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Tumor-derived microvesicles mediate human
breast cancer invasion through differentially

glycosylated EMMPRIN
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Tumor cells secrete not only a variety of soluble factors, but also extracellular vesicles that are known to support the establishment of a
favorable tumor niche by influencing the surrounding stroma cells. Here we show that tumor-derived microvesicles (T-MV) also directly
influence the tumor cells by enhancing theirinvasion in a both autologous and heterologous manner. Neither the respective vesicle-free
supernatant nor MV from benign mammary cells mediate invasion. Uptake of T-MV is essential for the proinvasive effect. We further
identify the highly glycosylated form of the extracellular matrix metalloproteinase inducer (EMMPRIN) as a marker for proinvasive
MV. EMMPRIN is also present at high levels on MV from metastatic breast cancer patients in vivo. Anti-EMMPRIN strategies, such
as MV deglycosylation, gene knockdown, and specific blocking peptides, inhibit MV-induced invasion. Interestingly, the effect of
EMMPRIN-bearing MV is not mediated by matrix metalloproteinases but by activation of the p38/MAPK signaling pathway in the
tumor cells. In conclusion, T-MV stimulate cancer cell invasion via a direct feedback mechanism dependent on highly glycosylated

EMMPRIN.
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Introduction

Intercellular communication is an essential aspect of malignant
tumors that constitute complex tissues. It serves not only to main-
tain tissue homeostasis but also to mediate migration and subse-
quent invasion of tumor cells. While, in the past, soluble factors
such as cytokines and growth factors have been considered the
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main mediators of these processes, the contribution of extracellu-
lar vesicles (EV) is now increasingly recognized (Thery et al., 2009;
Kucharzewska and Belting, 2013).

Tumor cells constitutively produce distinct populations of extra-
cellular vesicles that can be distinguished based on their biogen-
esis and physical properties. Among the most studied vesicles
are exosomes (Exo, diameter: 50-100 nm) and microvesicles
(MV, 100-1000 nm). While Exo are endosomal-derived and can
be released upon fusion of multivesicular bodies (MVB) with the
cell membrane, MV are actively shed from the plasma membrane
(Raposo and Stoorvogel, 2013). Both particle populations carry a
plethora of bioactive molecules including lipids, proteins, as well
as different types of nucleic acids. Apart from the content of the
vesicles, their uptake seems to be an important prerequisite for
their function. Although the mechanism of MV uptake is still
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poorly understood, it was recently shown that low temperature as
well as blocking the GTPase dynamin can reduce MV uptake and
even abrogate MV function (Kawamoto et al., 2012), which points
to an endocytosis-mediated process.

Tumor-derived MV (T-MV) are known to enhance progression of
human tumors by modulating the surrounding stroma cells includ-
ing fibroblasts, endothelial cells, and immune cells (Muralidharan-
Chari et al., 2010). However, little is known about the autologous
effects of T-MV on the tumor cells themselves. Some studies dem-
onstrate that T-MV can enhance autologous tumor invasion by
carrying matrix metalloproteinases (MMPs) or their regulators
and thereby mediate degradation of the extracellular matrix
(Muralidharan-Chari et al., 2010). The extracellular matrix met-
alloproteinase inducer (EMMPRIN) is known to stimulate MMP ex-
pression in tumor as well as stroma cells (Biswas et al., 1995).
Overexpression of EMMPRIN has been described in many cancers
and correlates with shortened survival (Nabeshima et al., 2006).
EMMPRIN has three N-glycosylation sites, resulting in a highly
glycosylated form (HG, 45-65 kDa) and a low glycoform (LG,
~32kDa) (Tang et al., 2004a). Among four splice variants,
EMMPRIN-2 is the most abundant one (Liao et al., 2011). EMMPRIN
can induce its own transcription (Tang et al., 2004b) by homophilic
interaction of EMMPRIN on opposing cells (Yu et al., 2008), result-
ing in activation of p38-/mitogen-activated protein kinase (MAPK)
(Lim et al., 1998).

Recently, we were able to demonstrate that T-MV induce a proin-
vasive phenotype in tumor-associated macrophages, which can be
partly blocked by inhibition of MV uptake (Menck et al., 2013;
Rietkotter et al., 2013). We thus hypothesized that T-MV not only
influence the surrounding stroma cells, but also represent an
important means of communication between neighboring
breast cancer cells to facilitate their spontaneous invasion. Our
aim was to specify their mode of action in relation to their uptake
and to identify potential MV-related markers that mediate tumor
invasion.

Results
Cancer cell-derived MV but not MV from nonmalignant cells induce
invasion

EV from the breast cancer cell lines MCF-7 (T-EV\y), SK-BR-3
(T-EVs), and MDA-MB231 (T-EVypp), as well as the benign, immorta-
lized mammary epithelial cell line hTERT-HME1 (hTERT-EV) were
prepared by differential centrifugation without any previous stimula-
tion. Upon transmission electron microscopy (TEM), the MV fraction
consisted of a heterogeneous population of membrane-enclosed
vesicles with a diameter of 100 up to 1000 nm, which clearly differed
from the population of smaller, typically cup-shaped Exo (Figure 1A).
There was no evidence of apoptotic bodies or cell debris.

Invasion of MCF-7 (Figure 1B) as well as SK-BR-3 cells
(Supplementary Figure S1A) was enhanced by incubation with
both autologous and heterologous T-MV. T-Exo also induced inva-
sion, but to a significantly lesser extent. Therefore, we only focused
on the MV population in further experiments. Incubation with the
respective particle-free tumor cell supernatants (T-sn) or benign
hTERT-MV had no effect, indicating that MV-induced invasion is a
specific feature of distinct MV populations. Dilution experiments
elucidated that T-MV at a concentration as low as 0.1 pg/ml were
able to significantly increase tumor invasion (Supplementary Figure
S1B), arguing against an unspecific, artificial effect. Moreover,
T-MV did not influence cell proliferation (Supplementary Figure
S1C-E). Since it has been described that T-MV can confer malignant
characteristics to benign recipient cells, hTERT-HME1 cells were
exposed to heterologous T-MVy and autologous hTERT-MV;
however, they remained noninvasive (Figure 1C).

Incorporation is not specific, but necessary for proinvasive MV
We next asked whether MV are incorporated by tumor cells and
whether this differs between MV populations explaining their dif-
ferential features. Time course experiments revealed that a major
part of T-MVy was taken up into MCF-7 cells after 24 h of stimula-
tion (Supplementary Figure S2A). However, all of the investigated
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Figure 1 T-EV induce breast cancerinvasion. (A) Electron microscopy (TEM) of T-MV and T-Exo. (B) Microinvasion assay of MCF-7 breast cancer cells
stimulated with T-MV, T-Exo, and MV from normal epithelial cells ("\TERT-MV) (all at 1 wg/ml), as well as the respective particle-free supernatants
(sn) (mean 4 SD, n =3, *P < 0.001). Suffix y: vesicles/supernatant from MCF-7 cells; s: SK-BR-3; mpa: MDA-MB231; prerr: hTERT-HMET.
(C) Comparative analysis of cell invasion of MCF-7 and benign hTERT-HME1 cells stimulated with MV (10 pwg/ml) (mean + SD, n = 3,*P < 0.001).


http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mju047/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mju047/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mju047/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mju047/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mju047/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mju047/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mju047/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mju047/-/DC1

MV populations, regardless of their origin, were incorporated into
both breast cancer cell lines at this time point (Figure 2A,
Supplementary Figure S2B and C). Although the uptake of heterol-
ogous MV, including proinvasive T-MVs and non-proinvasive
hTERT-MV, into MCF-7 cells seemed to be lower compared with
the uptake of autologous T-MVy,, the tumor cells still ingested a
significant portion of all MV populations. This suggests that MV
uptake per se does not differ between proinvasive and non-
proinvasive MV. To investigate whether MV incorporation is none-
theless essential for MV function, we tried to antagonize T-MV
uptake into breast cancer cells with known inhibitors of endocyto-
sis at concentrations that did not interfere with cell viability
(Supplementary Figure S2D and E). Neither inhibition of clathrin-
mediated endocytosis with dansylcadaverine, nor interfering with
caveolae-dependent endocytosis by cholesterol depletion in the re-
cipient cells with filipin Il decreased T-MV ingestion (Supplementary
Figure S2F). Thus, T-MV incorporation occurs independent of either
clathrin- or caveolin-mediated endocytosis. However, pharmaco-
logical inhibition of dynamin with dynasore led to a significant
concentration-dependent reduction of T-MV uptake into MCF-7
(Figure 2B) as well as SK-BR-3 (Supplementary Figure S2F).
Consistently, T-MV-induced invasion was significantly decreased
after dynasore treatment (Figure 2C, Supplementary Figure S2G).
Taken together, these data imply a dynamin-dependent uptake
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of T-MV as an important requirement for MV-triggered invasion.
Furthermore, heating of T-MV significantly decreased their proinva-
sive phenotype (Figure 2D), indicating that their tumor-promoting
effect is not mediated by transferring lipids, but by proteins most
likely differentially expressed on T-MV and benign MV.

EMMPRIN is involved in the proinvasive phenotype of T-MV
Previously, we have shown that EMMPRIN expression in human
breast cancer cellsisinvolved in reprogramming tumor stroma cells
toward a proinvasive, tumor-supporting phenotype (Hagemann
et al., 2005). To investigate whether EMMPRIN is present on both
EV populations, i.e. MV and Exo, of breast cancer cells, we analyzed
its expression on the individual populations in comparison with the
whole cell lysate. In fact, we found an enrichment of EMMPRIN on
MV of both MCF-7 and SK-BR-3 cells (Figure 3A), whereas it was
absent on the respective Exo (Figure 3B). To further clarify whether
EMMPRIN is suitable for discriminating MV and Exo, we comparably
analyzed various known markers on both vesicle populations
(Supplementary Figure S3A). Interestingly, Flotillin-2, which is
often used as a marker for Exo, was found mainly in MV preparations,
while the MVB protein TSG101 was indeed specifically expressed
on Exo. Tubulin was found predominantly on MV. Next, MV and
Exo were loaded separately on sucrose gradients. Based on the dis-
tribution of the different markers, both populations were localized in
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Figure 2 MV uptake is important for their proinvasive function. (A) Fluorescence microscopy showing the uptake of MV (5 pg/ml) labeled with the
red fluorescent dye PKH26 by MCF-7 cells after 24 h of stimulation (magnification, 10 x; inserts: bright field). (B) Uptake of PKH26-labeled T-MV
(5 pg/ml) into MCF-7 cells preincubated with the endocytosis inhibitor dynasore (Dyn) was quantified by flow cytometry (mean + SD, n = 4,
*P < 0.01, **P < 0.001; MFI, mean fluorescence intensity). (C) Microinvasion assay of MCF-7 cells pretreated with Dyn (12.5 wM) prior to stimu-
lation with T-MV (mean 4+ SD,n = 3,*P < 0.001). (D) Microinvasion assay of MCF-7 cells exposed to heat-inactivated (5 min, 95°C) T-MV (mean +

SD, n = 3, *P < 0.001).
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Figure 3 EMMPRIN is expressed on T-MV in vitro and in vivo and contributes to their proinvasive phenotype. (A and B) Western blots showing the
expression of highly (HG) and lowly glycosylated (LG) EMMPRIN (EMP) in whole cell lysates (C) and T-MV (A) as well as the corresponding T-Exo
(B) of both breast cancer cell lines. (C) Western blots showing stable knockdown of EMMPRIN via shRNA (shEMP) in SK-BR-3 cells and MV (ns ctl,
non-sense control). (D) Microinvasion assay of MCF-7 cells exposed to T-MVs (1 pg/ml) from EMMPRIN knockdown cells (mean + SD, n = 3,
*P < 0.01). (E) Total MV from peripheral blood of metastatic breast cancer (BC) patients and matched controls (ctl). The percentage of
EMMPRIN-positive MV was quantified by flow cytometry. (F) Double staining for EMMPRIN and MUC1 of MV from a BC and a control patient

(representative density plots).

comparable density fractions ranging from 1.13 to 1.22 g/ml
(Supplementary Figure S3B). Again, EMMPRIN was present exclusive-
ly in the MV fraction, confirming that it can be used to visualize MV in
sucrose gradient preparations and to distinguish them from Exo.

To clarify whether the presence of EMMPRIN on T-MV is significant
for their proinvasive feedback effect on tumor cells, we performed
a stable knockdown of EMMPRIN via shRNA in SK-BR-3 cells
(Figure 3C) that have the strongest EMMPRIN enrichment on the
MV. This significantly diminished MV-induced autologous and heter-
ologous tumor cell invasion (Figure 3D, Supplementary Figure S3C),
confirming the role of EMMPRIN in the proinvasive MV phenotype.
However, MV uptake into breast cancer cells was not affected by
EMMPRIN knockdown (Supplementary Figure S3D and E).

EMMPRIN is expressed at high levels in patient-derived MV

To confirm that EMMPRIN expression on MV is not only involved
intumorinvasionin vitro, butalso playsarolein cancerprogression
in vivo, we isolated MV from peripheral blood of breast can-
cer patients with metastatic disease and analyzed the expression
of EMMPRIN by flow cytometry (Supplementary Figure S4A).
Indeed, the number of EMMPRIN-positive MV was significantly
enhanced in patient-derived MV (% of EMMPRIN-positive MV:
median 31.7 [IQR 21.35-37.35]) compared with matched controls
(% of EMMPRIN-positive MV: median 19.5[IQR 10.03-24.88], P =
0.0075, Wilcox one-sided rank test) (Figure 3E). Since blood-
derived MV consist of different subpopulations, also containing

MV from platelets, endothelial cells, and leukocytes, we performed
staining for the tumor marker MUC1, which was found to be
expressed on both in vitro T-MV and patient-derived MV in vivo
(Supplementary Figure S4B and C). Flow cytometry revealed
that the majority of EMMPRIN-positive MV also carried MUC1
(Figure 3F), indicating that these are in fact tumor cell-derived MV.

The glycosylation status of EMMPRIN on T-MV is important
for its function

In order to test whether differential EMMPRIN expression could
explain the proinvasive effect of T-MV in contrast to benign MV,
we analyzed EMMPRIN expression in various cells and their MV.
EMMPRIN was strongly enriched in T-MV compared with their par-
ental cells, but only weakly expressed on platelet-derived MV
(P-MV) (Figure 4A) that were previously identified as being not
proinvasive (Menck et al.,, 2013). Surprisingly, the strongest
EMMPRIN enrichment was demonstrated on MV from the benign
hTERT-HMEZ1. Analysis of the protein size revealed that all investi-
gated MV contained a large form of EMMPRIN ranging from 45 to
65 kDa, indicating glycosylation at multiple sites. However,
within this fraction, two different glycoforms can be distinguished:
(i) avery highly glycosylated protein (HG-EMMPRIN, ~50-65 kDa)
characterizing all proinvasive MV, and (ii) a variant with intermedi-
ate glycosylation (IG-EMMPRIN, ~45 kDa) in all non-proinvasive
MV. The low glycosylation variant (LG-EMMPRIN, 32 kDa) was
only very weakly detectable.
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Figure 4 High glycosylation is essential for the proinvasive function of
EMMPRIN. (A) The EMMPRIN glycosylation status on tumor and benign
cells/MV was analyzed by western blotting (HG-EMP, highly glycosy-
lated EMMPRIN; IG-EMP, intermediately glycosylated EMMPRIN;
LG-EMP, lowly glycosylated EMMPRIN). (B) T-MV,, were deglycosylated
by PNGaseF (visible as an unspecific band in lanes 1 and 3) under de-
naturing or nondenaturing conditions and the EMMPRIN glycosylation
status was assessed by western blotting. (C) Microinvasion assay of
MCF-7 cells stimulated with deglycosylated T-MV (10 pg/ml, non-
denat. conditions) (mean + SD, n = 3, *P < 0.001).

To test whetheronly HG-, but not IG-EMMPRIN, is responsible for
the proinvasive MV phenotype, we deglycosylated T-MVy, with
Peptide N-Glycosidase F (PNGaseF). Under nondenaturing experi-
mental conditions, this led to a significant reduction of the HG frac-
tion in favor of lesser glycosylated forms (Figure 4B). In contrast,
complete deglycosylation down to the core protein (27 kDa) was
only observed under denaturing conditions. T-MV deglycosylated
under nondenaturing conditions induced significantly less tumor
invasion than control MV (Figure 4C). To rule out possible anti-inva-
sive effects of N-deglycosylation of other proteins involved in inva-
sion on the recipient cells, cancer cells were also incubated with
PNGaseF without T-MV addition. Exposing tumor cells to PNGase
alone did not reduce, but rather enhanced invasion. This observa-
tion argues against a nonspecific anti-invasive effect of the
enzyme’s presence in the treated T-MV population.

Mass spectrometry analysis of T-MV confirms differential
EMMPRIN glycosylation

To further analyze EMMPRIN glycosylation patterns on T-MV,
T-MV,, were digested with PNGaseF and all EMMPRIN bands
detected by western blotting (see Figure 4B) were excised from
one-dimensional SDS electrophoresis gels and subjected to
LC-MS/MS. Alignment of the assigned peptides displayed the
highest coverage for the isoforms EMMPRIN-2 and EMMPRIN-3,
whereas peptides specific for EMMPRIN-1 and EMMPRIN-4 could
not be identified (Supplementary Figure S5A). Spectral counting
revealed that the N-terminal fragment of EMMPRIN-2 was present
in a ratio of 10:1 compared with EMMPRIN-3. This is in line with
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an mRNA screening of three cell lines and the human brain metas-
tases from eight patients with primary breast cancer, which showed
that EMMPRIN-2 is expressed at very high levels in vitro and in vivo
compared with the other two isoforms, EMMPRIN-3 and
EMMPRIN-4 (Figure 5A). These results suggest that EMMPRIN-2
is the predominant isoform on T-MV. However, since it is also
present on hTERT-MYV, its expression per se is not sufficient for
the proinvasive MV effect, which requires additional posttransla-
tional modifications, in particular strong glycosylation.

In order to further confirm that HG- and IG-EMMPRIN differ in
their glycosylation pattern, the three predicted EMMPRIN
N-glycosylation sites (Figure 5B) were analyzed. While glycosylated
peptides are too large for analysis, deglycosylation by PNGaseF
treatment leads to deamidation of the glycan-carrying asparagine
residues (N) to aspartic acid (D), which can then be detected due
to an increase in peptide mass by 1 mass unit. In line with this, the
peptides carrying the two glycosylation sites N160 and N268 were
missing in HG-EMMPRIN, whereas they were present with deami-
dated N-residues in IG-EMMPRIN (Figure 5C, Supplementary Figure
S5B-D). This confirms that HG- and IG-EMMPRIN are indeed differ-
entially glycosylated on T-MV, since HG-EMMPRIN carries glycans
atN160and N268, which are not glycosylated in the non-proinvasive
IG-EMMPRIN form. In addition, subsequent in-gel treatment of the
HG-EMMPRIN spot with PNGaseF led to detection of the deamidated
peptides (Supplementary Figure S5E). No consistent deamidation
pattern was found for the third putative glycosylation site at N302.

Specific blocking peptides against the two identified glycosyla-
tion sites N160 and N268 (Sato et al., 2009) reduced T-MV-
mediated tumor invasion, while random control peptides had no
such effect (Figure 5D). This result confirms that these sites are
indeed critical for the proinvasive function of EMMPRIN on T-MV.
To identify other potential proinvasive factors on T-MV, we thor-
oughly characterized T-MVy, by LC-MS/MS and all identified pro-
teins were subjected to Ingenuity Pathway Analysis (Supplementary
Table S1). Interestingly, the most probably putative upstream regula-
tors were TP53, MYC, APP, PSEN1, and MAPT, which have been impli-
cated in either EV genesis or the regulation of oncogenic pathways (Yu
et al., 2006; lkeda et al., 2010; Cho et al., 2011; Takagi et al., 2013).

EMMPRIN does not act via MMP induction, but through activation
of p38/MAPK

Next, we investigated how EMMPRIN mediates MV-induced tumor
invasion. Although a main function of EMMPRIN is to induce MMP
transcription, there was no significant effect of EMMPRIN-positive
T-MV on the expression of selected MMPs in the supernatant of
MCF-7 or SK-BR-3 cells (Figure 6A, Supplementary Figure S6A—C).
Moreover, neither MMP-2 nor MMP-9 could be detected on T-MV,
although MV can function as carriers for MMPs as shown by the
expression of MMP-9 on MV of human macrophages and platelets
(Figure 6B). This suggests that EMMPRIN acts MMP-independently
in this context and that the conveyance of MMPs is not the critical
discriminator between proinvasive and non-proinvasive MV.

The expression of the proinvasive factors VEGF, TNFa, and
M-CSF, which have been described as EMMPRIN target genes
(Tang et al., 2005; Schmidt et al., 2008; Seizer et al., 2010),
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Figure 5 HG-EMMPRIN on T-MV is glycosylated at N160 and N268. (A) Expression of EMMPRIN (EMP) isoforms EMP-2, EMP-3, and EMP-4 in human
breast (cancer) cellsand in brain metastases from eight breast cancer patients (BC brain mets) (QRT-PCR, mean, n = 3). EMP-3 and EMP-4 were not
detectable (n.d.) in hTERT-HME1 cells. (B) Schematic representation of EMP-2 with the three predicted N-glycosylation sites. (C) Mass spectrom-
etry of the three predicted EMMPRIN N-glycosylation sites (see text for further details). (D) Microinvasion assay of MCF-7 cells preincubated with
specific blocking peptides against the two EMMPRIN glycosylation sites (P-N160, P-N268) and stimulated with T-MV (mean 4+ SD, n =3, *P <
0.05, **P < 0.01). Random control peptides (P-N160rd, P-N268rd) were used as controls.

remained unchanged in MCF-7 and SK-BR-3 upon T-MV stimula-
tion (Supplementary Figure S6D). Furthermore, no positive feed-
back loop could be observed for the EMMPRIN expression itself.
We then investigated activation of p38/MAPK as a potential
downstream signal. Upon incubation with T-MV, p38 was rapidly
phosphorylated in both breast cancer cell lines (Figure 6C,
Supplementary Figure S6E). However, this phosphorylation was
absent when stimulating with T-MVs from EMMPRIN knockdown
cells (Figure 6D), confirming that p38 activation is indeed specific-
ally induced by EMMPRIN on T-MV. Consistently, T-MV-induced in-
vasion was significantly reduced by the p38 inhibitor SB-203580
(Figure 6E, Supplementary Figure S6F) at concentrations not in-
terfering with cell viability (Supplementary Figure S6G). To test

whether p38 phosphorylation depends specifically on the pres-
ence of HG-EMMPRIN, MCF-7 cells were preincubated with the
two blocking peptides P-N160 and P-N268 prior to T-MV stimu-
lation. This resulted in a significant reduction of phosphorylated
p38 (Figure 6F). In line with this finding, stimulation of the tumor
cells with PNGaseF-treated, deglycosylated T-MV also resulted
in a reduction in phosphorylated p38 protein (Supplementary
Figure S6H).

T-MV incubation also induced rapid phosphorylation of c-jun,
which, however, was accompanied by a parallel increase of total
c-jun (Figure 6C). While there was no evidence for de novo synthe-
sis of c-jun mRNA (Supplementary Figure S7A), T-MV carry consid-
erable amounts of c-jun protein (Supplementary Figure S7B). Thus,
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Figure 6 p38 signal transduction partially mediates MV-induced cancer cellinvasion. (A) MMP mRNA expression in MCF-7 cells stimulated for 24 h
with MV (25 pg/ml) (QRT-PCR, mean + SD, n = 3). (B) Zymography for MMP-9 in tumor and benign cells (C), as well as their respective MV (SK,
SK-BR-3; M®, human macrophages; P, platelets). (C) Western blots showing the phosphorylation of p38 and c-jun in MCF-7 cells stimulated with
T-MV for the indicated time periods. (D) Analysis of p38 phosphorylation in MCF-7 cells incubated for 1 h with T-MV from EMMPRIN knockdown
(shEMP) or non-sense control (ns) cells. (E) Microinvasion assay of MCF-7 cells pretreated with the p38 inhibitor SB-203580 (SB) for 2 h followed
by stimulation with T-MV (1 png/ml) (mean + SD, n = 3, *P < 0.001). (F) Western blots showing p38 phosphorylation in MCF-7 cells pretreated
with two EMMPRIN blocking peptides P-N160 and P-N268, respectively, for 2 h prior to stimulation with T-MV.

the early increase in phosphorylated c-jun may be due to the
transfer via T-MV containing the c-jun protein. Inhibition of c-jun
phosphorylation by application of the c-Jun N-terminal kinase
(NK) inhibitor-Il did not antagonize T-MV-induced invasion
(Supplementary Figure S7C), arguing for a c-jun-independent
effect.

Discussion

Recently, MV have been increasingly appreciated as important
mediators of cancer progression. Their role in malignant processes,
such as invasion and metastasis, has mostly been attributed to
either a horizontal interaction with the surrounding tumor stroma
or direct extracellular matrix degradation. Our data show that
T-MV also directly increase cancer invasion via an autologous
and heterologous loop. This effect has not been described so far
for MV, although similar observations have been reported for Exo
(Graves et al., 2004; Higginbotham et al., 2011). However, the re-
cipient cell type has to be predisposed towards an invasive state,
as T-MV alone are not sufficient to induce invasion in benign
mammary epithelial cells. Another important prerequisite for
MV function is the uptake into their target cell. The mechanism
by which extracellular vesicles are taken up is controversially dis-
cussed. While some studies observed blocking of Exo uptake by
common inhibitors of clathrin- or caveolin-mediated endocytosis
(Escrevente et al., 2011; Svensson et al., 2013), others argue that
Exo are taken up by membrane fusion (Parolini et al., 2009).
However, in our study, MV were ingested by endocytosis that oc-
curred independent of clathrin OR caveolin, but was reduced by
50% through inhibition of dynamin, suggesting that alternative
endocytotic routes are involved in this process.

Interestingly, heating of T-MV significantly reduced their proin-
vasive potential, showing that MV function is influenced by tumor-
promoting proteins expressed on the vesicles. Contribution of
lipids cannot be completely ruled out, since MV remained partly in-
vasive after heating. In search for molecules that mediate the T-MV
phenotype, we focused on EMMPRIN, which we had described
earlier as indispensable for breast cancer invasion induced by
macrophages (Hagemann et al., 2005). EMMPRIN is present on
T-MV where it is strongly enriched in comparison with the parent
cells. To our surprise, we did not find EMMPRIN on the Exo of our
investigated cell lines, which contradicts recent data (Redzic
et al., 2013). Since our isolation protocol clearly discriminates
between Exo and MV, this discrepancy may be due to different iso-
lation methods and contamination of Exo preparations with
EMMPRIN-carrying MV or differential expression patterns in dis-
tinct cell lines. Next to EMMPRIN, IPA of the T-MV protein content
revealed that more than a third of the identified proteins are in-
volved in cell growth, assembly, and proliferation. These include
many members of the integrin or mTOR signaling pathways, both
known to play a role in cancer progression. Since the employed
anti-EMMPRIN strategies did not completely abrogate the proinva-
sive function of T-MV, it is very likely that they harbor other tumor-
promoting factors that might be regulated by the identified upstream
regulators MYC, APP, PSEN1, or MAPT.

In line with our in vitro finding of EMMPRIN enrichment on proin-
vasive T-MV, we detected a significantly increased number of
EMMPRIN-positive MV in vivo in the blood of breast cancer patients
with metastatic disease compared with matched controls. Thisisin
accordance with a study from Baran et al. (2010) that EMMPRIN
levels are elevated in plasma samples from gastric cancer patients,
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whereas EMMPRIN could no longer be detected after centrifugation
ofthe samples at 50000 g. However, we also detected EMMPRIN on
MV from tumor-free control patients. This is not surprising, since
EMMPRIN expression has also been described for nonmalignant
blood cells, i.e. platelets and lymphocytes (Nabeshima et al.,
2004; Schmidt et al., 2008). In contrast to the controls, EMMPRIN
on patient-derived MV colocalized with the tumor marker MUC1
(also known as CA 15-3), which is used as prognostic serum
marker in breast cancer (Duffy et al., 2000) and is frequently over-
expressed on cancer cells. This clearly shows that EMMPRIN is
present predominantly on tumor cell-derived MV.

P-MV, which were demonstrated to be non-proinvasive (Menck
et al., 2013), carry only low amounts of EMMPRIN. Nevertheless,
the different MV effects cannot be attributed to varying EMMPRIN
levels alone, since EMMPRIN expression is strongest on hTERT-MV
that do not confer invasion. A clear influence on EMMPRIN function
has been demonstrated for its glycosylation status. Strong glycosy-
lation is necessary from self-aggregation and MMP induction
(Weidle et al., 2010). The HG form is also critical for adhesion to
integrins and invasion of hepatoma cells (Dai et al., 2009). We
show that EMMPRIN is glycosylated to a maximum extentin all proin-
vasive T-MV, whereas P- and hTERT-MV are characterized by a less
glycosylated form of EMMPRIN, which we termed intermediately gly-
cosylated (IG) EMMPRIN. Both stable knockdown of EMMPRIN and
MV deglycosylation down to the IG form counteract MV-induced in-
vasion. This indicates that not only the presence of EMMPRIN per se,
but particularly the expression of the HG form is necessary for this
proinvasive effect. A nonspecific action through deglycosylation of
other glycoproteins involved in invasion can be ruled out, since add-
ition of PNGaseF alone does not inhibit invasiveness.

Through mass spectrometry, we demonstrated that the differ-
ence between HG- and the newly described IG-EMMPRIN is due
to N-glycosylation at the residues N160 and N268, which are only
glycosylated in the HG form. Specific peptides covering these two
sites led to a significant reduction of T-MV-induced tumor invasion.
Interestingly, others have already shown that inhibition of the first
immunoglobulin loop domain of EMMPRIN via synthetic peptides
covering N160, resultsin decreased induction of MMPin fibroblasts
by malignant cells of different origins (Sato et al., 2009; Koga et al.,
2011). Moreover, targeting the second N-glycosylation site with
synthetic peptides directed against the second immunoglobulin
loop regulates cell migration of ovarian cancer cells (Sato et al.,
2012), showing that both domains are involved in the tumor-
promoting effects of EMMPRIN.

Although the role of EMMPRIN in MV-mediated stromal MMP in-
duction is well known (Muralidharan-Chari et al., 2010), we did not
observe increased activation or expression of MMPs in the tumor
cells. While we can confirm that MV act as carriers of MMPs, this
cannot be the critical determinant of proinvasive MV, since we
found that MMPs are present only on benign MV, but not on the
investigated T-MV. Equally, both the expression of EMMPRIN
itself and known tumor-promoting EMMPRIN target genes,
i.e. M-CSF, TNFa, and VEGF (Tang et al.,, 2005; Schmidt et al.,
2008; Seizer et al., 2010), remained unchanged. This prompted
us to look for upstream signaling events in MV-stimulated tumor

cells instead. A potential candidate is p38 that has been described
to mediate EMMPRIN signaling in 16-Lu lung fibroblasts (Lim et al.,
1998). We demonstrate that exposure to T-MV leads to phosphor-
ylation of p38 in the tumor cells, which is specifically mediated by
HG-EMMPRIN. Inhibition of p38 phosphorylation, in contrast,
antagonizes MV-induced invasion.

In conclusion, we show that T-MV significantly contribute to
tumor progression by enhancing invasion of surrounding tumor
cells in an auto- and heterologous intercellular communication
loop. We identified EMMPRIN that is expressed at high levels on
T-MV in vitro and in vivo as one of the proinvasive factors that
mediate this effect. Its function is dependent on the glycosylation
status. Glycosylation at N160 and N268 is indispensable for the
tumor-promoting effects. Surprisingly, EMMPRIN-bearing T-MV
confer their proinvasive potential through activation of the p38/
MAPK signaling cascade without affecting MMPs. Both the pres-
ence of HG-EMMPRIN on MV and the uptake of these vesicles by
the receiving cells are essential for MV-induced tumor invasion.
Since EMMPRIN knockdown and deglycosylation only partially
counteract the proinvasive effect, we propose a two-step model:
() MV-bound HG-EMMPRIN interacts with and activates proinva-
sive factors on the tumor cell surface, and (ii) MV horizontally
deliver tumor-promoting proteins or nucleic acids that exert their
effects after ingestion by the tumor cells.

Materials and methods

Full methods including standard cell culture techniques, peptide
synthesis, and mass spectrometry can be found in Supplementary
Materials and methods.

Isolation of MV and Exo, sucrose gradient

EV were isolated as described previously (Menck et al., 2013).
Briefly, tumor cells or macrophages were cultured for 48 h in
medium with particle-free FCS (ultracentrifuged overnight at
100000 g, 4°C). The supernatant was collected and centrifuged
for 5 min at 750 g, followed by 15 min at 1500 g to remove residual
cells and debris. MV were precipitated from the supernatant
(14000 g, 35 min, 4°C), washed once with PBS, and resuspended
in PBS or RIPA lysis buffer. To isolate Exo, the supernatant after
ultracentrifugation at 14000 g was filtered (0.22 wm, Sarstedt)
and Exo pelleted at 100000 g for 2 h at 4°C. The pellet was
washed once in PBS and resuspended in PBS or RIPA lysis buffer.
The particle-free supernatant was used as negative control for
microinvasion assays. EV from human platelets were isolated
from outdated (<2 days) platelet concentrates from healthy
blood donors. MV and Exo protein counts were quantified using
the Lowry assay (Bio-Rad). For sucrose gradients, MV or Exo pre-
parations were loaded onto a sucrose step gradient (0.25-
2.25 M) and centrifuged for 16 h at 100000 g, 4°C. Eight fractions
of 2 mlwere collected and protein content was enriched by precipi-
tation with ice-cold acetone (1:10, v/v) overnight at —20°C.

Quantitative real-time PCR
Total RNA from cells and MV was extracted using the High Pure
RNA isolation kit (Roche). RNA from brain metastases samples
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was prepared using a modified Trizol (Invitrogen) method includ-
ing a DNase | (Roche) digestion step. Reverse transcription was
carried out from 1 pg of RNA using the iScript cDNA synthesis
kit (Bio-Rad) and quantitative real-time PCR (qRT-PCR) was
carried out from 10 ng cDNA with SYBR green detection (7900
HT system, Applied Biosystems). The primer sequences are
listed in Supplementary Table S2. Relative mRNA expression
was determined with SDS version 2.4 (Applied Biosystems)
after normalization on the expression of the housekeeping
genes HPRT1 and GNB2L1 and calculated as fold change versus
control.

MV uptake studies

To evaluate MV uptake into MCF-7 cells, MV were labeled with
the red-fluorescent dye PKH26 (Sigma-Aldrich) according to the
manufacturer’s instructions. Tumor cells were preincubated with
the indicated concentrations of endocytosis inhibitors for 2 h fol-
lowed by 24 h of stimulation with the red-labeled MV (5 pg/ml).
Cells were washed once with PBS and their red mean fluorescence
intensity (MFI) was measured by flow cytometry.

Microinvasion and proliferation assays

Cellinvasion upon stimulation with MV was measured in a modi-
fied Boyden chamber assay as described previously (Hagemann
et al., 2004). Briefly, 1 x 10> cells were plated in triplicates in
particle-free medium onto a polycarbonate membrane (10 pm
pore diameter, Nucleopore) that was coated with Matrigel (R&D
systems). Cells were stimulated for 48 h up to 96 h with particle-
free supernatant (diluted 1/3) or MV at the indicated concentra-
tions. Cell invasion was quantified by relating the number of inva-
sive cells in the lower wells to the unstimulated controls. To assess
changes in cell proliferation, MCF-7 (1 x 10*/well) and SK-BR-3
(5 x 103/well) cells were seeded in E-Plates 16 in the xCELLigence
RTCA DP system (Roche). MV (10 p.g/ml) were added and changes
in morphology and proliferation were recorded in quadruplets
for 96 h.

Western blotting and zymography

Cells or vesicles were homogenized in RIPA lysis buffer (150 mM
NaCl, 0.1% SDS, 0.5% Na-deoxycholate, 1% Triton X-100, 50 mM
Tris, pH 7.2). Up to 50 pg of protein were separated by SDS-
PAGE (8% gels) and transferred onto a nitrocellulose membrane
(75 min at 10 V). The blocked membrane was incubated with
primary antibodies specific to EMMPRIN (#sc-13976), MUC-1
(#sc-7313), TSG101 (#sc-7964, all three from Santa Cruz),
Flotillin-2 (#610383, BD), Tubulin (#05-829, Millipore), p38 MAPK
total protein (#9212), phospho-p38 MAPK (#9211), c-jun total
protein (#9165), and phospho-c-jun (#9261, all four from cell sig-
naling). Signals were detected after incubation with anti-rabbit
(#sc-2004) or anti-mouse (#sc-2005, both from Santa Cruz)
HRP-labeled secondary antibodies using ECL™ Prime (Amersham
Biosciences). Ponceau S staining was routinely used as loading
control. Zymography was performed as previously described
(Hagemann et al., 2004). Briefly, cell lysates (35 u.g), supernatants
(12 ), or MV (35 pg) were loaded onto SDS-PAGE gels (8%)
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supplemented with 1 mg/ml gelatine. After electrophoresis, gels
were incubated overnight in renaturation buffer (200 mM Nacl,
5 mM CaCl,, 0.02% Brij-35, pH 7.5) and stained with Coomassie
brilliant blue.

Patient samples and flow cytometry

Cerebral metastasis samples were collected from eight patients
who were previously diagnosed with primary breast cancer
and underwent medically indicated neurosurgical procedures.
Patient-derived MV were isolated from EDTA-anticoagulated per-
ipheral blood (<30 min after blood withdrawal) of 15 breast
cancer patients who had metastatic disease and did not receive
chemotherapy at the time of sample acquisition. Sixteen matched
tumor-free patients were used as negative controls. The median
patient age at the time of blood withdrawal was 63 (interquartile
range (IQR): 59.5-69.5) years and the median age of the con-
trols was 62.5 (IQR: 56.5-71.5) years with a P-value of 0.8432
(Wilcox two-sided rank test). All samples were obtained under
an informed consent approved by the local ethics committee.
Samples were centrifuged for 15 min at 1200 g and serum from
blood cells was further separated through the application of a
serum filter (Sarstedt). The serum was used for isolation of MV
as described above. MV (5 wg) were stained with PE-conjugated
mouse anti-MUC1 (#355603) and/or anti-EMMPRIN conjugated
to Alexa Fluor 488 (#306207, both BioLegend). Irrelevant IgG1
antibodies were used as respective isotype-matched negative
controls (#400114,#400132, BioLegend). Fluorescence was mea-
sured by a FACSCanto Il flow cytometer (BD Biosciences) with the
FACSDiva software (version 6.1.3).

Protein deglycosylation

Foranalysis of the glycosylation status of EMMPRIN, T-MV,, were
incubated under nondenaturing conditions with 1000 U Peptide
N-Glycosidase F (PNGaseF, New England Biolabs) for 1 h at 37°C
and directly subjected to microinvasion assays or lysed in RIPA
buffer for western blotting. As a deglycosylation control, T-MVy,
were incubated with 20 U PNGaseF under denaturing conditions
according to the manufacturer’s instructions.

Mass spectrometry

In order to investigate the total protein content, T-MVy, were
subjected to 1D SDS-PAGE and individual gel lanes were
excised into equally sized gel slices prior to mass spectrometry.
For the identification of the EMMPRIN N-glycosylation sites on
T-MV, T-MV,, before and after treatment with PNGaseF under non-
denaturing conditions were loaded onto a 1D gel. All EMMPRIN-
corresponding Coomassie-stained gel bands were manually
excised and digested overnight (37°C) with trypsin (Promega) in
a ratio of 1:25. Digestion was stopped with 1% acetic acid and
the peptide solution was desalted with C-18 ZipTip (Millipore)
following the manufacturer’s instructions. In parallel, one half
of the HG-EMMPRIN 1D-gel band was in-gel digested with
PNGaseF (denaturing conditions) to achieve complete deglycosy-
lation. LC-MS/MS and subsequent data analysis are described in
Supplementary Materials and methods.
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Statistical analysis

Data were plotted as mean + SD using GraphPad Prism for
Windows (version 5.04, GraphPad software). Statistical signifi-
cance was calculated with a two-tailed Student’s t-test unless indi-
cated otherwise, P-values <0.05 were considered significant.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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