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Metastasis is a sequential process that allows cells to move
from the primary tumor and grow elsewhere. Because of their
ability to cleave a variety of extracellular signaling and adhesion
molecules, metalloproteases have been long considered key
components of the metastatic program. However, the function
of certainmetalloproteases, such as ADAMTS1, is not clear and
seems to depend on the cellular environment and/or the stage of
tumor progression. To characterize the function of ADAMTS1,
we performed two alternative proteomic approaches, difference
gel electrophoresis and stable isotope labeling by amino acids in
cell culture, to identify novel substrates of the metalloprotease.
Both techniques showed that overexpression of ADAMTS1
leads to the release of semaphorin 3C from the extracellular
matrix. Although semaphorins are well known regulators of
axon guidance, accumulating evidence shows that theymay also
participate in tumor progression. Here, we show that the cleav-
age of semaphorin 3C induced by ADAMTS1 promotes the
migration of breast cancer cells, indicating that the co-expres-
sion of these molecules in tumors may contribute to the meta-
static program.

Metastasis, the leading cause of death in cancer patients, is a
multistep process that allows selected cells to move from the
primary tumor and establish secondary tumors in different
organs. Metastatic cells are endowed with specific abilities in
order to escape from the initial tumor, survive in circulation,
arrest in a distant capillary, extravasate, and grow in a remote

site. Increased cellmigration is required to fulfill several steps of
the metastatic program (1).
The initial characterization of cell surface and extracellular

zinc endopeptidases showed that they can degrade components
of the extracellular matrix (2). This finding along with the fact
that, to invade neighboring tissue, migrating malignant cells
induce the degradation of the extracellular matrix, led to an
intuitive but simplistic hypothesis. Metalloproteases would
contribute to tumor progression through the degradation of
extracellular structural components. Following up on this view,
the therapeutic value of several nonspecific metalloprotease
inhibitors was assayed in clinical trials on cancer patients.
Unfortunately, these trials failed, showing that the degradation
of the extracellular matrix does not explain the role of zinc-de-
pendent metalloproteases in human tumors (3).
Extracellular metalloproteases are classified in large families

including the matrix metalloproteases, the ADAMs (proteins
containing a disintegrin and a metalloprotease domain), and
the ADAMTS (ADAMs with thrombospondin motifs) (4).
Contradicting the initial hypothesis, it has become recently
clear that individualmatrixmetalloproteases as well as ADAMs
and ADAMTSs fulfill far more sophisticated roles. They show
restricted specificity, and their function depends on the sub-
strates they cleave. Whereas some metalloproteases are pro-
tumorigenic, others act as tumor suppressors (5). For example,
ADAM17 contributes to tumor growth through its ability to
cleave and, thus, activate ligands for the epidermal growth fac-
tor receptor, a tyrosine kinase causally involved in the progres-
sion of many tumors (6). In contrast, by cleaving plasminogen
and generating angiostatin (7), matrix metalloprotease-12
exerts the opposite action. It inhibits tumor growth by halting
angiogenesis (8). The function of a third category of metallo-
proteases depends on the cellular environment and/or the stage
of tumor progression. This is best exemplified by ADAMTS1;
some experimental models clearly show that its expression
impairs angiogenesis, tumor growth, and metastasis through
different mechanisms (9–12). However, it is acutely up-regu-
lated in highly metastatic breast cancer cells (13) and seems to
favor local invasion and lymph node metastasis of pancreatic
cancer (14).
ADAMTS1 substrates described to date include the proteo-

glycans aggrecan (15), versican (16), nidogens-1 and -2 (17),

* This work was supported by grants from the Instituto de Salud Carlos III
(Intrasalud PI081154 and the network of cooperative cancer research
(RTICC-RD06/0020/0022)) (to J. A.) and CP06/00304 and P1071058 (to F. C.)
and the Breast Cancer Research Foundation and La Marató de TV3 (to J. A.)
and Grants CP06/00304 and PI071058 (to F. C.).

1 Postdoctoral fellow from the Juan de la Cierva program (Spanish Ministry of
Education). Present address: Laboratory for Membrane Trafficking (VIB11),
Center for Human Genetics KULeuven, Herestraat 49 bus 602, Leuven,
Belgium.

2 To whom correspondence may be addressed: Medical Oncology Research
Program, Vall d’Hebron Institute of Oncology, Psg. Vall d’Hebron 119-129,
08035 Barcelona, Spain. Tel.: 34-93-274-6026; Fax: 34-93-489-3884; E-mail:
fcanals@ir.vhebron.net.

3 To whom correspondence may be addressed: Medical Oncology Research
Program, Vall d’Hebron Institute of Oncology, Psg. Vall d’Hebron 119-129,
08035 Barcelona, Spain. Tel.: 34-93-274-6026; Fax: 34-93-489-3884; E-mail:
jarribas@vhio.net.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 4, pp. 2463–2473, January 22, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

JANUARY 22, 2010 • VOLUME 285 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2463



thrombospondin-1 (10), syndecan-4 (18), andTFPI2 (19). It has
been recently shown that ADAMTS1 induces a stromal reac-
tion in vivo through the recruitment of fibroblastic cells (20).
Clearly the identification of novel substrates may shed light on
the role of ADAMTS1 and, hence, on its contribution to tumor
spreading.
In search for novel substrates of ADAMTS1, we have ana-

lyzed the population of gene products that are secreted (i.e. the
secretome (21)) from cells overexpressing the metalloprotease.
This proteomic approach identified semaphorin 3C as a puta-
tive novel substrate of ADAMTS1. Semaphorins are a large
family of secreted and membrane-bound proteins. Although
initially semaphorinswere identified as regulators of axon guid-
ance during the development of the nervous system, it is now-
adays clear that they also contribute positively or negatively to
the regulation of different aspects of tumor progression and
metastasis, particularly cellmigration (22, 23). Semaphorins are
classified into eight classes on the basis of their structural ele-
ments. Class 3 semaphorins are the only secreted vertebrate
semaphorins and are distinguished by a conserved positively
charged domain at the carboxyl terminus that serves as an
anchor to negatively charged components of the extracellular
matrix (24). All class 3 semaphorins analyzed to date (i.e. sema-
phorins 3A, 3B, 3D, 3E, 3F, and 3G) inhibit cell migration and
seem to be endowedwith anti-tumor properties (23). For exam-
ple, semaphorin 3A inhibits themigration of breast cancer cells
(25) and blocks the tumor growth in vivo (26). In contrast to
other class 3 semaphorins, semaphorin 3C has been poorly
characterized.
The results presented here show that, in contrast to other

class 3 semaphorins, semaphorin 3C promotes cell migration
and that ADAMTS1 regulates its activity through its release
from the extracellular matrix. Thus, these results show that
both molecules, acting coordinately, increase cell migration
and in this way may favor tumor invasion and metastasis.

EXPERIMENTAL PROCEDURES

Cell Lines and Transfections—Cells were grown in Dulbec-
co’s modified Eagle’s medium (DMEM)4/F-12 (1:1) (Invitro-
gen) supplemented with 10% fetal calf serum and 2 mM L-glu-
tamine. Transient and stable transfections were performed
according to the manufacturer’s instructions using FuGENE 6
transfection reagent (RocheDiagnostics). ForADAMTS1 over-
expression, MCF7TetOff neo cells (Clontech) were trans-
formed with the pUHD10.3 hyg vector, containing ADAMTS1
cDNA. Amonoclonal cell line responding optimally to doxycy-
cline was selected by Western blot and grown in larger quanti-
ties for use in the proteomic screenings and subsequent West-
ern blot analysis for potential substrates.
Stable shRNA-mediated knockdown clones were obtained

using the MISSION� shADAMTS1 lentiviral plasmid vectors
(Sigma). Briefly, for lentivirus production, 293T cells were co-

transfected with lentivirus envelope elements (pVSV-G and
pRSV-Rev), lentivirus gag-pol elements (pMDL RRE, kindly
provided by Dr. Juan A. Recio), and the lentiviral plasmid
vectors MISSION� shADAMTS1 or MISSION� non-target
shRNA control vector. Transfection was performed with
FuGENE 6 (Roche Diagnostics) according to the manufactur-
er’s instructions. Lentiviral particles were collected at 24 and
48 h post-transfection. Viruses were used to infect EW-7 cells
(kindly provided byDr. ArjanW.Griffioen) in the presence of 8
�g/ml Polybrene. Different shADAMTS1 clones were selected
with 0.5 �g/ml puromycin.
Antibodies—Mouse anti-ADAMTS1 (5D4E11B5) has been

described elsewhere (12). Monoclonal anti-SEMA3C was from
R&D Systems (Minneapolis, MN). Anti-semaphorin 3A and
semaphorin 3Bwere fromAbcam (Cambridge, UK). Additional
chemicals were from Sigma.
DIGE—ADAMTS1 MCF7 cells from a single clone were

grown in 15-cm dishes in the presence or absence of doxycy-
cline and allowed to attach and reach 90% confluence. Then
DMEM/F-12� 10% fetal bovine serum (FBS)was replacedwith
serum-freemedium, againwith orwithout doxycycline, and the
mediumwas allowed to accumulate shed proteins for 48 h. The
media were collected and further processed as described in
Bech-Serra et al. (27).
SILAC Labeling and Sample Preparation—Cells were seeded

in SILAC DMEM medium (Invitrogen) supplemented with
dialyzed serum (amino acid-free) and the appropriate normal
or isotopically labeled amino acids (see also Ref. 28). Cell
culture conditions were first optimized for maximal isotopic
incorporation and for minimizing arginine to proline con-
version by the cell metabolism. We chose [12C,14N]lysine and
[12C,14N]arginine “light” (L) amino acids in combination with
ADAMTS1 overexpression (no doxycycline) and [13C6,14N]Lys
and [13C6,15N4]Arg “heavy” (H) amino acids for the normal
condition (doxycycline added). Cells were incubated with
heavy or light amino acids in the presence or absence of
doxycycline for a total of 7 days, corresponding to �6 cell
doublings. In the final 48-h serum was left out to reduce
serum protein background and to accumulate shed proteins.
In addition, to maximize protein yields, the cells were seeded
so they reached confluency on day 7. Cells were counted, and
the amount of medium was compared with this. Big differ-
ences (�5%) in cell counts between treated and untreated
situations, possibly due to toxic or proliferative effects of
ADAMTS1 overexpression, were not observed. After this,
the supernatant of control and overexpressing cells was
pooled, and further technical bias, therefore, had equal
effects on both heavy and light protein pools, leaving the H/L
ratio unaffected. Conditioned media were incubated over-
night at 4 °C with wheat germ agglutinin-agarose beads (1 �l
of stirred suspension/ml of conditionedmedium). Glycopro-
teins were eluted by rotating for 2 h at 4 °C with 4 ml of 0.5 M

n-acetylglucosamine in 10 mM HEPES (pH 7.5), 0.15 M NaCl
buffer. The glycoprotein solutions were then concentrated
40-fold by ultrafiltration (Amicon Ultra-4, 5-kDa cutoff;
Millipore, Carrigtwohill, Ireland). Urea was then added to
the concentrated protein solution to a final 8 M concentra-
tion, and pH was adjusted to 8.5. Proteins were reduced by

4 The abbreviations used are: DMEM, Dulbecco’s modified Eagle’s medium;
shRNA, short hairpin RNA; MS, mass spectroscopy; H, heavy; L, light; DIGE,
difference gel electrophoresis; SILAC, stable isotopes labeling by amino
acids in cell culture; FBS, fetal bovine serum; HUVEC, human umbilical vein
endothelial cell(s).
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the addition of 50 mM dithiothreitol and incubation for 30
min at room temperature and then carbamidomethylated
with 125 mM iodoacetamide for 1 h at room temperature.
The protein mixture was then purified by a modified ace-
tone-trichloroacetic acid precipitation (2D-CleanUp kit; GE
Healthcare). The resulting protein pellet was resuspended in
40 �l of SDS-PAGE loading buffer and subjected to one-dimen-
sional electrophoresis on a 10% polyacrylamide-SDS gel.
Liquid Chromatography-Mass Spectrometric Analysis—The

SDS-PAGE gel was cut into 20 horizontal slices, and individ-
ual slices were digested using modified porcine trypsin (Pro-
mega). Digests were analyzed on an Esquire HCT IT mass
spectrometer (Bruker, Bremen, Germany) coupled to a
nano-high performance liquid chromatography system
(Ultimate, LC Packings, The Netherlands). Peptide mixtures
were initially concentrated on a 300-�m id, 1-mm PepMap
nanotrapping column and subsequently loaded onto a 75-�m
inner diameter, 15-cm PepMap nanoseparation column (LC
Packings). An acetonitrile gradient (0–60%B in 150min,where
B is 80% acetonitrile, 0.1% formic acid in water; flow rate �300
nl/min) was used to elute the peptides through a PicoTip emit-
ter nanospray needle (NewObjective, Woburn, MA) onto the
nanospray ionization source of the IT mass spectrometer.
MS/MS fragmentation (1.9 s, 100–2800m/z) of two of themost
intense ions was carried out, as detected from a 1.2-sMS survey
scan (310–1500m/z) using a dynamic exclusion time of 1.2min
for precursor selection and excluding single-charged ions. An
automated optimization of MS/MS fragmentation amplitude
beginning at 0.60 V was used.
Protein Identification and Data Analysis—Data processing

for protein identification and quantification was performed
using WARP-LC 1.1 (Bruker), a software platform integrat-
ing liquid chromatography-MS run data processing, protein
identification through a data base search of MS/MS spectra
and protein quantification based on the integration of the
chromatographic peaks ofMS-extracted ion chromatograms
for each precursor. Proteins were identified using Mascot
(Matrix Science, London, UK) to search the International
Protein Index Human 3.26 data base (67,665 sequences,
2,846,2007 residues) (29). MS/MS spectra were searched
with a precursor mass tolerance of 1.5 Da, fragment toler-
ance of 0.5 Da, trypsin specificity with a maximum of 1
missed cleavage, cysteine carbamidomethylation set as fixed
modification and methionine oxidation, and the corre-
sponding Lys and Arg SILAC labels as variable modifica-
tions. Positive identification criterion was set as an individ-
ual Mascot score for each peptide MS/MS spectrum higher
than the corresponding homology threshold score. For pro-
tein quantification, H/L ratios were calculated averaging the
measured H/L ratios for the observed peptides after discard-
ing outliers. For selected proteins, quantification data
obtained from the automated WARP-LC analysis was man-
ually reviewed.
Generation of Semaphorin Constructs—Wild-type S3C

cDNA was a gift from Dr. A Tufro (Albert Einstein College of
Medicine, New York); based on this we generated our S3C con-
structs. Deletion constructs were generated using standard
techniques. Semaphorin S3A and S3B constructs were a gift

from Dr. G. Neufeld (Rappaport Faculty of Medicine, Haifa,
Israel) and Dr. S. Naylor (University of Texas).
Western Blot Analysis—Cells were plated in 60-mmdishes in

DMEM/F-12 � 10% FBS. After 24 h cells were incubated with
serum-free DMEM (identical to SILAC conditions) and treated
in the presence or absence of doxycycline for 48 h.After that the
cells were lysed for 30min in ice-cold 1%TritonX-100 and kept
on ice in further steps to avoid unwanted proteolytic activity.
Total protein in the lysates was quantified, and equal amounts
of protein from cell lysates were concentrated with wheat germ
agglutinin-agarose beads (Vector Laboratories, Burlingame,
CA) rotating for 2 h at 4 °C. Proteins were eluted directly
in SDS-polyacrylamide gel electrophoresis sample buffer
(Laemmli buffer). Protein loading of conditioned medium samples
for Western blot analysis was adjusted according to the total
protein in cell lysates and checked by Ponceau red staining of
the blotted nitrocellulose membrane (Bio-Rad). Finally, when
analyzing the matrix, cells were detached non-enzymatically
using 10 mM EDTA in phosphate-buffered saline, and after
washing with phosphate-buffered saline the remaining extra-
cellularmatrixwas scraped from the plates in sample buffer and
loaded onto an SDS-PAGE gel. Detection was performed using
the corresponding horseradish peroxidase-conjugated second-
ary antibody and the SuperSignal chemiluminescence kit from
Pierce.
Treatment with Protease Inhibitors—Cells were treated with

5 mM BB94 (a specific metalloprotease inhibitor, British Bio-
tech), for the indicated times, and the processing of S3C was
analyzed as described above.
HumanUmbilical Vein Endothelial Cell (HUVEC) Repulsion

Assay—Chemorepulsion of different semaphorin fragments
was analyzed by co-culturing semaphorin expressing
HEK293 cells on a HUVEC cell monolayer (gift from Dr. J.
Seoane, Vall d’Hebron Institut de Recerca). HEK293 cells
were plated and transfected with different semaphorin frag-
ments using FuGENE, and after 12 h they were trypsinized
and plated on a HUVEC cell layer (2000 cells/plate). HUVEC
cells were used between passages 2 and 8. Endothelial cell
medium (ECM-2, Cambrex Bio Science Walkersville, MD)
was used to culture HUVEC with the addition of hydrocor-
tisone, human fibroblast growth factor-B, R3-insulin-like
growth factor-1, ascorbic acid, FBS (2%), human epidermal
growth factor, and GA-1000. Heparin was left out because it
causes the release of S3C and ADAMTS1 from the matrix.
Some forms of vascular endothelial growth factor are known
to compete with semaphorins for their receptors and were,
therefore, also omitted from the culture media. The omis-
sion of these factors had no observable effect on HUVEC
cells during the time of the assay (data not shown). Cell
repulsion was assessed after 48 h of co-culture.
Transwell Assays—Chemotaxis toward different sema-

phorin fragments was analyzed using a 8.0 �M polycarbonate
membrane Transwell permeable support (Corning). In the
lower compartment, HEK293 cells were plated and trans-
fected using FuGENE with different constructs. In the upper
compartment, the membrane was pretreated with DMEM/
F-12 � 10% FBS, and subsequently MDA231 or MCF7 cells
were plated on the membrane (20,000 cells/well). After 4 h of
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attachment, these membranes were placed in the wells with
mock-transfected or semaphorin-producing HEK293 cells
to start the migration assay. After 12 h membranes were
removed, the cells were fixed for 30 min in 2.5% glutaralde-
hyde in phosphate-buffered saline, non-migrated cells on the
upper part of the membrane were removed with a cotton
swab, and the membranes were subsequently mounted in
Vectashield mounting medium containing 4�,6-diamidino-
2-phenylindole (Vector Laboratories). Finally the 4�,6-di-
amidino-2-phenylindole-stained nuclei were counted under

the UV microscope (Nikon). A posi-
tive (DMEM/F-12, 10%FBS�mock-
transfected cells) and a negative
(DMEM- F-12, serum-free�mock-
transfected cells) control for che-
moattraction were included in each
experiment.

RESULTS

Generation and Characterization
of Cells Conditionally Expressing
ADAMTS1—ADAMTS1 is amodu-
lar protein composed of signal pep-
tide, propeptide, metalloproteinase,
disintegrin, thrombospondin type
I-like (TSP-1), and cysteine-rich
(Cys-rich) domains (30, 31); see
also Fig. 1A. Although ADAMTS1
seems to be down-regulated in sam-
ples from primary breast cancers
(32), it has been shown that
ADAMTS1 is one of the most up-
regulated genes in highly metastatic
breast cancer cells (13), indicating
that it may contribute to tumor
spreading.
As a means to identify novel

substrates of ADAMTS1, we gen-
erated cell lines expressing the
metalloprotease in a repressible
manner. Analysis of the media
conditioned by MCF7 Tet-Off
cells permanently transfected with
ADAMTS1 and cultured in the
absence of doxycycline showed the
expected array of ADAMTS1 iso-
forms (Fig. 1B, right lane). Previous
characterization of these isoforms
showed that p110 corresponds to
the inactive proADAMTS1 precur-
sor, p87 is the product of the pro-
cessing of p110 by furin-like conver-
tases, and p65 is the product of the
subsequent processing of p87 by me-
talloproteases (Ref. 33 and Fig. 1A).

Doxycycline is a nonspecific
metalloprotease inhibitor that could
interfere with the identification of

ADAMTS1 substrates. For example, collagenases can be inhib-
ited by concentrations of doxycycline of 30 �M (34). To avoid
the interference of doxycycline in our assays, we used the min-
imal concentration that effectively blocks the expression of
ADAMTS1, i.e. 2.1 nM (1 ng/ml) (Fig. 1B). This concentration is
not expected to affect the activity ofmetalloproteases known to
be inhibited by doxycycline (34).
Secreted ADAMTS1 has been shown to bind to components

of the extracellular matrix via its thrombospondin domains
(35). Accordingly, the 87-kDa isoform of ADAMTS1 was pre-

FIGURE 1. Generation of a cell line conditionally expressing ADAMTS1 and proteomic approaches to
analyze glycosylated secretomes. A, the schematic shows the different domains of ADAMTS1. SP, signal
peptide; Prop., propeptide; Metallprot., metalloprotease; TSP-1, thrombospondin-1 type repeat; Dis., disinte-
grin domain; Cys, cysteine-rich region. Two cleavage sites are marked with arrows; the length of the different
ADAMTS1 forms generated through these cleavages, p110, p87, and p65, are indicated. B, MCF7 Tet-Off cells
stably transfected with a vector encoding human ADAMTS1 under the control of a promoter repressible by
doxycycline (Doxy., MCF7 Tet-Off/ADAMTS1 cells) were treated with different concentrations of the antibiotic
for 48 h. The media conditioned by these cells was analyzed by Western blot with anti-ADAMTS1 antibodies.
Ponceau S staining was used as loading control. C, MCF7 Tet-Off/ADAMTS1 cells were cultured with or without
1 ng/ml doxycycline for 48 h. Then, cells were detached with phosphate-buffered saline containing 5 mM EDTA.
Components of the extracellular matrix were extracted with Laemmli sample buffer. Samples from the condi-
tioned media or from the extracellular matrix were analyzed by Western blot with anti-ADAMTS1 antibodies.
Ponceau S staining was used as loading control. D, the schematic shows the DIGE and SILAC protocols. Left, the
conditioned media of MCF7 Tet-Off/ADAMTS1 cells treated with or without doxycycline for 48 h (i.e. ADAMTS1-
overexpressing or control cells, respectively) were collected. Glycoproteins were purified using wheat germ
agglutinin (WGA) chromatography as described under “Experimental Procedures.” Next, purified glycopro-
teins from cells overexpressing ADAMTS1 or control cells were labeled with the cyanine dyes Cy3 and Cy5,
respectively, mixed 1:1, and analyzed by two-dimensional (3D) electrophoresis and mass spectrometry. Right,
MCF7 Tet-Off/ADAMTS1 cells were grown with either light or heavy lysine and arginine for 7 days. Labeled cells
were treated with or without doxycycline for 48 h, and the media were collected. Isotopically labeled glyco-
proteins were purified using wheat germ agglutinin chromatography as described under “Experimental Pro-
cedures” and mixed 1:1, and the mixture was fractionated through one-dimensional (1D) SDS-PAGE, liquid
chromatography (LC), and mass spectrometry.
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dominantly found in the protein fraction corresponding to the
extracellular matrix (Fig. 1C). These results show that the
MCF7 Tet-Off/ADAMTS1 cell line is a useful system to func-
tionally characterize the metalloprotease and that the concen-
tration of doxycycline required to effectively repress the expres-
sion ofADAMTS1 is not expected to inhibit itsmetalloprotease
activity.
Identification of ADAMTS1 Substrates Using Different

Proteomic Techniques—To identify novel substrates of
ADAMTS1, we compared the secretome of MCF7 Tet-Off/
ADAMTS1 cells cultured in the presence or absence of doxy-
cycline using two complementary proteomic techniques: DIGE
and SILAC.
DIGE is a robust quantitative proteomic technique in which

two samples are labeled with different fluorochromes and
loaded onto a single two-dimensional gel (36), thereby over-
coming the lack of reproducibility inherent to different two-
dimensional gels. To apply this technology, we purified gly-
coproteins from the media conditioned by MCF7 Tet-Off/
ADAMTS1 cells treated without or with doxycycline and
labeled themwith the cyanine dyesCy3 orCy5, respectively; the
labeled glycoproteins were separated in two-dimensional gel
electrophoresis (Fig. 1D). To visualize the protein spots, the gel
was scanned with fluorophore-specific excitation and emission
wavelengths, and two independent images were acquired (Fig.
2A), each corresponding to an individual Cy-labeled probe.
Image analysis and determination of significant alterations
in spot abundances were performed automatically with the
DeCyder software (Fig. 2, B and C).
Only those protein spots exhibiting a change in volume ratio

exceeding 1.5-fold were selected (Fig. 2, B and C), excised, and
subjected to in-gel digestion with trypsin. The resulting pep-
tides were then subjected to peptide mass fingerprinting anal-
ysis by matrix-assisted laser desorption ionization mass spec-
trometry. In a search of the International Protein Index human
data base, peptidemass information identified 28 of the 83 pro-
tein spots analyzed, assigning them to 5 proteins (Table 1). As
expected, several spots corresponded to the ADAMTS1 (Table
1). In addition we identified thrombospondin-1 (Fig. 2D, left), a
known substrate of ADAMTS1 (10), peroxidasin, a secreted
peroxidase expressed in several tumors, calsyntenin-1, a trans-
membrane protein whose cytoplasmic domain binds calcium,
and semaphorin 3C (Fig. 2D, right), a secreted protein that
belongs to a family of regulators of axonal guidance that also
contribute to tumor progression and angiogenesis (22).
To extend and confirm these results, we repeated the pro-

teomic analysis by SILAC, a technique based on the labeling of
proteins with isotopic variants of the same atom (37). To per-
form the SILAC analysis, we cultured MCF7 Tet-Off/
ADAMTS1 with arginine and lysine labeled with light or heavy
isotopes (Fig. 1E and see “Experimental Procedures”). Then the
expression of ADAMTS1 was repressed in cells labeled with
heavy isotopes by the addition of doxycycline to the culture
media. Next, themedia conditioned by these cells as well as that
corresponding to cells expressingADAMTS1 (i.e. cells cultured
in the presence of light arginine and lysine kept in the absence
of doxycycline)were collected, and glycoproteinswere purified,
mixed 1:1, and subjected to SDS-PAGE. After separation (Fig.

3A), the gel was cut horizontally in 20 slices. These gel segments
were separately processed (see “Experimental Procedures”) to
identify peptides by mass spectrometry and to compare their
relative abundance in lysates from control cells and cells over-
expressing ADAMTS1.
3163 peptides from 749 individual proteins were identified.

Peptide coverage analysis from individual transmembrane pro-
teins randomly chosen showed only peptides from the extracel-
lular domain (data not shown), ruling out a significant contam-
ination from the cell fraction. The distribution of theH/L ratios
indicated that the levels of the majority of glycoproteins were
not affected by the expression of ADAMTS1 (Fig. 3B). Twenty
proteins exhibited average ratios H/L below the interval 0.7
(Table 2). To illustrate these results peptide doublets from
thrombospondin-1 and semaphorin 3C are shown in Fig. 3C.
Given the possible involvement of semaphorin 3C in the regu-
lation of cell migration and metastasis and because it was iden-
tified in the two proteomic approaches, we chose this protein
for further analysis.
ADAMTS1Causes the Release of ExtracellularMatrix-bound

Semaphorin 3C—Class 3 semaphorins are modular proteins
composed of the Sema domain, essential for signaling, an Ig-
like domain, and a carboxyl-terminal conserved basic domain
(38). The biosynthesis of class 3 semaphorins is complex; it
involves proteolytic processing at at least two sites (Fig. 4A).
These cleavages affect only a fraction of semaphorin 3 mole-
cules, occur intra- and extracellularly, and generate at least
three species that differ in their activity and their ability to
interact with the extracellular matrix. Although the biosynthe-
sis of semaphorin 3A and 3B has been characterized in detail
(Adams et al. (39) #2021;DeWit et al. (40) #2020; Varshavsky et
al. (41) #2067), much less is known about that of semaphorin
3C. In MCF7 cells semaphorin 3C is expressed as p95 and p65
species (Fig. 4B, Cells). Based on the previous reports on other
class 3 semaphorins (39), we identified these isoforms as full-
length semaphorin 3C and the product of processing by furin
after the Sema domain (see Fig. 4A).
Semaphorin 3A interacts with components of the extracellu-

lar matrix via the basic amino acid-rich carboxyl-terminal
region (40). Similarly, we found that whereas the p95 form of
semaphorin 3C associates with extracellular components (Fig.
4B), the 65-kDa isoform of semaphorin was largely soluble (Fig.
4B). Extracellular matrix-associated semaphorin 3C could be
released to the medium by treatment with the highly sulfated
glycosaminoglycan heparin (Fig. 4C), supporting that the p95
isoform corresponds to full-length semaphorin 3C and con-
tains the basic residues at the carboxyl terminus of semaphorin
3C. This carboxyl-terminal basic domain is responsible for the
electrostatic interaction with the negatively charged proteogly-
cans of the extracellular matrix. Overexpression of ADAMTS1
did not have an effect on the levels of cell-associated sema-
phorin 3C (Fig. 4D), but confirming the results of the proteomic
analysis induced its release from the extracellular matrix to the
extracellular medium (Fig. 4D).
Themolecular size of soluble p95 semaphorin 3C is indistin-

guishable from that of matrix-associated p95 (data not shown),
indicating that if ADAMTS1 releases p95 semaphorin 3C from
the extracellular matrix through proteolytic cleavage, it occurs
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near the carboxyl terminus. Supporting this possibility, Adams
et al. (39) showed that the carboxyl-terminal fragment proteo-
lytically removed from semaphorin 3D is very small (�1.3 kDa).
To confirm that ADAMTS1 releases p95 from the extracellular
matrix through a proteolytic cleavage, we analyzed the effect of
BB94, a metalloprotease inhibitor. As shown in Fig. 4E, BB94
prevented the release of p95 semaphorin 3C by ADAMTS1.
The results in Fig. 4, B–E, were obtained with transfected

cells. To analyze the role of the endogenousmetalloprotease on
the release of semaphorin 3C, we used EW-7, a cell line derived

FIGURE 2. Quantitative comparison between the glycosylated secretome of control cells and cells overexpressing ADAMTS1 by DIGE. A, fluorochrome-
labeled glycoproteins from MCF7 Tet-Off/ADAMTS1 cells treated with or without doxycycline (Doxy., i.e. control cells or cells overexpressing ADAMTS1,
respectively, see Fig. 1, C and D) were analyzed into a two-dimensional gel. The gel was scanned with different wavelengths to visualize proteins labeled with
Cy3 or Cy5. B, a total of 1414 spots was analyzed. 132 showed a �1.5-fold change. 83 spots increased in intensity (blue dots/blue-encircled spots), whereas 49
spots decreased (red dots/red-encircled spots) upon ADAMTS1 overexpression. C, experimental (red curve) and normalized model (blue curve) frequency
distribution of volume ratios (volume in the Cy5 image divided by volume in the Cy3 image) for the spots detected in the fluorescence images shown in B. The
volume of each individual protein spot, represented as a single data point, is plotted in the right axis. The spots in blue and red represent proteins with a higher
than 1.5-fold or lower than 0.66 variation, respectively, in the glycoprotein secretome of cells overexpressing ADAMTS1. D, shown is a three-dimensional profile
for the spots corresponding to thrombospondin-1 and semaphorin 3C as determined by the DIGE analysis shown in B.

TABLE 1
Proteins identified by DIGE and mass spectrometry

Protein name UNIPROT accession
Average
ratio �/�
doxycycline

S.D. Number
of spots

ADAMTS-1 ATS1_HUMAN 8.5 1.6 7
Thrombospondin-1 TSP1_HUMAN 3.3 0.7 4
Peroxidasin homolog
(melanoma associated
antigen MG50)

PXDN_HUMAN 2.6 0.6 6

Calsyntenin-1 CSTN1_HUMAN 1,7 0.1 2
Semaphorin-3C SEM3C_HUMAN 1.6 1
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from Ewing’s sarcoma, because it expresses detectable levels of
ADAMTS1 (Fig. 4F). Knockdown of ADAMTS1 from EW-7
cells with specific shRNAs led to a defect in the release of p95
semaphorin 3C (Fig. 4G), further supporting a role for the
metalloprotease in the solubilization of this semaphorin isoform.
Interestingly, the knockdown of ADAMTS1 did not have an
effect on the levels of p65 semaphorin 3C or a �87-kDa frag-
ment produced by EW-7 cells, showing that the production of
this fragment is independent of ADAMTS1. Collectively, the

results shown in Fig. 4 show that ADAMTS1 is endowed with
the ability to release semaphorin 3C from the extracellular
matrix through a proteolytic cleavage.
Effect of Different Class 3 Semaphorins onHUVECs—To ana-

lyze the effect of semaphorin 3C on cell migration, we used
HUVEC, a classical model that readily responds to semaphorin
signaling (41). Incubation of HUVECs in the presence of control
MCF7 cells or the same cells overexpressing ADAMTS1 did not
have an effect on the migration of the former (data not shown).
This result was unexpected because MCF7 cells produce sema-
phorin3C (Fig. 4), andother class 3 semaphorinshavebeen shown
to induce the repulsive response on HUVECs (41).
To assay semaphorin signaling with proper controls, we used

the HEK293 cells, which express undetectable levels of class 3
semaphorins (data not shown), transfected with semaphorins
3A, 3B, or 3C.As expected, semaphorins 3Aor 3B induced clear
repulsive signals as judged by the empty spaces surrounding the
transfected cells (Fig. 5A). In contrast and despite the fact that
HEK293 cells transfected with semaphorin 3C expressed
readily detectable levels of the protein (Fig. 5B), no effect was
observed (Fig. 5A). The co-transfection ofHEK293 semaphorin
3C with ADAMTS1 resulted also in a lack of effect on the
migration of HUVECs (data not shown). These results show
that, in contrast to cells expressing semaphorins 3A or 3B, cells
expressing semaphorin 3C did not repel HUVECs, arguing that
this semaphorin does not affect the migration of these cells or,
alternatively, that it exerts an attractive signal.

FIGURE 3. Quantitative comparison between the glycosylated secretome of control cells and cells overexpressing ADAMTS1 by SILAC. A, SDS-PAGE
separation of the SILAC-labeled mixture of glycoproteins. B, shown is the distribution of the average ratios heavy/light. The average ratios heavy/light of the
proteins identified, distributed in the indicated intervals, were plotted against number of proteins in each interval. C, mass spectra of peptide doublets from the
selected proteins are shown. The sequences of the peptides are shown in the one-letter code. Dox, doxycycline.

TABLE 2
Proteins identified by SILAC and mass spectrometry
TGF�, transforming growth factor; PTP, protein-tyrosine phosphatase; ALCAM,
activated leukocyte-cell adhesion molecule.

Protein name UNIPROT accession Average
ratio H/L S.D. No. of

peptides

Dihydropyridine receptor
�2 subunit

Q9UIU0_HUMAN 0.17 0.061 3

ADAMTS-1 ATS1_HUMAN 0.17 0.130 62
Fibulin-1 FBLN1_HUMAN 0.26 0.366 6
Cerebellin-4 CBLN4_HUMAN 0.27 0.141 4
SEZ6L2 SE6L2_HUMAN 0.40 0.095 19
Transferrin receptor TFR1_HUMAN 0.48 0.376 3
Thrombospondin-1 TSP1_HUMAN 0.50 0.134 18
Semaphorin-3C SEM3C_HUMAN 0.52 0.194 5
Profilin-1 PROF1_HUMAN 0.58 0.082 5
Latent TGF�-binding
protein 1

LTBP1_HUMAN 0.61 0.204 12

PTP receptor type, K B7ZMG0_HUMAN 0.63 0.149 13
PTP receptor � PTPRG_HUMAN 0.64 0.375 13
Vitronectin VTNC_HUMAN 0.65 0.514 5
ALCAM CD166_HUMAN 0.68 0.199 14
Galectin-3 LEG3_HUMAN 0.69 0.063 8
Syndecan-1 SDC1_HUMAN 0.69 0.306 3
Attractin ATRN_HUMAN 0.70 0.240 4
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Semaphorin 3C Promotes Attractive Cell Migration—To fur-
ther analyze the effect of semaphorin 3C on cell migration, we
used the Transwell migration assay, a straightforward assay for
attractive cellmigration. As targets of semaphorin 3C signaling,
we used, in addition to the poorly metastatic MCF7 cells, the
highly metastatic cell line MDA-MB-231. Both cell lines
express functional receptors for class 3 semaphorins (25).

As shown in Fig. 5,C–F, and com-
pared with HEK293 cells trans-
fected with the empty vector, cells
transfected with semaphorin 3C
induced a clear increase in the
migration of MCF7 or MDA-MB-
231 cells, comparable with that
induced by serum factors. These
results show that semaphorin 3C
does regulate cell migration and
that, in contrast to semaphorins A
and B, it does induce an attractive
response.
ADAMTS1 Regulates Cell Migra-

tion through the Release of Sema-
phorin 3C from the Extracellular
Matrix—According to the results of
the Transwell, where there is no
direct cell-cell contact, the effect of
semaphorin 3C on cell migration
seems to be mediated by the soluble
forms. Because ADAMTS1 releases
semaphorin 3C from the extracellu-
lar matrix, we next analyzed the
effect of the metalloprotease on cell
migration. Concomitant with an
increase in the levels of soluble p95
semaphorin 3C, ADAMTS1 induced
a clear increase in the number of
migrating cells (Fig. 6,A and B).
ADAMTS1 increases the levels of

soluble p95 semaphorin 3C but not
those of p65 (Fig. 6C, see also Fig. 4).
Thus, if the effect of themetallopro-
tease on cell migration is mediated
by semaphorin 3C, one should con-
clude that p95, and not p65, is the
active form.
To confirm that the soluble p95

species generated by ADAMTS1 is
the active semaphorin 3C isoform
that increases cell motility, we
transfectedHEK293 cells with serial
carboxyl-terminal deletion con-
structs (Fig. 6, D and E) and ana-
lyzed their effect on themigration of
MDA-MB-231 cells (Fig. 6F). These
deletions truncate the basic amino
acid-rich region (Fig. 6E), mimick-
ing the fragment generated by
ADAMTS1. As expected, the partial

truncation of the basic amino acid region (�C6 construct) led to
an increase in the levels of soluble semaphorin 3C, a concomi-
tant decrease in the levels of thematrix associated isoform (Fig.
6G), and promoted cell migration (Fig. 6F). A longer truncation
(�C13) led to similar but more profound effects (Fig. 6, F and
G). As previously shown (25), semaphorin 3A or 3B inhibited
cell migration (Fig. 6F). Collectively, these results demonstrate

FIGURE 4. ADAMTS1 releases semaphorin 3C from the extracellular matrix. A, left, the schematic shows the
different domains of class 3 semaphorins. SP, signal peptide; Sema, semaphorin domain; Ig-like, immunoglob-
ulin-like domain; B, basic domain. The asterisk denotes the position of a cysteine involved in the establishment
of homotypic interactions. The arrows mark the position of the proteolytic cleavage by furin and/or metallo-
proteases. Right, the schematic shows the different isoforms generated by proteolytic processing of class 3
semaphorins. The approximate molecular weight is indicated. Note that because of its small size, the proteo-
lytic removal of the basic domain does not affect the apparent molecular weight of class 3 semaphorins.
B, MCF7 cells were cultured for 48 h, detached with phosphate-buffered saline containing 5 mM EDTA, and
lysed. Components of the extracellular matrix were extracted with Laemmli sample buffer. Samples from cell
lysates, the conditioned media, or the extracellular matrix were analyzed by Western blot with anti-semaphorin
3C antibodies. C, samples from the extracellular matrix or from the media conditioned by MCF7 cells, cultured
in the absence or presence of 0.1 mg/ml heparin, were detached and analyzed as in B. Ponceau S staining was
used as the loading control. D, MCF7 Tet-Off/ADAMTS1 cells were cultured with or without 1 ng/ml doxycycline
(Doxy.) for 48 h. Then cells were detached with phosphate-buffered saline containing 5 mM EDTA and lysed.
Components of the extracellular matrix were extracted with Laemmli sample buffer. Samples from cell lysates,
conditioned media, or the extracellular matrix were analyzed by Western blot with anti-semaphorin 3C anti-
bodies. Ponceau S staining was used as the loading control. E, samples from the media conditioned by MCF7
Tet-Off/ADAMTS1 cells cultured with or without 1 ng/ml doxycycline or 10 �M BB94 for 48 h were analyzed by
Western blot with anti-semaphorin 3C antibodies. Ponceau S staining was used as the loading control. F, the
conditioned media of EW-7 cells expressing control shRNAs (C sh) or shRNAs targeting ADAMTS1 (AT1 sh) were
analyzed by Western blot with anti-ADAMTS1 antibodies. Ponceau S staining was used as loading control.
G, transiently transfected semaphorin 3C from the same cells as in F was analyzed as in D. The levels of
matrix-associated and soluble p95 Semaphorin 3C were quantified. The bars represent the averages (�S.D.) of
three independent experiments.
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that the release of semaphorin 3C induced by ADAMTS1 leads
to increased cell migration.

DISCUSSION

Metastasis is the leading cause of mortality in patients with
cancer. It is a multistep process that allows cells tomove from a
primary tumor and grow elsewhere. Although extracellular
metalloproteases have been long considered key components of
the metastatic program, their specific roles are still far from
clear. The initial hypothesis of metalloproteases as passive
degraders of the extracellular matrix has been progressively
replacedby a farmore complex view (42).Currently, in addition to
remodelers of the extracellular matrix, metalloproteases are con-
sidered components of signaling pathways that regulate cell pro-
liferation, adhesion, andmigration. In fact,whereas somemetallo-
proteases are still consideredpotent pro-metastatic factors, others
seem to be endowed with tumor suppressor abilities (5).
The establishment of the role of a particular metallopro-

tease requires the detailed knowledge of its array of sub-

strates as well as the characterization of the functional con-
sequences of their cleavages (43). This task is particularly
necessary in the caseofmetalloproteases, suchasADAMTS1, that
seem to have pro- or anti-tumor properties depending on the
cellular environment and the substrates co-expressed.
Although substrates of some metalloproteases have been iden-
tified through hypothesis-driven research, the recently devel-
oped proteomic techniques represent a unique opportunity to
identify substrates of proteases in an unbiased way (44). Using
these techniques we have identified several new candidate sub-
strates of ADAMTS1. We further characterized one of them,
semaphorin 3C, because it may help to explain the role of
ADAMTS1 during metastasis.
The simplest explanation for our results is that ADAMTS1

cleaves semaphorin 3C near the carboxyl terminus. However,
alternative mechanisms may explain our results. ADAMTS1
could cleave the components of the extracellular matrix to
which semaphorin 3C binds or it may activate another protease

FIGURE 5. Effect of different class 3 semaphorins on cell migration. A, HUVECs were seeded in gelatin-coated plates and cultured for 1 day. Then 103 HEK293
cells were transiently transfected with expression vectors encoding semaphorin 3A, 3B, or 3C together with pBABE-GFP and seeded on top of the endothelial
cells. Photographs were taken after 48 h. Arrows point to green fluorescent protein-positive HEK293 cells in the different cultures. B, HEK293 cells transiently
transfected with expression vectors encoding semaphorin 3A, 3B, or 3C were lysed, and cell lysates were analyzed by Western blot. The nitrocellulose
membrane was sequentially incubated with anti-semaphorin 3A, 3B, and 3C antibodies. No cross-reaction of the antibodies was observed. C, the schematic
shows the cell types used to analyze the effect of semaphorin 3C on the cell migration in Transwell plates. MCF7 or MDA-MB-231 cells were seeded on the upper
chamber of Transwell plates. HEK293 cells transiently transfected with empty vector (vec.) or the vector bearing the sema3C cDNA were seeded in the lower
chamber. When indicated, the experiment was performed in the presence of 10% fetal bovine serum. D, the conditioned media of HEK293 cells transfected as
in A was analyzed by Western blotting with antibodies against semaphorin 3C. The membrane stained with Ponceau red is shown as loading control. Note that
in the second lane the protein excess corresponds to serum components. vec, vector. E, MCF7 and transiently transfected HEK293 cells were seeded and
cultured with or without serum on the upper and lower chamber of Transwell plates, respectively, as described in C. After 12 h, cells were fixed and stained with
4�,6-diamidino-2-phenylindole. Representative fields are shown. F, the bars represent the means of the MCF7 (upper graph) or MDA-MB-231 cells (lower graph)
counted in three independent experiments performed as in C, each done in triplicate, �S.D. Analysis of the means using Student’s t test showed statistically
significant differences (*, p � 0.05; **, p � 0.005).
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endowed with the ability to cleave semaphorin 3C. However,
even in this situation, the results presented here clearly show
the ability of ADAMTS1 directly or indirectly to solubilize the
active form of semaphorin 3C so it can diffuse and promote cell
migration.
Initially semaphorins along with their receptors, the neuro-

pilins andplexins, were identified as axon-guidance cues during
the establishment of neural circuitries (24, 45). However, it is
currently acknowledged that semaphorins, which are expressed
in many cancer cells, also play roles in the regulation of the
tumor microenvironment and contribute positively or nega-
tively to many aspects of cancer progression, including the
induction of cell migration, one of the hallmarks of metastasis
(22, 23). The semaphorins are not unique in displaying dual
activities as axon guidance factors and as modulators of angio-
genesis and tumor progression. Particular axon guidance fac-
tors from the Slit, Netrin, and Ephrin families also display this
pattern (46, 47). This is not surprising because there are signif-
icant similarities between an extending axon and the leading
edge of a migrating cell (38).
Although ADAMTS1 is not significantly expressed in pri-

mary breast tumors (32), it is one of the most up-regulated
genes in highlymetastatic cells derived from theMDA-MB-231

cell line (13), indicating that it may
contribute to the metastatic pro-
gram. Thus, whereas the levels of
ADAMTS1 are low in the primary
tumor, its overexpression in a sub-
set of cancer cells may contribute to
the spreading of the tumor. The
results shown here indicate that
semaphorin 3C can mediate at least
in part the effect of ADAMTS1 on
cell migration and, thus, favor the
spreading of the tumor when co-ex-
pressedwith semaphorin 3C,which,
importantly, is also expressed in
breast cancer cells (49). Further-
more, semaphorin 3C is a transcrip-
tional target of HER2, a tyrosine
kinase receptor causally involved
in the progression of a subset of
aggressive breast cancers (50). Thus,
the fact that semaphorin 3C is fre-
quently expressed in breast cancer
samples along with the fact that
ADAMTS1 can be expressed in
highly metastatic breast cancer cells
indicates that both molecules can
cooperate to promote breast cancer
metastasis.
Up-regulation of semaphorin 3C

has also been detected in recurrent
squamous cell carcinomas (51), in
highly metastatic lung cancer cells
(52), and in ovarian cancer samples
(49). Interestingly, lung cancer cells
also express ADAMTS1 (53), indi-

cating that, also in this type of tumors, both molecules may
functionally interact to promote cell migration.
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