly regulated: its levels

3.3. Quantitative changes in C-cBRCA2 during the cell cycle peaked in early S-phase, but decreased significantly by late S phase
~ (Fig. 3D, left). By contrast, C-cBRCA2 was present throughout the

Next, we generated antibodies, brca2n and brca2c, that specif- cell cycle, with peak levels in late S phase. The level of MT1-

ically recognize the cleavage fragments of BRCA2, N-cBRCA2 (a.a. MMP remained relatively constant throughout the cell cycle
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Fig. 3. Quantitative changes in the levels of full-length BRCA2 and C-cBRCA2 over the cell cycle. (A) HeLa S3 cells were fixed and stained for full-length BRCA2 with anti-
BRCA2 (H299), for N-cBRCA2 with brca2n, or for C-cBRCA2 with brca2c, followed by staining with Alexa Fluor 594- conjugated anti-rabbit IgG (red). Nuclei are stained with
Hoechst (blue). Bar, 5 um. (B) FACS analysis illustrating the cell-cycle progression of synchronized HeLa S3 cells following release from double-thymidine block. Normal
progression through the cell cycle (0 h for early S phase, 4 h for S phase, 8 h for late S to G2 phase, 12 h for G2/M to GO/G1 phase, 16 h for G1 phase, 20 h for late G1 to early S
phase, and 24 h for S phase). (C) Total cell lysates were prepared after releasing cells from a double-thymidine-block. Equal quantities of protein from each lysate were
subjected to SDS-PAGE followed by immunoblot analysis with anti-BRCA2, brca2c, anti-MT1-MMP, and anti-p-actin antibodies. (D) The column graph at left shows
quantitations of full-length BRCA2 (black) and C-cBRCA2 (white) over the course of the cell cycle. The column graph at right shows quantitations of C-cBRCA2 (white) and

MT1-MMP (red) over the course of the cell cycle.

(Fig. 3D, right). These results suggest that the levels of cleaved
BRCA2 are inversely correlated to those of the full-length protein.

3.4. MT1-MMP cleaves BRCA2 in M phase

The localization of BRCA2 at centrosomes is stringently regu-
lated throughout the cell cycle (Fig. 4A); however the mechanism
by which BRCA2 gradually disappears from centrosomes during
prophase remains unknown. We observed a marked increase in
the level of cleaved BRCA2 during the transition between late S
and early M phases (Fig. 3C and D). We hypothesized that the dis-
appearance of BRCA2 from centrosomes could be attributed to
cleavage by MT1-MMP. To test this idea, we immunostained cells
treated with siRNA against MT1-MMP, or a control siRNA, with
anti-BRCA2 and y-tubulin antibodies, and observed by immunoflu-
orescence microscopy the localization of BRCA2 at centrosomes in
metaphase. Immunoblot analysis revealed upregulation of BRCA2
expression in MT1-MMP siRNA-treated cells relative to control siR-
NA-treated cells (Fig. 4B). Furthermore, as shown in Fig. 4C and D,
the BRCA2 signal was stronger at centrosomes in MT1-MMP siR-
NA-treated cells than in control siRNA-treated cells. Fluorescence
intensity profiles along lines drawn between centrosomes revealed
the degree of centrosomal staining patterns. These results suggest
that the disappearance of BRCA2 from centrosomes during mitosis
can be attributed to proteolysis by MT1-MMP,

4. Discussion

The results of this study provide important information
regarding BRCA2 proteolysis by MT1-MMP. We demonstrated that
a peptide containing the putative cleavage site of BRCA2 (LSNN2!35-
L21*NVEGG) was cleaved by MT1-MMP (Supplemental Fig. S1),
whereas a peptide containing the L2135D substitution was resistant
to MT1-MMP. This cleavage site is compatible with the known cleav-
age preferences of MT1-MMP, and is supported by our biochemical
experiments. Furthermore, as shown in Fig. 1B, no 250-kDa frag-
ment of cleaved BRCA2 was detected in MCF-7 cells, which do not
express MT1-MMP (Fig. 1B).

MT1-MMP, MMP2, and MMP-9 are associated with tumor
invasion and metastasis in ovary [14] and breast carcinomas
{15]. Substrates of these MMPs can be divided into four groups
according to the selectivity of recognition [16], as follows: (I) sub-
strates recognized by all three MMPs; (II) substrates recognized
equally by MT1-MMP and MMP-2; (IllI) substrates recognized
equally by MT1-MMP and MMP-9; and (IV) substrates recognized
selectively by MT1-MMP. In this study, we could not determine
whether the cleavage site sequence of BRCA2 belongs to any of
these groups, because it does not exactly match reported se-
quences. However, in contrast to the other two MMPs, MT1-MMP
is localized to the centrosome, as is the case with BRCA2
[17,10]. In addition, only MT1-MMP was identified in by mass





