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ABSTRACT

SFKs are involved in tumorigenesis and metastasis. Here we analyzed c-Src
contribution to initial steps of metastasis by tetracycline-dependent expression of a
specific shRNA-c-Src, which suppressed c-Src mRNA and protein levels in metastatic
MDA-MB-231 cells. c-Src suppression did not alter cell proliferation or survival, but it
significantly reduced anchorage-independent growth. Concomitantly with diminished
tyrosine-phosphorylation/activation of Fak, caveolin-1, paxillin and p130CAS, c-Src
depletion also inhibited cellular migration, invasion and transendothelial migration.
Quantitative proteomic analyses of the secretome showed that Cyr61 levels, which
were detected in the exosomal fraction, were diminished upon shRNA-c-Src expression.
In contrast, Cyr61 expression was unaltered inside cells. Cyr61 partially colocalized
with cis-Golgi gp74 marker and with exosomal marker CD63, but c-Src depletion did
not alter their cellular distribution. In SUM159PT cells, transient c-Src suppression
also reduced secreted exosomal Cyr61 levels. Furthermore, conditional expression
of a c-Src dominant negative mutant (SrcDN, c-Src-K295M/Y527F) in MDA-MB-231
and in SUM159PT diminished secreted Cyr61 as well. Cyr61 transient suppression
in MDA-MB-231 inhibited invasion and transendothelial migration. Finally, in both
MDA-MB-231 and SUM159PT, a neutralizing Cyr61 antibody restrained migration.
Collectively, these results suggest that c-Src regulates secreted proteins, including
the exosomal Cyr61, which are involved in modulating the metastatic potential of
triple negative breast cancer cells.

INTRODUCTION integrins stimulate the Fak/Src complex, which in
turn regulates adhesion, migration, invasion, etc. [9].

The members of Src family of tyrosine kinases Consequently, SFKs control signal transduction pathways
(SFKs) are important intracellular mediators of growth that regulate cell division, motility, adhesion, migration,
factors, cytokines, steroid hormones, etc. [1-8]. Also angiogenesis, survival, and differentiation [1, 10-12].
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Although there are not consistent evidences for c-Src
mutations in human tumors [13, 14], deregulation of SFKs
expression and/or activity is associated with tumorigenesis
and metastasis [10, 15-17]. Therefore, SFKs are
therapeutic targets to treat cancer [18].

Numerous evidences support the role of c-Src
in breast cancer. ¢-Src is overexpressed and/or hyper-
activated in breast carcinoma tissue of human biopsies
[19, 20]. Additionally, the relevance of Src in mammary
tumorigenesis was demonstrated in mice [21].
Overexpression and co-association of Her2/Neu and
c-Src have been described in human breast cancer cell
lines and tumor samples [15, 22]. Increased expression
of Src in tumor cells induces phosphorylation and
inactivation of PTEN, facilitating AKT activation and
cell survival [23, 24]. Src also promotes proliferation
by phosphorylation-induced degradation of p27+r! [25].
Similarly, Src phosphorylates estrogen receptor alpha in
human breast cancer and promotes its proteolysis with
subsequent therapeutic implications [26].

Src is involved in regulation of migration and
invasiveness by controlling focal adhesion turnover,
required for breast cancer metastasis [27-31]. In cancer
biopsies and metastatic cell lines of human breast, colon
and rectal cancer, Src tyrosine phosphorylates caveolin-1
(Y 14) increasing tumor cell migration and invasion [32].
The catalytic activity of SFKs is necessary for anchorage-
independent growth of metastatic human breast cells
[30, 33]. Cancer cells secrete soluble molecules and
microvesicles that contribute to cellular communication
and cancer dissemination [34]. A comparative
analysis of exosomal vesicles composition between
no-metastatic MCF7 and MDA-MB-231 breast cancer
cells showed, among others, increased levels of matrix
metalloproteinases in MDA-MB-231 cells that could be
related to their metastatic nature [35]. Furthermore, Src
is also involved in angiogenesis and transendothelial
migration of different tumor cells [36-39].

Breast cancer is a leading cause of death for women
mainly due to metastasis [40] and SFKs are involved in
these processes [41—46]. Src kinase activity is required
for MDA-MB-231 cells to metastasize to bone [47]
lung [48] and brain [49]. Here we analyzed the role of
c-Src in metastatic human breast cancer MDA-MB-231
and SUMI59PT cells. Results showed that c-Src is not
required for MDA-MB-231 cell proliferation or survival,
but it significantly reduced growth in soft agar. Depletion
of c-Src significantly inhibited migration, invasiveness,
and transendothelial migration. Quantitative proteomic
analyses of the secretome showed that the levels of Cyr61
(Cysteine-rich protein 61), which was mainly detected
in the exosomal fraction, were diminished upon c-Src
knockdown. Similarly, c-Src suppression in SUM159PT
reduced the amount of Cyr61 in the secretome. Also,
a dominant negative variant of this kinase (SrcDN,

¢c-SrcK295M/Y527F) diminished secreted Cyr61l in
both cell lines. Furthermore, transient suppression
of Cyr61 in MDA-MB-231 cells decreased invasion
and transendothelial migration as well. Consistently,
neutralizing Cyr61 antibody inhibited MDA-MB-231 and
SUMI159PT cell migration. Together, these results suggest
that Cyr61 is, at least in part, a c-Src mediator in these
triple negative breast cancer cell models.

RESULTS

Involvement of c-Src in MDA-MB-231
proliferation and anchorage-independent growth

To evaluate whether c-Src suppression altered
proliferation and survival of metastatic MDA-MB-231
cells, we first generated a derived cell line with conditional
expression (Tet-On) of a specific ShARNA for human
c-Src, as described in Materials and Methods. Addition
of Doxy (Doxycycline, 2 pg/ml) to MDA-MB-231-Tet-
On-shRNA-c-Src reduced expression of ¢c-Src mRNA
and protein in a time-dependent manner (Figure 1A, B).
To confirm the specificity of the shRNA-c-Src, we
constitutively expressed chicken c-Src in MDA-MB-
231-Tet-On-shRNA-c-Src cells. We observed that
depletion of endogenous c-Src upon addition of Doxy
was compensated by chicken wild type c-Src expression
(Supplementary Figure 1A).

Interestingly, shRNA-c-Src induction did not
modify the proliferation of adherent MDA-MB-231-
Tet-On-shRNA-c-Src cells. The results from metabolic
activity (MTT) and cell viability (Trypan blue) assays
(Materials and Methods) were similar in control and
Doxy-treated cells (Figure 1C, D). It should be noted
that the percentage of Trypan blue-stained cells was
always smaller than 5% (data not shown), indicating
that c-Src suppression was not cytotoxic. Furthermore,
c-Src suppression did not alter expression of cyclin D1
and p27%?! (Figure 1E). Consistently, flow cytometric
analysis of the cell cycle using propidium iodide labeling
showed no differences in the percentage of cells in G,
S or G,/M phases between untreated and Doxy-treated
cultures (Figure 1F).

Anchorage-independent growth is a hallmark of
malignant-cell transformation. Cells were then cultured
in soft-agar in the absence or presence of Doxy and
after 20 days, colonies were stained with crystal violet
and counted. The results shown in Figure 1G revealed
a significant reduction in the number of colonies bigger
than 0.1 mm size upon suppression of c-Src. However,
the analyses of all colonies (bigger than 20 um) did not
show differences in the number of colonies after c-Src
depletion (data not shown). These results suggest that
c-Sre suppression affected colony cell growth.
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Figure 1: Involvement of c-Src in cell proliferation and anchorage-independent growth of MDA-MB-231-Tet-On-
shRNA-c-Sre. A. To analyze c-Src mRNA and protein expression in MDA-MB-231-Tet-On-shRNA-c-Src cells, total RNA and protein
were isolated from cells grown with or without Doxy (2 pg/ml) for different times. c-Src mRNA expression was determined by qRT-PCR
by a TagMan assay employing TBP as endogenous control (see Materials and Methods). Results are shown as mean + SD of relative c-Src
mRNA levels in three independent experiments in triplicate, considering arbitrarily the first sample of Doxy-untreated cells triplicate as 1.
B. Cell extracts were used to detect c-Src by immunoblotting with MAb-327; membranes were then reblotted with anti-B-actin for
loading control. Results are representative of three independent experiments. C. Cells were grown with or without Doxy (2 pg/ml) for
72 h. Metabolic activity was determined by MTT assay measuring absorbance at 570nm. Results are expressed as mean £ SD from three
independent experiments in triplicate. D. Cell viability was evaluated counting cells after Trypan blue labeling. Results are shown as
mean = SD from four independent experiments in triplicate. E. Extracts from control and Doxy-treated cells were blotted with Cyclin D1
and p27%P! antibodies. Membranes were reblotted with anti-a-tubulin for loading control. Results are representative of three independent
experiments. F. Cells were collected fixed with 70% ethanol in PBS at 4°C, washed with PBS and incubated with RN Aase and propidium
iodide for 1 h at 37°C, cell acquisition was performed with FACScan flow cytometer (BD). Percentages of cell cycle phases (G, S, G,/M)
were calculated from DNA histograms by CellQuest software. Results are shown as mean + SD from four independent experiments.
G. Number of colonies/plate obtained after cell growth in soft-agar (20 days -/+ 2 pug/ml Doxy) (see Material and Methods). Colonies
were stained with crystal violet and counted by phase contrast microscopy. Average + SD from three independent experiments in triplicate
(*p <0.05).
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Suppression of c-Src reduced cell migration,
transendothelial migration and invasiveness

We have previously shown that inhibition of
Src family tyrosine kinase activity in MDA-MB-231
reduced cell migration [31]. We tested here whether
c-Src suppression could modify migration properties.
Cells were grown to confluence for 48 h in absence or
presence of Doxy (2 pg/ml); after scratching and renewing
media -/+ Doxy, cultures were placed in a Microscope Cell
Observer and pictures were taken at 0 and 20 h. Analyses
of images with the wound-healing tool of ImageJ showed
that addition of Doxy to the cultures caused a significant
reduction of cell migration (Figure 2A). Furthermore,
random migration analysis of sub-confluent cultures
showed a significant reduction of the mean velocity and
distance travelled by Doxy-treated cells as compared to
control (Supplementary Figure 2A, B).

Association of Src with Fak controls turnover
of focal adhesion complexes, which are involved in
cell motility. Therefore, we analyzed the effect of
c-Src suppression on the degree of phosphorylation/
activation of Fak, caveolin-1, paxillin and p130S.
Total cell extracts from exponentially growing cultures
in absence or presence of Doxy for 72 h were analyzed
by immunoblotting. Results showed that shRNA-c-Src
induction reduced phosphorylation of Fak at Y397, the
autophosphorylation site, and at Y925, which is a substrate
for Src tyrosine kinase activity [50]. It also diminished
the phosphorylation of caveolin-1 at Y14, paxillin at Y118
and tyrosine phosphorylation of p130“4S (Figure 2B).
These results are consistent with the observed decrease
in cell migration. The constitutive expression of wild-
type chicken c-Src in c-Src depleted cells restored their
migration ability. Furthermore, the activation of Fak,
caveolin, and paxillin was no longer reduced upon c-Src
suppression (Supplementary Figure 1B), confirming the
specificity of the shRNA-c-Src employed in our model.

Extravasation and intravasation are events
required for tumor-cell metastasis. To test whether c-Src
could influence transmigration through endothelium,
we performed transendothelial migration assays.
Exponentially growing cultures in absence or presence
of Doxy for 48 h were seeded on a HUVEC monolayer
in cell culture inserts. In parallel, to determine HUVEC
spontaneous migration a control was performed in the
same conditions by seeding endothelial cells alone. After
22 h, the analysis of transmigrated cells showed that
shRNA-c-Src induction by Doxy significantly reduced
transendothelial migration (Figure 2C).

Numerous studies support the role of Src kinases
in cellular invasion [10]. Since MDA-MB-231 cells are
highly metastatic [47], we determined the effect of c-Src
suppression in the invasive properties of this cellular
model. Control and Doxy-treated cultures (48 h) were

seeded onto Matrigel-coated cell culture inserts and
allowed to invade for 22 h in the presence or absence of
Doxy (see Materials and Methods). The results revealed
that c-Src suppression significantly inhibited cellular
invasive ability (Figure 2D). In addition, ablation of this
kinase reduced the levels of matrix metalloproteinases
MMP2, MMP7 and MMP?9 in the secretome (Figure 2E).
Similar results were obtained in MDA-MB-231-Tet-On-
SrcDN that conditionally expresses a dominant negative
form of c-Src (SrcDN: c-Src-K295M/Y527F), which
is devoid of catalytic activity but with functional SH2
and SH3 domains. Addition of Doxy did not alter cell
proliferation but reduced cellular migration and invasion
(Supplementary Figure 3A—C). Accordingly, reduced
levels of MMP2, MMP7, and MMP9 were identified in
the secretome of these cells (Supplementary Figure 3E).

Proteomic analyses of the secretome

Since c-Src appears to be important for cellular
invasiveness, we analyzed whether its ablation
modified other secreted proteins in addition to matrix
metalloproteinases. Conditioned media were collected
from cells grown in absence or presence of Doxy for
72 h. Proteins contained in total secretome (fraction S3,
see diagram of Figure 4A) were submitted to quantitative
proteomic analyses (HPLC- MS/MS) after labeling
tryptic-peptides with iTRAQ. Peptides were then identified
employing the two different search engines Mascot
and Phenyx (Materials and Methods). The data showed
that c-Src suppression diminished the levels of 13 and
increased the levels of 7 proteins in secretome (Table 1).

The protein showing the highest reduction upon
c-Src ablation, about 3.5 fold, was Cyr61 (Cysteine-
rich protein 61, CCNI1), an extracellular matrix-
associated protein involved in migration and invasion of
MDA-MB-231 cells [51]. Analyses of total secretome by
immunoblotting confirmed reduced expression of Cyr61
in Doxy-treated cells (Figure 3A). To verify whether
Doxy-treatment of wild-type MDA-MB-231 cells altered
Cyr61 levels, we analyzed Cyr61 in the secretome, but no
alterations were detected (data not shown). When chicken
c-Src was constitutively expressed in c-Src suppressed
MDA-MB-231 cells, the secreted Cyr61l levels were
restored, confirming once again the specificity of the
shRNA-c-Src (Supplementary Figure 1C).

Next, we evaluated whether c-Src suppression
changed the intracellular levels of CCNI1/Cyr61
mRNA and protein. Total RNA was isolated from
exponentially growing cultures in presence or absence of
Doxy (2 pg/ml for 72 h), and levels of mRNA and protein
were determined by qRT-PCR and immunoblotting (see
Materials and Methods). Surprisingly, suppression of
c-Src did not seem to alter the intracellular content of
mRNA and protein of CCN1/Cyr61 (Figure 3B). To
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Figure 2: Role of c¢-Src in migration and invasion properties of MDA-MB-231-Tet-On-shRNA-c-Src cells. A. Cell
migration was determined by wound-healing assay through scratching confluent cultures; photomicrographs were taken at 0 and 20 h with
a Microscope Cell Observer Z1 system, and quantified using wound-healing tool of ImagelJ. Results are expressed as mean percentage of
wound healing area + SD at 20 h respect to 0 h from three independent experiments (**p <0.01). B. Expression of phosphoproteins/proteins
involved in cell motility by immunoblotting. Extracts from control and treated cells (2 pg/ml Doxy, 72 h) were blotted with antibodies to
c-Src (MADb-327), pY397-Fak, pY925-Fak, pY 14-Caveolin and pY 118-Paxillin. pI30CAS was immunoprecipitated from total cell extracts
and immune-complexes blotted with anti-pY (4G10). Membranes were reblotted with anti-B-actin (for c-Src) and anti-total-protein (for
phosphoproteins) for loading control. Results are representative of three independent experiments. C. Transendothelial migration through
a HUVEC monolayer. Cells were grown for 48 h -/+ 2 pg/ml Doxy and then seeded on the HUVEC monolayer. Transmigrated cells were
detached after 22 h and counted in a hemocytometer. The number of Doxy-treated transmigrated cells was expressed as percentage of
control transmigrated cells (100%). Assay was repeated three times (*p < 0.05). D. For cell invasion through Matrigel-coated inserts,
cultures were grown for 48 h -/+ 2 pg/ml Doxy and then seeded onto Matrigel (-/+ 2 pg/ml Doxy); 22 h later, cells on the top of inserts were
removed and invaded cells were fixed, stained with DAPI and counted by fluorescence microcopy. The number of invaded cells per insert
is shown and represents average + SD of four experiments in triplicate (**p < 0.01). E. Analysis of secreted metalloproteinases MMP2,
MMP7 and MMP9 from equal number of control or Doxy-treated cells (2 pg/ml) for 72 h. Conditioned media were used to prepare total
soluble fraction of secretome by differential centrifugation (S3, Figure 4A). After concentration by methanol/chloroform precipitation,
pellet was resuspended in RIPA for immunoblotting analyses (see Material and Methods). Results are representative of three independent
experiments.
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Table 1: Quantitative proteomic analysis of secretome from MDA-MB-231-Tet-On-shRNA-c-Src

cells

PROTEIN AC

Description

Mascot AverageRatio Ctrl/Doxy

Phenyx AverageRatio Ctrl/Doxy

iTRAQI

iTRAQ2

iTRAQI

iTRAQ2

000622

Protein CYR61 OS
= Homo sapiens GN
=CYR6IPE=1SV=1

3.569

4.423

3.512

3.470

P61769

Beta-2-microglobulin OS
= Homo sapiens GN =
B2MPE=1SV=1

1.608

1.568

1.575

1.368

P22692

Insulin-like growth
factor-binding protein 4
OS = Homo sapiens GN
=IGFBP4PE=1SV=2

1.546

1.415

1.408

1.292

P29279

Connective tissue growth
factor OS = Homo
sapiens GN = CTGF PE
=1Sv=2

1.519

1.414

1.541

1.370

P01034

Cystatin-C OS = Homo
sapiens GN = CST3 PE
=1Sv=1

1.441

1.352

1.402

P16035

Metalloproteinase
inhibitor 2 OS = Homo
sapiens GN = TIMP2 PE
=1Sv=2

1.440

1.459

1.426

1.438

P07996

Thrombospondin-1 OS
= Homo sapiens GN
=THBS1PE=1SV=2

1.433

1.454

1.337

1.303

P80O188

Neutrophil gelatinase-
associated lipocalin OS
= Homo sapiens GN
=LCN2PE=1SV=2

1.431

1.492

1.487

1.523

Q16270

Insulin-like growth
factor-binding protein 7
OS = Homo sapiens GN
=IGFBP7PE=1SV=1

1.425

1.434

1.381

1.376

Q14697

Neutral alpha-glucosidase
AB OS = Homo sapiens
GN =GANABPE =1
Sv=3

1.414

1.279

P04004

VTNC _HUMAN
Vitronectin OS = Homo
sapiens GN = VTN PE
=1Sv=1

1.235

1.613

(Continued)
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Mascot AverageRatio Ctrl/Doxy

Phenyx AverageRatio Ctrl/Doxy

PROTEIN AC Description

iTRAQI

iTRAQ2 iTRAQI iTRAQ2

TR11B_HUMAN Tumor
necrosis factor receptor
superfamily member 11B i
©00300 OS = Homo sapiens GN
=TNFRSF 11BPE =1

SV=3

1.342 - 1.409

Cathepsin B OS = Homo
PO7858 sapiens GN = CTSB PE 1.214
=1Sv=3

1.420 1.214 1.313

Superoxide dismutase
[Mn], mitochondrial OS
= Homo sapiens GN
=SOD2PE=1SV=2

P04179 0.789

0.707 0.789 0.708

Histone H2B type 2-F
OS = Homo sapiens GN
= HIST2H2BF PE =1
Sv=3

Q5QNW6 0.739

0.668 0.588 0.706

Transketolase OS
P29401 = Homo sapiens GN 0.707
=TKTPE=1SV=3

0.678 0.767 0.848

Serum albumin OS
P02768 = Homo sapiens GN 0.580
=ALBPE=1SV=2

0.630 0.624 0.655

Histone H4 OS = Homo
P62805 sapiens GN = HIST1H4A 0.569
PE=1SV=2

0.609 0.567 0.647

Histone H3.2 OS = Homo
sapiens GN = HIST2H3A 0.543
PE=1SV=3

Q71DI3

0.528 0.558 0.594

Histone H2A type 1 OS
= Homo sapiens GN
=HISTIH2AG PE=1
Sv=2

POCOS8 0.443

0.513 0.461 0.513

support these observations, we analyzed the effects of
c-Src suppression in another triple negative breast cancer
cell line, SUMI159PT. When c-Src was suppressed by
means of a specific sSiRNA in SUM159PT (Figure 3C),
the amount of Cyr61 was highly reduced in the secretome,
as well as intracellularly (Figure 3C, D), in contrast to the
results obtained in MDA-MB-231 cells.

Similarly to c¢-Src knockdown, conditional
expression of SrcDN in MDA-MB-231 cells did not
modify CCN1/Cyr61 mRNA and protein levels in cells
(Supplementary Figure 3D), but it diminished the levels
of Cyr61 in the secretome (Supplementary Figure 3E).

Analogous results were obtained for SUMI159PT after
conditional expression of SrcDN (Supplementary
Figure 3F).

To further characterize the mechanisms by which
c-Src may influence Cyr61 secretion, we determined
whether Cyr61 was a soluble protein or associated with
the vesicular fraction of the secretome. Since suppression
of c¢-Src in MDA-MB-231 cells did not alter cell
proliferation or viability (Figure 1), conditioned media
from equal numbers of untreated or Doxy-treated cells
were fractionated using differential centrifugation [52].
Proteins from supernatants 3, 4 and 5 (S3, S4 and S5,
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Figure 3: c-Src suppression reduces Cyr61 in MDA-MB-231-Tet-On-shRNA-c-Src and in SUM159PT cells. A. Conditioned
media from equal number of control or Doxy-treated MDA-MB-231-Tet-On-shRNA-c-Src were used to prepare secretome (S3 fraction)
by centrifugation as in Figure 4A. After concentration by methanol/chloroform precipitation, pellet was used for detection of Cyr61 by
immunoblotting. Quantitation of 4 independent experiments by ImagelJ is shown. B. Analysis of Cyr61 mRNA and protein in total cell
extracts from control and Doxy-treated (2 pg/ml) cultures grown for 72 h. Cyr61 (CCN1) mRNA expression was determined by qRT-PCR
employing GAPDH as endogenous control (see Materials and Methods). Results are shown as mean + SD of relative Cyr61 mRNA levels
in three independent experiments in triplicate, considering arbitrarily the first sample of Doxy-untreated cells triplicate as 1. Intracellular
Cyr61 was analyzed by immunoblotting, and a-tubulin was used for loading control. Quantitation of 3 independent experiments by ImageJ
is shown. (**p < 0.01). C. c-Src was suppressed in SUM159PT cells by transient transfection of siRNA-hs-c-Src (see Materials and
Methods), and levels of c-Src and Cyr61 were determined by immunoblotting in total cell extracts. D. Detection of Cyr61 levels in the
secretome derived from equal number of SUM159PT cells after c-Src depletion.

see diagram of Figure 4A) were subsequently concentrated that c-Src does not modulate their secretion. Furthermore,
by methanol/chloroform precipitation, and together with the total protein concentration of fractions S3 and P5
pellet 5 (P5) analyzed by immunoblot to detect Cyr61. were unaltered upon c-Src suppression (Supplementary
Results showed that Cyr61 was mainly found in P5. In Figure 4C). Moreover, siRNA suppression of Rab27a,
addition, the exosomal marker tetraspanin CD63 [53] which controls the exosomal secretion pathway [54],
was exclusively detected in this fraction that contains significantly reduced the expression of both Cyr61 and
exosomes [52]. Cyr61 was also weakly detected in CD63 in the secretome (Figure 4B). However, it did not
soluble secretome of the S4 of control cells that were not statistically alter their intracellular levels (Figure 4C). It is
treated with Doxy. Furthermore, statistical analyses of important to indicate that c-Src suppression did not modify
immunoblot-signals from four independent experiments cellular expression of Rab27a (Supplementary Figure 5).
showed that treatment with Doxy significantly reduced Furthermore, we observed that Cyr61 was mainly found
only expression of Cyr61 (Figure 4A). in exosomes not only in MDA-MB-231, but also in
To clarify the role of c-Src on exosomal protein SUMI159PT, as transient expression of siRNA-c-Src
secretion, the number of secreted vesicles was quantified in SUMI159PT also showed a reduction of Cyr61 levels
in the exosomal fraction (P5) obtained from culture media in exosomes (fraction P5), while CD63 levels remained
of control and c-Src depleted MDA-MB-231 cells (see unaltered (Supplementary Figure 6).
Supplementary Materials and Methods). Suppression Additionally, we evaluated co-localization of Cyr61
of c¢-Src did not modify the number of total exocytic with markers of secretory pathways, such as the cis-Golgi
vesicles and of exosomes (size between 50 and 150 nm) marker gp74 [55], and the late endosomal, lysosomal,
(Supplementary Figure 4A and B, respectively), suggesting and exosomal marker CD63 [53] in MDA-MB-231
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Figure 4: Analyses of cellular and secretome Cyr61distribution. A. Fractionation of secretome by differential centrifugation
from MDA-MB-231-Tet-On-shRNA-c-Src cultures grown in presence or absence of Doxy (2 pg/ml) for 72 h. After protein concentration
by methanol/chloroform precipitation of fractions, expression of Cyr61 and CD63 was analyzed by immunoblotting. ImageJ densitometry
quantification of four independent experiments (mean + SD) is reported below and expressed in arbitrary units (**p <0.01). B., C. MDA-
MB-231 cells were transiently transfected with either scramble siRNA (Ctrl) or Rab27a-SiRNA (Rab27a) for 96 h. In secretome fraction S3,
obtained from cultures with equal number of cells, and expression of Cyr61 and CD63 determined by immunoblotting B. Expression
of Cyr61, CD63 and Rab27a was determined by immunoblotting in total cell extracts. Membranes were reblotted with anti-B-actin for
loading control C. Image] densitometry quantification of three independent experiments (mean + SD) is reported below and expressed as
Target/B-actin ratio (for total cell extract) or in arbitrary units (for secretome) (*p < 0.05, ***p <0.001).

cells. Analyses of confocal microscopy images showed a as well as in Doxy-treated cells (Pearson’s coefficient:
partial co-localization of Cyr61 with both gp74 and CD63 0.64 and 0.51, respectively) but no differences were
(Pearson’s coefficient: 0.60 and 0.54, respectively) [56], observed between untreated and Doxy-treated cells
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(Supplementary Figure 7A, B). Together, these results as well as invasion and transendothelial migration
suggest that c-Src controls levels of exosomal Cyr61. (Figure 5B, C).

Silencing Cyr61 reduced invasion and Neutralization of Cyr61 reduced cell migration

transendothelial migration o
Furthermore, to determine if secreted Cyr61 had a

The above data indicate that c-Src suppression role in cell migration, cultures of MDA-MB-231-Tet-On-
reduced invasiveness and transendothelial migration, shRNA-c-Src or SUM159PT were incubated with either
which are properties of metastatic cells, and also Cyr61 antibody (a-Cyr61) or with the corresponding
diminished the levels of Cyr61 in the secretome. To amount of normal rabbit serum (Ctrl) in wound-healing
elucidate whether Cyr61 mediated c-Src biological assays. Antibody neutralization of Cyr61 significantly
effects in MDA-MB-231 cells, we investigated the reduced cell migration as compared with the control
cellular invasiveness and transendothelial migration of (normal rabbit serum) both in MDA-MB-231-Tet-On-
cells following the siRNA-mediated depletion of Cyr61. shRNA-c-Src and SUMI59PT cell lines (Figure 5D, E,
Exponentially growing MDA-MB-231 cultures were respectively).
transiently transfected with scramble-siRNA (Ctrl) and These results support the role of Cyr61 as a mediator
Cyr61-siRNA as described in Materials and Methods. of c-Sre signaling in the regulation of these cellular events,
Compared to control siRNA, specific Cyr61 siRNA which are associated with metastatic properties of triple
significantly reduced Cyr61 expression (Figure 5A), negative breast cancer cells.
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Figure 5: Effect of Cyr61 suppression or antibody neutralization on breast cancer cell motility properties. A. MDA-
MB-231 were transiently transfected with siRNA-Cyr61 for 72 hand, Cyr61 expression determined from total cell extracts by immunoblotting.
Membranes were reblotted with anti-a-tubulin for loading control. Results are representative of three independent experiments in triplicate.
B. For cell invasion through Matrigel-coated inserts, 48 h after siRNA-Cyr61 or siRNA-Control transfected cells were loaded onto Matrigel.
After 22 h, invaded cells were fixed, stained with DAPI and counted by fluorescence microcopy. The number of invaded cells per insert is
shown and represents average = SD of three experiments performed in triplicate (**p <0.01). C. For transendothelial migration, cells were
seeded onto the HUVEC monolayer, and 48 h after siRNA-Cyr61 transfection. Transmigrated cells were detached after 22 h and counted
in a hemocytometer. The number of siRNA-Cyr61 transmigrated cells was expressed as percentage of siRNA-Control transmigrated cells
(100%). D. Cultures of MDA-MB-231-Tet-On-shRNA-c-Src in absence of Doxy were treated with 4 pg/ml of anti-Cyr61 (Cyr61) or with
the corresponding amount of normal rabbit serum (Ctrl) for 48 h. E. Cultures of SUM159PT were treated with 1 pg/ml of anti-Cyr61 or
with the corresponding amount of normal rabbit serum (Ctrl) for the last 20 h. Analyses of wound-healing were made at 0 and 20 h as
described in Materials and Methods. Results are expressed as mean percentage of wound healing area + SD at 20 h respect to 0 h from three
independent experiments performed in triplicate (*p < 0.05, **p < 0.01).

www.impactjournals.com/oncotarget 13529 Oncotarget



Expression of Cyré61 in breast cancer

Cyr61 has been involved in breast cancer [51, 57], its
expression correlates with lack of estrogen receptor [58].
To determine whether there is a relationship between
Cyr61 expression and the different breast cancer subtypes
(Luminal A and B, Basal A and Basal B), we analyzed its
levels in 51 human breast cancer cell lines according to
published data [59]. The results showed that the lowest
levels of Cyr61 were found in Luminal A and B subtypes
(Figure 6A). Furthermore, it was differentially expressed
in ER" breast cancer subtypes, since Cyr61 mRNA levels
was higher in Basal B than in Basal A subtype. Basal
B cell lines, like MDA-MB-231 or SUMI59PT have a
mesenchymal-like phenotype and features of cancer stem
cells (CD44" CD24"v, ALDHI1") [60], indicating that
Cyr61 is associated with a more aggressive phenotype. In
fact, analyses of 581 human samples of Basal-like tumors
[St Gallen International Expert Consensus on the Primary
Therapy of Early Breast Cancer 2011 [61]] by Kaplan-
Meier plotter based on RFS (Relapse Free Survival) [62],
showed that high expression of Cyr61 was significantly
associated to lower probability of RFS (Figure 6B).

DISCUSSION

SFKs participate in the development and
progression of several human cancers, including breast
cancer. Furthermore, SFKs are involved in MDA-
MB-231 metastasis to bone, lung [47, 48] and brain [49].

To investigate the role of c-Src in the first steps that lead
to metastasis, we generated three inducible cell lines,
MDA-MB-231-Tet-On-shRNA-c-Src, MDA-MB-231-Tet-
On-SrcDN, and SUM159PT-Tet-On-SrcDN. In addition,
c-Src was transiently suppressed in SUM159PT cells.
We found that c-Src modulates migration, invasion and
transendothelial migration processes by regulating the
phosphorylation of focal adhesion proteins along with
the levels of secreted proteins such us IGFBP4, CTGF,
and Cyr61, a new exosomal protein involved in tumor
progression.

An essential property of metastatic cells is their
capacity to grow in the absence of a substrate. Our
findings show that c-Src suppression significantly reduced
the capacity of MDA-MB-231 cells to grow as colonies
in soft agar. Previous results support the role of c-Src in
anchorage-independent growth. Silencing of c-Src, but
not Yes or Fyn, reduced the ability to form colonies in
MDA-MB-231, MDA-MB-436 and SKBR3 cells [63].
Furthermore, SFKs catalytic activity inhibition or stable
transfection of catalytically inactive c-Src into MDA-
MB-468 and MCF7 reduced colony formation ability [33].
Therefore, c-Src is required for breast cancer cell growth
in anchorage-independent conditions.

SFKs participate in focal adhesion turnover that
control cell motility and, in turn, cell migration and
invasion. Fak/Src complex phosphorylates several proteins
including p130CAS, paxillin or caveolin 1 promoting focal
adhesion turnover [64, 65]. c-Src suppression decreased
cell migration and invasion, as well as diminished
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Figure 6: Expression of Cyré61 in breast cancer. A. Different expression levels of Cyr6/ in human cell lines of breast cancer of
Luminal A (ER +), Luminal B (ER-), Basal A, and Basal B (i.e. with epithelial to mesenchymal transition). Notice that the last group shows
the higher levels of Cyr61 expression. Below, Cyr61 is significantly expressed at higher levels in cell lines that had undergone epithelial to
mesenchymal transition. Figure generated from the available database [59]. Comparison among groups was done by ANOVA followed by
Tukey post-hoc test. B. Levels of Cyr61 expression define tumor prognosis of patients with breast cancer of basal origin. Figure generated
with the Kaplan-Meier plotter available at the web page: http://kmplot.com/analysis/index.php?p=service from the database [62].
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phosphorylation of Y-pl30CAS, Y118-paxillin, and
Y14-caveolin 1. Additionally, SrcDN expression also
reduced cell migration and invasion. SFKs catalytic
activity inhibition provoked comparable effects on MDA -
MB-231 cells [31]. Analogous results were obtained
after SrcDN constitutive expression in MDA-MB-231
cells [41]. In MCF7 cells constitutive suppression of c-Src
or SrcDN conditional expression reduced cell migration
[36]. Matrix metalloproteases degrade extracellular
matrix proteins and, therefore, are necessary for cell
invasion [66]. We also observed that c-Src depletion or
SrcDN expression in MDA-MB-231 reduced the levels of
the matrix metalloproteases MMP2, MMP7, and MMP9
in the secretome. Previous observations show that SFKs
catalytic activity inhibition by PP2 in MDA-MB-231
cells decreased MMP9 production, as well as invadopodia
formation [67]. Besides, PH006, another SFKs catalytic
activity inhibitor, reduced MMP2 and MMP9 secretion
and invasion of MDA-MB-231 cells [68]. These findings
suggest that c-Src is essential for cell migration and
invasion.

To further characterize the contribution of c-Src in
both events we analyzed the secretome of c-Src-depleted
MDA-MB-231 cells. Twenty proteins were differentially
expressed, 13 were down-regulated and 7 up-regulated.
Among the down-regulated proteins, we found Cysteine-
rich protein 61 (Cyr61), Insulin-like growth factor-
binding protein 4 (IGBP4), and Connective tissue growth
factor (CTGF). However, MMPs were undetected in the
proteomic analyses because the immunoblotting was more
sensitive under the experimental design employed (see
Materials and Methods). The most differentially down-
regulated protein was Cyr61, a CCN family member that
participates in cell migration, differentiation, proliferation,
adhesion, and angiogenesis [69]. The reduction in secreted
Cyr61 did not correspond to the unaltered intracellular
mRNA and protein levels observed in c-Src-depleted
MDA-MB-231 cells. Furthermore, this is not an off-
target effect of the shRNA-c-Src, since the constitutive
expression of chicken c-Src restored Cyr61 levels in the
secretome.

It is known that Cyr61 is highly expressed in
invasive breast cancer cell lines, and its expression
correlates with the absence of estrogen receptor [58]. We
observed the lowest levels in Luminal A and B subtypes
and the highest in Basal cells. Moreover, the most
aggressive basal-like subtype, Basal B, has significantly
higher levels of Cyr61 than Basal A. Cyr61 was expressed
in 36% of primary breast tumors [70] and in about 30% of
invasive breast carcinomas. High Cyr61 levels are related
to advance stage and tumor size [71, 72]. We found that
higher Cyr61 expression significantly reduced probability
of relapse free survival, by the analyses of 581 human
samples of basal-like tumors. Therefore, Cyr61 could be a
marker of poor prognosis in basal breast carcinoma.

In MDA-MB-231 cells constitutive expression
of Sonic Hh (SHH) increased secreted Cyr61. Besides,
silencing of Cyr61 reduced invasion of SHH-expressing
MDA-MB-231 cells, as well as diminished the ability to
induce endothelial tube. Moreover, Cyr61 knockdown
reduced tumor growth [73]. The ectopic expression of
Cyr61 in MCF7 promoted estrogen-independent growth,
and its overexpression increases tumors growth, as well as,
density of blood vessel in tumors [70, 74]. We observed
diminished invasive and transendothelial migration
abilities after c-Src suppression, as well as, after transient
silencing of Cyr61 in MDA-MB-231 cells. Moreover,
neutralization of secreted Cyr61 reduced cell migration
in MDA-MB-231 and SUM159PT cells. Similarly, Cyr61
neutralization reduced MDA-MB-231 migration and
invasion in vivo and in vitro [51]. Together, these data
support the role of Cyr61 as a mediator, at least in part, for
the role of c-Src in invasion and extravasation.

Cyr61 is associated with the extracellular matrix
and we found a small portion in soluble secretome.
However, Cyr61 was mainly present in the exosomal
fraction. Knockdown of Rab27a, a small GTPase involved
in exosomal secretion [54], resulted in reduced levels of
CD63 and Cyr61 in the secretome. We observed a partial
co-localization of Cyr61 with markers of the secretory
pathway, including the cis-Golgi marker gp74 [55], as
well as, CD63, a marker of late endosomes, lysosomes and
exosomes [75, 76]. However, we could not discriminate
the effects of c-Src on this part of the secretory pathway.
Furthermore, the reduced levels of Cyr61, MMP2, MMP7
and MMP?9 in the secretome upon c-Src suppression in
MDA-MB-231 cells is not a general effect of this proto-
oncogene on protein secretion, as the total number of
exocytic vesicles and exosomes was not modified, nor
was the protein concentration of fraction S3 and P5. In
view of the results, we could hypothesize that the absence
of c-Src might favor Cyr61 proteolysis in the secretome
by protease activation. c-Src suppression reduced
intracellular Cyr61 in SUM159PT, concomitantly with an
increase in the cysteine protease cathepsin F, not observed
in MDA-MB-231 (data not shown). Moreover, Src family
kinase activity inhibition by Dasatinib or PP2 in MDA-
MB-231 also diminished intracellular Cyr61 levels (data
not shown), while cathepsin F mRNA was increased [31].
Indeed, we observed that the levels of cystatin C, an
inhibitor of cysteine proteases, were reduced in the
secretome of c-Src-depleted MDA-MB-231 cells. Then,
further studies are required to determine the molecular
mechanisms by which c-Src controls secreted Cyr61.

Exosomes transfer information and act locally on
cancer cells and stroma, or distantly to prepare niche for
cancer cell implantation. Melanoma-derived exosomes
promote metastatic niche formation through modification
of bone marrow-derived cells. Exosomes from a metastatic
melanoma cell line injected in mice localized to common
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sites of melanoma metastasis such as, lung, bone
marrow, liver, and spleen [77]. Cyr61 is involved in bone
remodeling, acting on osteoblast differentiation [78, 79]
and its silencing in osteosarcoma tumors reduced
vascularization and metastases to lung [80]. Then, we
cannot discard its contribution to lung and bone metastasis
of breast cancer cells. Furthermore, an up-regulation of
Cyr61 and CTGF was observed in bone-derived MDA -
MB-231 cells compared to parental MDA-MB-231
cells [81]. CTGF, another CCN member, participates in
osteolytic metastasis of highly aggressive bone-derived
MDA-MB-231 population [82]. Moreover, CTGF-
integrin avp3-Erk1/2 pathway regulates SI00A4 gene that
contributes to metastatic ability of MDA-MB-231 cells
in a lung metastatic mouse model [83]. Therefore, c-Src
might alter metastatic potential of triple negative breast
cancer cells by modulating secreted proteins including
Cyr61 and CTGF.

In conclusion c-Src modulation may be essential to
breast cancer metastasis, since regulates MDA-MB-231
cell survival in absence of substrate. Besides, c-Src
modulates invasion, migration, and transendothelial
migration, essential processes in metastatic cascade,
by controlling secreted proteins, particularly the new
exosomal protein, Cyr61.

MATERIALS AND METHODS

Reagents

Anti-c-Src MAb-327 [84], provided by J.S. Brugge,
Harvard University. Anti-Fak, anti-Cyr61, and anti-cyclin
D1 were from Santa Cruz Biotechnology. Anti-CD63
(Inmuno-Step; Calbiochem). Antibodies to MMP2,
MMP9, and MAb 4G 10 were from Merk-Millipore. Anti-
MMP7 was from Abgent. Anti-pY397-Fak, secondary
horseradish peroxidase-conjugated antibodies, siRNA-
hs-Cyr61 (s7244, Silencer® selected and validated
siRNA), siRNA-hs-c-Src (s13414, Silencer® selected and
validated siRNA), and scramble siRNA (Stealth RNAi
Negative Control Duplex #12935-300) were from Life
Technologies. Anti-pY925-Fak was from Cell Signaling
Technologies. Anti-paxillin, anti-pY 118-paxillin, anti-
p130CAS, anti-caveolin-1, anti-pY 14-caveolin-1,
anti-p27%*! and Matrigel™ were from BD-Biosciences.
Anti-a-tubulin, anti--actin, doxycycline (Doxy), Trypan
blue, Thiazolyl Blue Tetrazolium Bromide (MTT reagent),
and esiRNA human Rab27a were from Sigma-Aldrich.
Anti-Rab27a polyclonal antibody (Peter van der Sluijs,
University Utrecht, [85]). Anti-Tet-repressor (Mobitec).
Blasticidin and zeocin were from InvivoGen. Tet-Free-
FCS (PAA Laboratories GmbH). Acrylamide/Bis-
acrylamide (29:1), SDS and ammonium persulfate were
from Bio-Rad Laboratories. ECL was from GE Healthcare
Biosciences. BCA protein assay and DharmaFECT 4
were from Thermo Scientific.

Generation of MDA-MB-231 cell line with
conditional expression (Tet-On) of shRNA-c-Src

Genotyped MDA-MB-231 (ATCC, HTB-26)
cultured in DMEM containing 5% Tet-free FCS,
2mM glutamine, 100IU/ml penicillin, and 100 pg/ml
streptomycin were transfected with pcDNA6/TR (Life
Technologies) and selected with 6 pg/ml of blasticidin.
Clones were grown and tested for maximal expression
of TetR by immunoblotting. Clone TR8 was transfected
with pENTR™/H1/TO containing the highly specific
shRNA-c-Src: 5-GCCTCAACGTGAAGCACTACA-3’
(100% identity and E-value 0.006 for mRNA transcripts
variants 1 and 2, NM-198291 and NM-005417.4, of
human c-Src by BLAST analysis) (Life-Technologies).
After 48 h, cells were selected with blasticidin and
300 pg/ml of zeocin. Clones were grown -/+2 pg/ml
Doxy for 72 h, and tested for c-Src expression by
immunoblotting. Clones with high reduction of c-Src
expression were pooled. Then, total RNA and protein
were isolated from cells grown -/+ Doxy for different
times and tested for c-Src mRNA by qRT-PCR and
protein expression by immunoblotting.

Transient transfection of siRNA-c-Src in
SUM159PT

The triple negative human breast cancer cells
SUMI1S59PT [86], provided by G. Dontu [87], were
propagated in Ham’s F12, 5% FCS, 5 pg/ml insulin,
1 pg/ml hydrocortisone, 2mM glutamine, 1001U/ml
penicillin, and 100 pg/ml streptomycin. For transient
transfection, SUMIS9PT cells (1.5x10%cells/well,
6-well plate) were seeded in complete medium without
antibiotics. Next day, cells were transfected with 20nM
of sSiRNA-hs-c-Src or 20nM scramble siRNA for control,
using Dharmafect 4. After 8 h medium was changed,
and cells were cultured for 48 h, then the media was
replaced for serum-free media, and cultures maintained
for another 24 h. Secretome and total cell extracts were
used for immunoblotting analyses.

Metabolic activity and cell viability studies

For MTT assay, cells were incubated in the presence
or absence of Doxy (2 pg/ml) for 72 h. Then, 10 ul of
MTT reagent were added to each well (final concentration
0.5mg/ml) and plates were incubated at 37°C for 4 h.
After solubilization of formazan crystals (2-3 h at 37°C
with 10%SDS/10mM HCI), absorbance was measured at
570nm in a VersaMax Elisa Microplate Reader (Molecular
Devices). Cell viability was determined counting cells
after Trypan blue labeling. Control and Doxy-treated cells
(2 pg/ml, 72 h) were detached, mixed with a 0.4% Trypan
blue/PBS solution (1:1), loaded on a hemocytometer and
counted.
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Anchorage-independent growth

Cells were resuspended in warmed solution of 0.3%
agarose in complete medium -/+2 pg/ml Doxy and seeded
at 10°cells/60mm dishes with a bottom layer of 0.5%
agarose. Cells were re-fed every 3 days with complete
medium (300ul/dish, -/+Doxy). Plates were stained with
0.5 ml of 0.005% crystal violet/water for 1 h. Colonies
with diameter > 0.1mm were counted after 20 days. Three
independent experiments were performed in triplicate.

Immunoblotting

Cell lysed from three subconfluent plates were
analyzed by immunoblotting as previously described [36].

RNA preparation, qRT-PCR of mRNA

Cell cultures of MDA-MB-231-Tet-On-shRNA-c-Src
were incubated -/+ Doxy (2 pg/ml) for 72 h. RNA was
isolated from three independent experiments performed
in triplicate using RNeasy kit (Qiagen). After testing
for RNA integrity, triplicate RNAs from each treatment/
experiment were pooled. c-Src mRNA expression was
determined by using TagMan probe for human c-Src
(Hs01082246 ml), TBP (TATA-box Binding Protein)
was used as endogenous control (Life Technologies). For
CCNI1 (Cyr61) qRT-PCR was performed using SYBR
Green Master Mix (Life Technologies). Specific primers
for Cyr61 and GAPDH, used as endogenous control,
were previously described [88]. Gene expression was
calculated as difference in cycle threshold (ACt) between
target gene and GAPDH and TBP respectively; AACt
was the difference between ACt values of test sample and
that of control. Relative expression of target genes was
calculated as 2-44<,

Cell migration

MDA-MB-231-Tet-On-shRNA-c-Src cells were
seeded in complete medium (3.5x10°cells/well in
6-well plate) and grown to confluence (48 h, -/+2 pg/ml
Doxy). SUMIS5S9PT cells were seeded in complete
medium (2.25x10°cells/well in 6-well plate) and grown
to confluence 24 h. The monolayer was scratched with
a 200ul micropipette tip and washed with fresh medium
to remove floating cells. Complete medium was added
-/+ Doxy to MDA-MB-231-Tet-On-shRNA-c-Src. To test
for the biological role of secreted Cyr61 in migration,
cultures of MDA-MB-231-Tet-On-shRNA-c-Src in
absence of Doxy were treated with 4 pg/ml of anti-Cyr61
(Cyr61) or with the corresponding amount of normal
rabbit serum (Ctrl) for 48 h. For SUMI159PT complete
medium -/+1 pg/ml neutralizing antibody Cyr61 was
added to cultures. Photomicrographs were taken at 0 and
20 h with a Microscope Cell Observer Z1 system (Carl

Zeiss AG) equipped with controlled environment chamber
and Camera Cascade 1k. Migration was quantified using
wound-healing tool of Imagel.

Transendothelial migration

Transendothelial migration of MDA-MB-231-
Tet-On-shRNA-c-Src was performed growing HUVEC
cells over gelatin-coated cell culture inserts for
24-well plate (8 pm-pore PET membranes, Falcon). After
48 h -/+Doxy, 5x10%ells were seeded over HUVEC
monolayer. The lower chamber was filled with 600ul of
20% FBS-supplemented medium. In parallel, a control
was performed in the same conditions by seeding HUVEC
cells alone, in order to test their spontaneous migration.
After 22 h, transmigrated cells were detached and
counted in hemocytometer. The number of Doxy-treated
transmigrated cells was expressed as percentage respect
to control transmigrated cells (100%).

Invasion assay

MDA-MB-231-Tet-On-shRNA-c-Src cells were
seeded on the upper chamber (5x10%well/200ul) in serum-
free medium -/+2 pg/ml Doxy. The lower chamber was
filled with 600ul of 20% FBS-supplemented medium
-/+ Doxy; 22 h later, after removing cells on top of inserts,
those on lower surface fixed and stained as previously
described [31].

Secretome fractionation

Conditioned media from cell cultures were used
to prepare soluble and exosomal fractions of secretome
by differential centrifugation, as described [52]. The
soluble secretome, supernatant of 100, 000xg, 70min,
was concentrated by methanol/chloroform precipitation.
Microvesicle pellet was resuspended in RIPA buffer for
immunoblotting analyses.

Transient transfection of siRNA for Cyr6land
Rab27a

MDA-MB-231 cells (105cells/well, 6-well plate)
were seeded in complete medium without antibiotics.
Next day, cells were transfected using Dharmafect 4 with
20nM of siRNA-Cyr61 or 50nM of esiRNA-Rab27a. For
control, 20/50nM scramble siRNA (Life Technologies)
were used. After 8 h medium was changed. For siRNA-
Cyr61 transfection, cells were detached 40 h later
and used for invasion, transendothelial migration or
immunoblotting (72 h) assays. When esiRNA-Rab27a
was employed, media culture was changed after 72 h
and cells were then maintained 24 h in serum-free
media. Secretome and total cell extracts were used for
immunoblotting analyses.
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Secretome protein digestion, iTRAQ-4-plex®
labeling and RP-LC-MALDI TOF/TOF MS
analysis

Cultures of MDA-MB-231-shRNA-c-Src  were
grown for 48 h in complete media -/+ Doxy (2 pg/ml).
Cultures were then washed with phenol red and serum
free DMEM and incubated for additional 24 h in this
medium -/+ Doxy (2 pg/ml). Total secretome, fraction S3
(diagram Figure 4A) was collected. For digestion, 20 pg
of protein from each secretoma condition (-/+ Doxy)
was precipitated with methanol/chloroform. Proteins
from each condition (20 pg) were reduced with TCEP
[Tris(2-carboxyethyl)phosphine], alkylated with MMTS
(methyl methanethiosulfonate), digested with trypsin
and labeled with iTRAQ reagent. Labeling tags 116 and
117 were used for controls and 114 and 115 for Doxy-
treated replicates. Each digested, labeled and pooled
samples were desalted using Sep-Pak C18 Cartridges
(Waters), vacuum concentrated and reconstituted with
0.1% heptafluorobutyric acid (HFBA). An aliquot
was injected with a TEMPO nanoMDLC HPLC (AB
SCIEX) and eluted onto an Onyx monolith C18 column
(150 mm x 0.1 mm) (Phenomenex). a-cyano-4-hidro-
cinnamic acid MALDI matrix diluted in 70% acetonitrile
and 0.1%TFA aqueous solution, were mixed post-column
with eluted peptides. Spots were deposited on MALDI-
plate (Opti-TOF™ LC MALDI Insert, AB SCIEX).
A MALDI TOF/TOF 4800 (AB SCIEX) mass
spectrometer was used for acquisition and processing
of data. MS data from spots was acquired in positive
reflector ion mode in mass range of 800-3500m/z by
accumulation of 1200 laser shots. MS/MS spectra were
generated by 2kV collisions with air. Maximal 2000 laser
shots were accumulated for MS/MS spectra. Protein
identification and quantitation on each of the two data sets
were done by using MASCOT-v2.3.01 (Matrix Science)
and Phenyx-v2.6 (GeneBio) search engines. Searches
were performed against UniProtKB/Swiss-Prot human
database to estimate false positive rate (FDR) below 0.5%,
which boosted reliability of data. Differential expression
of proteins between controls and Doxy-treated samples
was determined by calculating weighted average ratios
of peptides for each identified protein. Only proteins
having at least two quantitated peptides detected by both
Mascot and Phenyx in control and + Doxy conditions were
considered in quantitation.

Statistical analyses

Mean values, standard deviation and statistical
significance between data from two different experimental
conditions were determined by two-tail Student #-test.
For co-localization analyses by confocal microscopy,
Pearson’s coefficient (Bolte and Cordelieres, 2006) [56]
was employed. ANOVA followed by Tukey post-hoc test

were used for comparative analyses of Cyr61 expression
among subtypes of breast cancer cell lines.

ACKNOWLEDGMENTS

Authors are thankful to J. Gonzalez Castafo,
M. Izquierdo, J. Ledén, R. Pulido, AG. Martin,
M. Quintanilla, I. Sanchez, A. Muifloz. M. Mittelbrunn,
and F. Sanchez-Madrid for comments and reagents,
M. Apellaniz, B. Barragan, MI. Lara Chica and A. Blanco
for assistance. MP. S-B. was supported by a FPI fellowship
from Ministerio de Economia y Competitividad. JM-P is
a member of GEICAM and of IdPAZ. This work was
supported by SAF2009-09254 and SAF2012-38048 from
Ministerio de Economia y Competitividad, Spain. KUW
is supported, in part, by the Public Health Service grants
CA117930. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation
of the manuscript.

CONFLICTS OF INTEREST
The authors have no conflicts of interest to declare.

Abbreviations

Cyr61, Cysteine-rich protein 61, CCN1; DAPI: 4°,
6-diamidino-2-phenylindole; Doxy, Doxycycline; EGF,
Epidermal Growth Factor; bFGF, basic Fibroblast
Growth Factor; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2,
S-diphenyltetrazolium bromide; PI, propidium iodide;
RFS, relapse free survival; SFKs, Src Family Kinases

REFERENCES

1. Thomas SM, Brugge JS. Cellular functions regulated by Src
family kinases. Ann Rev Cell Dev Biol. 1997; 13:513-609.

2. Bromann PA, Korkaya H, Courtneidge SA. The interplay
between Src family kinases and receptor tyrosine kinases.
Oncogene. 2004; 23:7957-7968.

3. Fresno Vara JA, Dominguez Caceres MA, Silva A,
Martin-Pérez J. Src family kinases are required for pro-
lactin induction of cell proliferation. Mol Biol Cell. 2001;
12:2171-2183.

4. Shupnik MA. Crosstalk between steroid receptors and the
c-Src-receptor tyrosine kinase pathways: implications for
cell proliferation. Oncogene. 2004; 23:7979-7989.

5. Nagashima T, Maruyama T, Uchida H, Kajitani T, Arase T,
Ono M, Oda H, Kagami M, Masuda H, Nishikawa S, Asada H,
Yoshimura Y. Activation of SRC kinase
phosphorylation of signal transducer and activator of tran-

and

scription-5 are required for decidual transformation of
human endometrial stromal cells. Endocrinology. 2008;
149:1227-1234.

www.impactjournals.com/oncotarget

13534

Oncotarget



10.

11.

13.

14.

16.

17.

19.

20.

21.

Faivre EJ, Lange CA. Progesterone receptors upregulate
Wnt-1 to induce epidermal growth factor receptor transac-
tivation and c-Src-dependent sustained activation of Erk1/2
mitogen-activated protein kinase in breast cancer cells. Mol
Cell Biol. 2007; 27:466—4380.

Migliaccio A, Castoria G, Di Domenico M, de Falco A,
Bilancio A, Lombardi M, Bottero D, Varricchio L,
Nanayakkara M, Rotondi A, Auricchio F. Sex steroid hor-
mones act as growth factors. J Steroid Biochem Mol Biol.
2002; 83:31-35.

Parsons SJ, Parsons JT. Src family kinases, key regulators
of signal transduction. Oncogene. 2004; 23:7906—7909.

Mitra SK, Hanson DA, Schlaepfer DD. Focal adhesion
kinase: in command and control of cell motility. Nat Rev
Mol Cell Biol. 2005; 6:56-68.

Guarino M. Src signaling in cancer invasion. J Cell Physiol.
2010; 223:14-26.

Yeatman TJ. A renaissance for SRC. Nat Rev Cancer. 2004;
4:470-480.

Frame MC, Fincham V], Carragher NO, Wyke JA. v-Src’s
hold over actin and cell adhesions. Nat Rev Mol Cell Biol.
2002; 3:233-245.

Cancer Genome Atlas N. Comprehensive molecular por-
traits of human breast tumours. Nature. 2012; 490:61-70.

Stephens PJ, Tarpey PS, Davies H, Van Loo P, Greenman C,
Wedge DC, Nik-Zainal S, Martin S, Varela I, Bignell GR,
Yates LR, Papaemmanuil E, Beare D, Butler A, Cheverton A,
Gamble J, et al. The landscape of cancer genes and
mutational processes in breast cancer. Nature. 2012;
486:400—-404.

Summy JM, Gallick GE. Src family kinases in tumor pro-
gression and metastasis. Cancer Metastasis Rev. 2003;
22:337-358.

Wheeler DL, Iida M, Dunn EF. The role of Src in solid
tumors. Oncologist. 2009; 14:667-678.

Zhang S, Yu D. Targeting Src family kinases in anti-cancer
therapies: turning promise into triumph. Trends in pharma-
cological sciences. 2012; 33:122—128.

Kim LC, Song L, Haura EB. Src kinases as therapeutic tar-
gets for cancer. Nat Rev Clin Oncol. 2009; 6:587-595.

Ottenhoff-Kalff AE, Rijksen G, van Beurden EA,
Hennipman A, Michels AA, Staal GE. Characterization of
protein tyrosine kinases from human breast cancer: involve-
ment of the c-src oncogene product. Cancer Res. 1992;
52:4773-4778.

Verbeek BS, Vroom TM, Adriaansen-Slot SS, Ottenhoft-
Kalff AE, Geertzema JG, Hennipman A, Rijksen G. c-Src
protein expression is increased in human breast cancer. An
immunohistochemical and biochemical analysis. J Pathol.
1996; 180:383-388.

Guy CT, Muthuswamy SK, Cardiff RD, Soriano P, Muller
WI. Activation of the c-Src tyrosine kinase is required

for the induction of mammary tumors in transgenic mice.
Genes Dev. 1994; 8:23-32.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Muthuswamy SK, Siegel PM, Dankort DL, Webster MA,
Muller WJ. Mammary tumors expressing the neu proto-
oncogene possess elevated c-Src tyrosine kinase activity.
Mol Cell Biol. 1994; 14:735-743.

Nagata Y, Lan KH, Zhou X, Tan M, Esteva FJ, Sahin AA,
Klos KS, Li P, Monia BP, Nguyen NT, Hortobagyi GN,
Hung MC, Yu D. PTEN activation contributes to tumor
inhibition by trastuzumab, and loss of PTEN predicts
trastuzumab resistance in patients. Cancer Cell. 2004;
6:117-127.

LuY, YuQ, Liu JH, Zhang J, Wang H, Koul D, McMurray
JS, Fang X, Yung WK, Siminovitch KA, Mills GB. Src
family protein-tyrosine kinases alter the function of PTEN
to regulate phosphatidylinositol 3-kinase/AKT cascades.
J Biol Chem. 2003; 278:40057-40066.

Chu I, Sun J, Arnaout A, Kahn H, Hanna W, Narod S,
Sun P, Tan CK, Hengst L, Slingerland J. p27 phosphory-
lation by Src regulates inhibition of cyclin E-Cdk2. Cell.
2007; 128:281-294.

Chu I, Arnaout A, Loiseau S, Sun J, Seth A, McMahon C,
Chun K, Hennessy B, Mills GB, Nawaz Z, Slingerland JM.
Src promotes estrogen-dependent estrogen receptor alpha
proteolysis in human breast cancer. J Clin Invest. 2007,
117:2205-2215.

Brunton VG, Frame MC. Src and focal adhesion kinase as
therapeutic targets in cancer. Curr Opin Pharmacol. 2008;
8:427-432.

Canel M, Serrels A, Frame MC, Brunton VG. E-cadherin-
integrin crosstalk in cancer invasion and metastasis. J Cell
Sci. 2013; 126:393-401.

Sen B, Johnson FM. Regulation of SRC family kinases
in human cancers. Journal of signal transduction. 2011;
2011:865819.

Vultur A, Buettner R, Kowolik C, Liang W, Smith D,
Boschelli F, Jove R. SKI-606 (bosutinib), a novel Src
kinase inhibitor, suppresses migration and invasion
of human breast cancer cells. Mol Cancer Ther. 2008;
7:1185-1194.

Sanchez-Bailon MP, Calcabrini A, Gomez-Dominguez D,
Morte B, Martin-Forero E, Gomez-Lopez G, Molinari A,
Wagner KU, Martin-Perez J. Src kinases catalytic activ-
ity regulates proliferation, migration and invasiveness
of MDA-MB-231 breast cancer cells. Cell Signal. 2012;
24:1276-1286.

Joshi B, Strugnell SS, Goetz JG, Kojic LD, Cox ME,
Griffith OL, Chan SK, Jones SJ, Leung SP, Masoudi H,
Leung S, Wiseman SM, Nabi IR. Phosphorylated caveo-
lin-1 regulates Rho/ROCK-dependent focal adhesion
dynamics and tumor cell migration and invasion. Cancer
Res. 2008; 68:8210-8220.

Ishizawar RC, Tice DA, Karaoli T, Parsons SJ. The C
terminus of c-Src inhibits breast tumor cell growth by
a kinase-independent mechanism. J Biol Chem. 2004;
279:23773-23781.

WWw

.impactjournals.com/oncotarget

13535

Oncotarget



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Hendrix A, Hume AN. Exosome signaling in mammary
gland development and cancer. The International journal of
developmental biology. 2011; 55:879-887.

Kruger S, Abd Elmageed ZY, Hawke DH, Worner PM,
Jansen DA, Abdel-Mageed AB, Alt EU, Izadpanah R.
Molecular characterization of exosome-like vesicles from
breast cancer cells. BMC Cancer. 2014; 14:44.

Gonzalez L, Agullo-Ortuno MT, Garcia-Martinez JM,
Calcabrini A, Gamallo C, Palacios J, Aranda A, Martin-
Perez J. Role of ¢c-Src in Human MCF7 Breast Cancer Cell
Tumorigenesis. J Biol Chem. 2006; 281:20851-20864.

Lin BR, Chang CC, Chen LR, Wu MH, Wang MY, Kuo IH,
Chu CY, Chang KJ, Lee PH, Chen WJ, Kuo ML, Lin MT.
Cysteine-rich 61 (CCN1) enhances chemotactic migration,
transendothelial cell migration, and intravasation by con-
comitantly up-regulating chemokine receptor 1 and 2. Mol
Cancer Res. 2007; 5:1111-1123.

Shen Q, Rahn JJ, Zhang J, Gunasekera N, Sun X, Shaw
AR, Hendzel MJ, Hoffman P, Bernier A, Hugh JC. MUCl1
initiates Src-CrkL-Rac1/Cdc42-mediated actin cytoskeletal
protrusive motility after ligating intercellular adhesion mol-
ecule-1. Mol Cancer Res. 2008; 6:555-567.

Mariotti M, Castiglioni S, Garcia-Manteiga JM, Beguinot L,
Maier JA. HD-PTP inhibits endothelial migration through
its interaction with Src. The international journal of bio-
chemistry & cell biology. 2009; 41:687—-693.

DeSantis C, Siegel R, Bandi P, Jemal A. Breast cancer sta-
tistics. CA Cancer J Clin. 2011; 61:409-418.

RucciN, Recchial, Angelucci A, Alamanou M, Del Fattore A,
Fortunati D, Susa M, Fabbro D, Bologna M, Teti A.
Inhibition of protein kinase c-Src reduces the incidence of
breast cancer metastases and increases survival in mice:
implications for therapy. The Journal of pharmacology and
experimental therapeutics. 2006; 318:161-172.

Jallal H, Valentino ML, Chen G, Boschelli F, Ali S,
Rabbani SA. A Src/Abl kinase inhibitor, SKI-606, blocks
breast cancer invasion, growth, and metastasis in vitro and
in vivo. Cancer Res. 2007; 67:1580—1588.

Finn RS. Targeting Src in breast cancer. Ann Oncol. 2008;
19:1379-1386.

Bendinelli P, Maroni P, Matteucci E, Desiderio MA.
Comparative role of acetylation along c-SRC/ETS1 sig-
naling pathway in bone metastatic and invasive mam-
mary cell phenotypes. Biochim Biophys Acta. 2011;
1813:1767-1776.

Zhang XH, Jin X, Malladi S, Zou Y, Wen YH, Brogi E,
Smid M, Foekens JA, Massague J. Selection of bone metas-
tasis seeds by mesenchymal signals in the primary tumor
stroma. Cell. 2013; 154:1060-1073.

Li H, Huang F, Fan L, Jiang Y, Wang X, Li J, Wang Q,
Pan H, Sun J, Cao X, Wang X. Phosphatidylethanolamine-
binding protein 4 is associated with breast cancer metas-
tasis through Src-mediated Akt tyrosine phosphorylation.
Oncogene. 2014; 33:4589-4598.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Zhang XH, Wang Q, Gerald W, Hudis CA, Norton L,
Smid M, Foekens JA, Massague J. Latent bone metasta-
sis in breast cancer tied to SRC-dependent survival signals.
Cancer Cell. 2009; 16:67-78.

Myoui A, Nishimura R, Williams PJ, Hiraga T, Tamura D,
Michigami T, Mundy GR, Yoneda T. C-SRC tyrosine
kinase activity is associated with tumor colonization in bone
and lung in an animal model of human breast cancer metas-
tasis. Cancer Res. 2003; 63:5028-5033.

Zhang S, Huang WC, Zhang L, Zhang C, Lowery FJ, Ding
Z, Guo H, Wang H, Huang S, Sahin AA, Aldape KD, Steeg
PS, Yu D. SRC family kinases as novel therapeutic targets
to treat breast cancer brain metastases. Cancer Res. 2013;
73:5764-5774.

Brunton VG, Avizienyte E, Fincham VJ, Serrels B, Metcalf
CA 3rd, Sawyer TK, Frame MC. Identification of Src-
specific phosphorylation site on focal adhesion kinase: dis-
section of the role of Src SH2 and catalytic functions and
their consequences for tumor cell behavior. Cancer Res.
2005; 65:1335-1342.

Lin J, Huo R, Wang L, Zhou Z, Sun Y, Shen B, Wang R, Li
N. A novel anti-Cyr antibody inhibits breast cancer growth
and metastasis in vivo. Cancer Immunol Immunother. 2012;
61:677-687.

Thery C, Amigorena S, Raposo G, Clayton A, : Isolation
and characterization of exosomes from cell culture
supernatants and biological fluids. Current protocols in cell
biology / editorial board. Juan S Bonifacino, , et al: 2006;
Chapter 3:Unit 3 22

Pols MS, Klumperman J. Trafficking and function of the
tetraspanin CD63. Exp Cell Res. 2009; 315:1584-1592.

Ostrowski M, Carmo NB, Krumeich S, Fanget [, Raposo G,
Savina A, Moita CF, Schauer K, Hume AN, Freitas RP,
Goud B, Benaroch P, Hacohen N, Fukuda M, Desnos C,
Seabra MC, et al. Rab27a and Rab27b control different
steps of the exosome secretion pathway. Nat Cell Biol.
2010; 12:19-30. sup pp 11-13.

Alcalde J, Egea G, Sandoval IV. gp74 a membrane gly-
coprotein of the cis-Golgi network that cycles through the
endoplasmic reticulum and intermediate compartment.
J Cell Biol. 1994; 124:649-665.

Bolte S, Cordelieres FP. A guided tour into subcellular
colocalization analysis in light microscopy. Journal of
microscopy. 2006; 224:213-232.

Menendez JA, Mehmi I, Griggs DW, Lupu R. The angio-
genic factor CYRG61 in breast cancer: molecular pathology
and therapeutic perspectives. Endocr Relat Cancer. 2003;
10:141-152.

Tsai MS, Hornby AE, Lakins J, Lupu R. Expression and
function of CYR61, an angiogenic factor, in breast can-
cer cell lines and tumor biopsies. Cancer Res. 2000;
60:5603-5607.

Neve RM, Chin K, Fridlyand J, Yeh J, Baehner FL,
Fevr T, Clark L, Bayani N, Coppe JP, Tong F, Speed T,

WWw

.impactjournals.com/oncotarget

13536

Oncotarget



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Spellman PT, DeVries S, Lapuk A, Wang NJ, Kuo WL,
et al. A collection of breast cancer cell lines for the study
of functionally distinct cancer subtypes. Cancer Cell. 2006;
10:515-527.

Charafe-Jauffret E, Ginestier C, Iovino F, Wicinski J,
Cervera N, Finetti P, Hur MH, Diebel ME, Monville F,
Dutcher J, Brown M, Viens P, Xerri L, Bertucci F, Stassi G,
Dontu G, et al. Breast cancer cell lines contain functional
cancer stem cells with metastatic capacity and a distinct
molecular signature. Cancer Res. 2009; 69:1302—-1313.

Goldhirsch A, Wood WC, Coates AS, Gelber RD,
Thurlimann B, Senn HJ. Strategies for subtypes—dealing
with the diversity of breast cancer: highlights of the
St. Gallen International Expert Consensus on the Primary
Therapy of Early Breast Cancer 2011. Ann Oncol. 2011;
22:1736-1747.

Gyorfty B, Lanczky A, Eklund AC, Denkert C, Budczies J,
Li Q, Szallasi Z. An online survival analysis tool to rapidly
assess the effect of 22, 277 genes on breast cancer prognosis
using microarray data of 1, 809 patients. Breast Cancer Res
Treat. 2010; 123:725-731.

Zheng X, Resnick RJ, Shalloway D. Apoptosis of estro-
gen-receptor negative breast cancer and colon cancer cell
lines by PTP alpha and src RNAIi. Int J Cancer. 2008;
122:1999-2007.

Carragher NO, Frame MC. Focal adhesion and actin
dynamics: a place where kinases and proteases meet to pro-
mote invasion. Trends Cell Biol. 2004; 14:241-249.

Webb DJ, Donais K, Whitmore LA, Thomas SM, Turner
CE, Parsons JT, Horwitz AF. FAK-Src signalling through
paxillin, ERK and MLCK regulates adhesion disassembly.
Nat Cell Biol. 2004; 6:154-161.

Curran S, Murray GI. Matrix metalloproteinases in tumour
invasion and metastasis. J Pathol. 1999; 189:300-308.

Sun X, Li C, Zhuang C, Gilmore WC, Cobos E, Tao Y, Dai Z.
Abl interactor 1 regulates Src-Id1-matrix metalloproteinase
9 axis and is required for invadopodia formation, extracellular
matrix degradation and tumor growth of human breast cancer
cells. Carcinogenesis. 2009; 30:2109-2116.

Ma JG, Huang H, Chen SM, Chen Y, Xin XL, Lin LP,
Ding J, Liu H, Meng LH. PHO006, a novel and selective Src
kinase inhibitor, suppresses human breast cancer growth
and metastasis in vitro and in vivo. Breast Cancer Res Treat.
2011; 130:85-96.

Chen Y, Du XY. Functional properties and intracellular
signaling of CCN1/Cyr61. Journal of cellular biochemistry.
2007; 100:1337-1345.

Xie D, Nakachi K, Wang H, Elashoff R, Koeffler HP.
Elevated levels of connective tissue growth factor, WISP-
1, and CYR in primary breast cancers associated with more
advanced features. Cancer Res. 2001; 61:8917-8923.
O'KellyJ,Chung A, Lemp N, ChumakovaK, Yin D, Wang HJ,
Said J, Gui D, Miller CW, Karlan BY, Koeffler HP.
Functional domains of CCN1 (Cyr61) regulate breast

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

cancer progression. International journal of oncology. 2008;
33:59-67.

Xie D, Miller CW, O'Kelly J, Nakachi K, Sakashita
A, Said JW, Gornbein J, Koeffler HP. Breast cancer.
Cyr61 is overexpressed, estrogen-inducible, and associ-
ated with more advanced disease. J Biol Chem. 2001;
276:14187-14194.

Harris LG, Pannell LK, Singh S, Samant RS, Shevde LA.
Increased vascularity and spontaneous metastasis of breast
cancer by hedgehog signaling mediated upregulation of
cyr61. Oncogene. 2012; 31:3370-3380.

Tsai MS, Bogart DF, Li P, Mehmi I, Lupu R. Expression
and regulation of Cyr61 in human breast cancer cell lines.
Oncogene. 2002; 21:964-973.

Escola JM, Kleijmeer MJ, Stoorvogel W, Griffith JM,
Yoshie O, Geuze HJ. Selective enrichment of tetraspan pro-
teins on the internal vesicles of multivesicular endosomes
and on exosomes secreted by human B-lymphocytes. J Biol
Chem. 1998; 273:20121-20127.

Mathivanan S, Simpson RJ. ExoCarta: A compen-
dium of exosomal proteins and RNA. Proteomics. 2009;
9:4997-5000.

Peinado H, Aleckovic M, Lavotshkin S, Matei I, Costa-
Silva B, Moreno-Bueno G, Hergueta-Redondo M, Williams
C, Garcia-Santos G, Ghajar CM, Nitadori-Hoshino A,
Hoffman C, Badal K, Garcia BA, Callahan MK, Yuan J,
et al. Melanoma exosomes educate bone marrow progeni-
tor cells toward a pro-metastatic phenotype through MET.
Nat Med. 2012; .

Si W, Kang Q, Luu HH, Park JK, Luo Q, Song WX, Jiang W,
Luo X, Li X, Yin H, Montag AG, Haydon RC, He TC.
CCN1/Cyr61 is regulated by the canonical Wnt signal and
plays an important role in Wnt3A-induced osteoblast differ-
entiation of mesenchymal stem cells. Mol Cell Biol. 2006;
26:2955-2964.

Su JL, Chiou J, Tang CH, Zhao M, Tsai CH, Chen PS,
Chang YW, Chien MH, Peng CY, Hsiao M, Kuo ML,
Yen ML. CYRG61 regulates BMP-2-dependent osteoblast
differentiation through the {alpha}v{beta}3 integrin/
integrin-linked kinase/ERK pathway. J Biol Chem. 2010;
285:31325-31336.

Habel N, Vilalta M, Bawa O, Opolon P, Blanco J, Fromigue
0. Cyr61 silencing reduces vascularization and dissemina-
tion of osteosarcoma tumors. Oncogene. 2014; .

Bellahcene A, Bachelier R, Detry C, Lidereau R, Clezardin
P, Castronovo V. Transcriptome analysis reveals an osteo-
blast-like phenotype for human osteotropic breast cancer
cells. Breast Cancer Res Treat. 2007; 101:135-148.

Kang Y, Siegel PM, Shu W, Drobnjak M, Kakonen SM,
Cordon-Cardo C, Guise TA, Massague J. A multigenic pro-
gram mediating breast cancer metastasis to bone. Cancer
Cell. 2003; 3:537-549.

Chen PS, Wang MY, Wu SN, Su JL, Hong CC, Chuang SE,
Chen MW, Hua KT, Wu YL, Cha ST, Babu MS, Chen CN,

WWw

.impactjournals.com/oncotarget

13537

Oncotarget



84.

85.

86.

Lee PH, Chang KJ, Kuo ML. CTGF enhances the motility
of breast cancer cells via an integrin-{alpha}vbeta3-
ERK1/2-dependent S100A4-upregulated pathway. J Cell
Sci. 2007; 120:2053-2065.

Lipsich LA, Lewis AJ, Brugge JS. Isolation of monoclonal
antibodies that recognize the transforming proteins of avian
sarcoma viruses. Journal of virology. 1983; 48:352-360.
Neeft M, Wieffer M, de Jong AS, Negroiu G, Metz CH,
van Loon A, Griffith J, Krijgsveld J, Wulffraat N, Koch H,
Heck AJ, Brose N, Kleijmeer M P. Munc13—4 is an effector
of rab27a and controls secretion of lysosomes in hematopoi-
etic cells. Mol Biol Cell. 2005; 16:731-741.

Flanagan L, Van Weelden K, Ammerman C, Ethier SP,
Welsh J. SUM-159PT cells: a novel estrogen independent

87.

88.

human breast cancer model system. Breast Cancer Res
Treat. 2000; 58:193-204.

Marlow R, Honeth G, Lombardi S, Cariati M, Hessey
S, Pipili A, Mariotti V, Buchupalli B, Foster K, Bonnet
D, Grigoriadis A, Rameshwar P, Purushotham A, Tutt
A, Dontu G. A novel model of dormancy for bone
metastatic ~ breast cancer cells. Cancer Res. 2013;
73:6886-6899.

Zhang Q, Wu J, Cao Q, Xiao L, Wang L, He D,
Ouyang G, Lin J, Shen B, Shi Y, Zhang Y, Li D, Li N.
A critical role of Cyr6l in interleukin-17-dependent
proliferation of fibroblast-like synoviocytes in rheumatoid
arthritis. Arthritis Rheum. 2009; 60:3602-3612.

www.impactjournals.com/oncotarget

13538

Oncotarget



