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Abstract

Tumor-derived exosomes are emerging mediators of tumorigenesis and tissue-specific metastasis.
Proteomic profiling has identified Annexin A2 as one of the most highly expressed proteins in
exosomes; however, studies focused on the biological role of exosomal-AnnexinA2 (exo-AnxA2)
are still lacking. In this study, mechanistic insight was sought regarding exo-AnxA2 and its
function in angiogenesis and breast cancer metastasis. Multiple in vitro and in vivo techniques
were used to study the role of exo-AnxAZ2 in angiogenesis. Using atomic force microscopy (AFM)
and Western blotting, exo-AnxA2 expression was characterized in normal and breast cancer cells.
In addition, organ specific metastatic breast cancer cells and animal models were used to define
the role exo-AnxA2 in breast cancer metastasis. Results revealed that exo-AnxA2 expression is
significantly higher in malignant cells than normal and pre-metastatic breast cancer cells. In vitro
and in vivo studies demonstrated that exo-AnxA2 promotes tPA-dependent angiogenesis.
Furthermore, in vivo analysis indicated that metastatic exosomes create a favorable
microenvironment for metastasis and exo-AnxA2 plays an important role in this process, since
priming with AnxA2-depleted exosomes reduces brain (~4-fold) and lung (~2-fold) metastasis.
Upon delineating the mechanism it was discovered that exo-AnxA2 causes macrophage-mediated
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activation of the p38MAPK, NF-xB, and STAT3 pathways and increased secretion of IL-6 and
TNF-alpha. These data demonstrate an important role for exo-AnxAz2 in breast cancer
pathogenesis.
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Introduction

Exosomes are membrane vesicles, 40-100 nm in diameter, secreted from almost all cell
types under both physiological and pathological conditions. Tumor-derived exosomes
possess immunosuppressive properties and can facilitate tumor growth, metastasis and the
development of drug resistance; effects which can contribute to cancer pathogenesis. By
stimulating angiogenesis (1), modulating stromal cells, and remodeling extracellular matrix
(ECM) (2), (3), tumor-derived exosomes contribute to the establishment of a pre-metastatic
niche and generate suitable microenvironments in distant metastatic sites (4). Furthermore,
recent discoveries have shown that exosomes from gynecologic neoplasias, including
ovarian cancer and breast cancer, contain metalloproteinases that have proteolytic activity,
which aids in metastasis; thus exosomes were found to increase the rate of ECM degradation
and augment tumor invasion into the stroma (5).

Annexin A2 (AnxA2) is a Ca2*-dependent phospholipid-binding protein associated with the
plasma membrane and the endosomal system. AnxA2 is up-regulated in breast cancer and
implicated in many cancer-associated functions, including plasminogen activation, actin-
cytoskeletal rearrangement (6), cellular migration, adhesion, and proliferation (7).
Specifically, increased cell surface expression of AnxA2 has been shown to contribute to
increased angiogenesis and ECM degradation (7), (8). AnxA2 acts as a co-receptor for tissue
plasminogen activator (t-PA) and plasminogen, which can form heterotetrameric complexes
on the surfaces of cells with the AnxAz2 light chain — SI00A10 or p11, and this stimulates
generation of t-PA-dependent plasmin. Plasmin is a highly reactive enzyme that is
physiologically involved in fibrinolysis and plays an important role in neoangiogenesis (8),
(9, 10). Previously, it has been shown that AnxAZ2 is associated with the lipid rafts and
influenced by intracellular Ca2* levels and N-terminal phosphorylation at tyrosine-23 (11).
We have previously shown that binding of AnxA2 to the lipid rafts is followed by its
transport along the endocytic pathway to be associated with the intraluminal vesicles of the
multivesicular endosomes. AnxA2-containing multivesicular endosomes then fuse directly
with the plasma membrane, resulting in the release of the intraluminal vesicles into the
extracellular environment, facilitating the exogenous transfer of AnxA2 from one cell to
another; a novel pathway of extracellular transport of AnxA2 (11).

Proteomic profiling data from Exocarta (12) have indicated that AnxA2 is abundant in the
exosomes. In addition, secreted AnxA2 levels has been shown to positively correlate with
the invasiveness of breast cancer cells (13), however, to the best of our knowledge no study
has explored the biological role of exosomal AnxA2 (exo-AnxA2), especially in cancer. In
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the present study, we characterized exo-AnxAz2 in a breast cancer progression model. In
addition, using AnxA2 competitive inhibitory peptide LCKLSL (14, 15) as well as shRNA
mediated knockdown of AnxAz2, we showed that exo-AnxA2 promotes angiogenesis and
organ specific metastasis; two of the key hallmarks of cancer.

Materials and Methods

Cell line models

Cell Culture

For the comparative analysis of exo-AnxA2, a MCF10A progression model (received as a
gift from Dr. Judith Christman, UNMC, Omaha, NE, USA) was used: MCF10A (non-
malignant), MCF10AT (pre-malignant), and MCF10CAla (malignant). For the metastasis
studies, MDA-MB-231 (ATCC, Manassas, VA, USA) and its organ-specific metastatic
variants (received as a gift from Dr. Joan Massagué, MSKCC (New York City, NY, USA)
and shipped by the Antibody and Bioresource Core facility) were used: MDA-MB-831
(brain metastasis), and MDA-MB-4175 (lung metastasis). The cell lines were authenticated
by performing STR analysis with the Promega PowerPlex® Fusion V1.0. All the cells tested
negative for mycoplasma infection when tested with MycoAlert PLUS from Lonza (Basel,
Switzerland). The cell lines were not re-authenticated by the authors.

MCF10A cells were cultured as described in (14), MCF10AT and MCF10CA1a cells were
cultured as described in (16), and MDA-MB-231, MDA-MB-831, and MDA-MB-4175 cells
were cultured as described in (17). Pooled clonetics™ HUVEC-Umbilical Vein Endothelial
Cells (Lonza, Basel, Switzerland) were grown in EGM™ Media plus bovine brain extract at
37°C in 5% CO,.

Antibodies and reagents

The following antibodies were used: anti-AnxA2 (BD Biosciences, San Jose, CA, USA),
anti-GAPDH, anti-CD81, anti-Arginase 1 (Santa Cruz Biotechnologies, Dallas, TX, USA),
anti-phospho-p38 (Thr180/ Tyr182), anti-p38, anti-phospho-NFxB p65 (S536), anti-NFxkB
p65, anti-phospho-STAT-3 (Y705), anti-STAT-3, anti-MMP-9, anti-VEGF (Cell Signaling
Technologies, Boston, MA, USA), anti-human vimentin (NCL-L-VIM-V9, Leica
Biosystems, Wetzlar, Germany), anti-mouse CD31, anti-tPA, anti-VEGFR1 (Abcam,
Cambridge, United Kingdom), anti-calnexin (Enzo, Farmingdale, NY, USA), anti-CD63
(Developmental Studies Hybridoma Bank, Univ. of lowa, lowa City, 1A, USA), anti-uPA (R
& D Biosystems, Minneapolis, MN, USA), anti-F4/80 (AbD Serotec, Raleigh, NC, USA),
and 25-nm gold nanoparticle-tagged secondary anti-mouse antibody (Electron Microscopy
Sciences, Hatfield, PA, USA). We also used protein A/G beads for immunoprecipitation
(IP); (Santa Cruz Biotechnologies, Dallas, TX, USA), Versene (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA), India ink dye (American Master Tech, Lodi, CA, USA),
Calcein-AM dye (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA),
PKH26 (Sigma-Aldrich, St. Louis, MO, USA), Matrigel and matrigel-HC (BD Biosciences,
San Jose, CA, USA), D-luciferin (Caliper Life Sciences, Waltham, MA, USA), LCKLSL
and LGKLSL peptides (Bio Basic Inc. Markham, ON, Canada ), and a mouse TNF-alpha
and IL-6 ELISA kit (e-bioscience, San Diego, CA, USA).
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Exosome isolation and characterization

Exosomes were isolated by ultracentrifugation (18) and labeled with PKH26 (Sigma
Aldrich, St. Louis, MO, USA), as previously described (19). Secreted exosomes were
quantified by measuring acetylcholinesterase activity (15). Electron microscopy (18) and
atomic force microscopy (AFM) (20) of the exosomes were performed as previously
published.

Migration, invasion, and angiogenesis assay

Migration and invasion assays were performed with BD Transwell invasion assay inserts,
according to the manufacturer’s protocol. The matrigel plug assay was performed as
previously described (21). Briefly, 400 ul of matrigel (~20mg/ml) were injected
subcutaneously, along with PBS, VEGF, or different exosome treatments with or without the
peptides. After 12 days, the matrigel plugs were isolated and imaged. Half of the plugs were
processed for immunohistological analysis and half were used for hemoglobin estimation by
Drabkin’s method, using a previously published protocol (22, 23). For all these assays we
used LCKLSL inhibitory or LGKLSL control peptides as published previously (14, 15).

shRNA-mediated down-regulation of AnxA2

To downregulate exo-AnxAz2, shRNA against AnxA2 (GIPZ Lentiviral Human ANXA2 and
shRNA, GE Dharmacon, Lafayette, CO, USA) was used. Exosomes isolated from shAnxA2
and shControl cells were designated as AnxA2KD-Exo and Control-Exo, respectively.

Animal studies

The animals were procured under Institutional Animal Care and Use Committee (IACUC)-
approved protocols and all the studies and experiments were carried out in accordance with
the IACUC protocol for animal handling. 4- to 6-week-old female athymic nude mice
(Harlan Laboratories, Indianapolis, Indiana, USA) were used for all the animal studies.

Priming of animals with exosomes

To study the role of exo-AnxA2 in metastasis, the animals were injected with PBS or
exosomes from breast cancer cells stably transfected with sh-Control (Control-exo) or with
sh-AnxA2 (AnxA2KD-exo). Priming was performed via regular injection of 100ug of
exosomal proteins in 100l PBS via the lateral tail vein, twice a week for four weeks.

Metastasis models

To check the role of exo-AnxA2 in promoting breast cancer metastasis, two different models
were used: intravenous (lateral tail vein) lung metastasis and an intra-cardiac metastasis
model. MDA-MB-231, MDA-MB-831, and MDA-MB-4175 cells were used for the
metastasis study. At the end of exosome priming, the primed animals were challenged with
the respective luciferase-positive breast cancer cells and the difference in the extent of
organ-specific metastasis over time was studied via bioluminescence (BLI). At the end of the
study, the animals were sacrificed and the organs were harvested and analyzed further by
hematoxylin and eosin (H & E) staining and DAB immunostaining (anti-human vimentin) to
stain the metastasized human breast cancer cells. Lung and brain sections were also
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analyzed by a pathologist for the presence or absence of immunostaining in the organ
stroma.

Intravenous (tail vein) injection (24, 25) and intracardiac inoculation (26) of luciferase-
positive breast cancer cells were performed as previously published.

In vivo imaging of animals

In vivo animal imaging using an IVIS Lumina XR system (Caliper Life Sciences) was
performed weekly, as previously published (26). In each study, identical exposure times
were used to detect BLI among the different treatment groups.

Histological analyses of tissues: Hematoxylin and Eosin staining as well as
immunohistological (IHC) analyses of paraffin blocked tissue sections were performed using
standard procedures. Respective isotype matched mouse and rabbit normal 1gG antibodies
were used as controls for all immunostainings. Furthermore, for IHCs an additional Fc
receptor-blocking step was performed to rule out the possibility that exosome treatment
increases the expression of Fc gamma receptor, which might non-specifically bind primary
antibodies used in the IHC.

ELISA for IL-6 and TNF-alpha

ELISA kits were purchased from eBioscience and ELISA was performed according to the
manufacturer’s protocol.

Immunoprecipitation and Signaling

For the IP experiment, 231-AnxA2KD cells were treated with PBS/231-AnxA2KD-exo or
231-Control-exo (100 pg protein) and returned to the incubator for 6 hrs. Next, the cells
were washed with PBS and the membrane proteins were stripped via versene wash (0.5 mm
EDTA and PBS buffer). The versene eluates were centrifuged at 10,0009 for 15 min to
remove any cell debris and immunoprecipitated with pro-cathepsin B antibody overnight and
probed for AnxA2. For the signaling experiments, HUVEC endothelial cells were treated
with PBS/231-AnxA2KD-exo or 231-Control-exo (100 pg protein) and returned to the
incubator. After the incubation, the cells were washed, WCL was collected in NP40 lysis
buffer, and Western blotting was performed with the designated antibodies. For tPA studies,
HUVEC endothelial cells were pre-treated with PBS/tPA antibody (2ug/ml) or 1gG control
antibody (2ug/ml) for 2 hrs, followed by treatment with MDA-MB-231 exosomes (100ug)
and kept for 6 hrs at 37°C. After incubation, the cells were fixed and photographed. The
number of branch points/field and number of meshes/field were counted via NIH ImageJ
software to quantify the angiogenic response.

Statistical Analysis

Results are expressed as arithmetic means + SEM if not otherwise indicated. Values of P<
0.05 were considered statistically significant, as determined by the unpaired Mann-Whitney
test, the two-tailed unpaired Student’s #test, or the Wilcoxon signed-rank test, where
appropriate. (*) p <0.05, (**) p< 0.01, (***) p < 0.001, and (****) p < 0.0001 for all the

Mol Cancer Res. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maji et al. Page 6

figures. GraphPad Prism statistical software was used for all statistical analyses. NCSS
Power analysis software was used for animal studies.

Results

Exo-AnxA2 correlates positively with the aggressiveness of breast cancer cells

To characterize exo-AnxA2 expression, we used the MCF10A breast cancer progression
model, which consists of MCF10A (immortalized mammary epithelial cell line), MCF10AT
(premalignant cell line generated by HRAS transformation of MCF10A), and MCF10CAla
(derived from poorly-differentiated malignant tumors of MCF10AT xenografts) cells (27).
Western blotting of exosomal lysate from MCF10A, MCF10AT, and MCF10CA1a revealed
that exo-AnxA2 levels highly correlated with the aggressiveness of the breast cancer cells,
with lower levels in MCF10A, moderate levels in MCF10AT, and significantly higher levels
in MCF10CA1la (Fig. 1A); however, the whole cell lysate (WCL) analysis of the progression
model revealed no significant changes in the levels of AnxA2 in MCF10AT and
MCF10CA1la (Supplementary Fig. S1H). Densitometry revealed that exo-AnxAz2 levels
were ~5-fold greater in MCF10CAla exosomes than in MCF10A exosomes (Fig. 1B).
Interestingly, the levels of other angiogenic markers, including Vascular Endothelial Growth
Factor (VEGF), Urokinase-type Plasminogen Activator (uPA), and matrix metalloproteinase
9 (MMP9), were relatively unchanged (Supplementary Fig. 1G). CD81 was used as a
specific exosomal marker and a loading control.

Expression of exo-AnxAz2 is higher in MCF10CAla exosomes than MCF10A exosomes

Scanning of exosomes in the MCF10A progression model by Atomic Force Microscope
(AFM) revealed a higher surface expression of AnxA2 on the MCF10CAla exosomes than
the MCF10A exosomes, as depicted by increased surface binding of 25-nm gold
nanoparticle-tagged anti-AnxA2 antibody (Fig. 1C). Quantification of the number of gold
nanoparticles per field revealed almost ~5-fold greater binding of gold nanoparticles on
MCF10CA1a exosomes than MCF10A exosomes (Fig. 1D). Surface topography analysis
confirmed these findings, showing multiple peaks corresponding to higher gold nanoparticle
binding in MCF10CA1la exosomes, but much less in MCF10A exosomes after treatment
with AnxAz2 antibody (Fig. 1E); indicating that MCF10CA1la exosomes have more AnxA2
surface expression than MCF10A exosomes. The exosomal marker CD63 and the
endoplasmic reticulum (ER) marker calnexin served as positive and negative controls,
respectively.

Exo-AnxA2 promotes angiogenesis

Since AnxAZ2 has been implicated in promoting angiogenesis previously (7, 14, 15), in the
present study we investigated whether exo-AnxA2, once secreted from cells, is capable of
promoting angiogenesis as well. In an /n vitro model of angiogenesis, we compared the
angiogenic potential of exo-AnxA2 in MCF10A, MCF10AT, and MCF10CA1a cells using
LCKLSL and LGKLSL peptides (14, 15). The in vitro endothelial tube formation assay
showed that exosome treatments resulted in ~4-fold, ~6-fold, and ~7.5-fold increases in the
number of meshes per field and ~1.4-fold, ~1.8-fold, and ~2-fold increases in the number of
branch points per field with MCF10A, MCF10AT, and MCF10CA1la exosomes, respectively
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(Supplementary Figs. 2 and S2 A, C). Interestingly, exosome incubation with LCKLSL
nullified the angiogenic effect of exo-AnxA2 (a ~3-fold decrease in the number of meshes
per field and ~0.75-fold decrease in the number of branch points per field in the case of
MCF10CA1la); however, treatment with LGKLSL had no effect (Supplementary Figs. 2, S2
A-D). Incubation of LCKLSL with MCF10A and MCF10AT exosomes showed similar
effects (data not shown).

Endothelial cell migration and invasion is an important step in angiogenesis (28) and
AnxA2-pl11-tPA-mediated plasmin generation potently promotes this process (7). Thus, to
further confirm the role of exo-AnxAz2 in plasmin generation and angiogenesis, we studied
the effect of exo-AnxAz2 on the migration and invasion of HUVEC cells. HUVEC
endothelial cells were added with the respective exosomes, with or without LCKLSL or
LGKLSL, into the upper chamber of the transwell and incubated for 24 hrs. After
incubation, the number of cells that migrated to or invaded the other side of the membrane
was counted. Treatment with MCF10CA1a exosomes plus LCKLSL led to a significant
decrease in both migration (~40%) and invasion (~30%) of HUVEC cells, compared to
MCF10CAla exosome treatment only or with LGKLSL (Fig. S1J-L).

To confirm our /n vitro findings and to study the pro-angiogenic role of exo-AnxA2 in a
physiologically relevant setting, we performed an /n vivo matrigel plug assay (21). Mice
were injected subcutaneously with matrigel in the presence of PBS alone (negative control),
matrigel mixed with VEGF (positive control), or matrigel mixed with respective exosome
treatments. The LGKLSL or LCKLSL peptides were incorporated into the matrigel plugs in
the presence of the exosomes. Twelve days after the implantation of matrigel, the mice were
sacrificed and the matrigel plugs were isolated and imaged for angiogenesis. Half of the
plugs were sectioned for immunohistological analysis to study blood vessel formation and
CD31 (endothelial cell marker) staining. The remaining plugs were homogenized and their
hemoglobin content was estimated to quantify angiogenesis.

Analysis of the matrigel plugs showed that MCF10CAla exosome treatment induced
significantly higher angiogenesis than the MCF10AT and MCF10A exosomes (Fig. 2 B).
Hemoglobin estimation of the homogenized matrigel plugs confirmed these results, showing
~5-fold, ~14-fold, and ~ 24-fold increases in hemoglobin content when incubated with
MCF10A, MCF10AT, and MCF10CA1la exosomes, respectively vs. PBS treatment (Fig. 2
C). Consistent with our /n vitro findings, incubation of the matrigel plug-exosome mixture
with LCKLSL resulted in a drastic decrease in angiogenesis, as evident from matrigel plug
images (Fig. 2 B). Hemoglobin content analysis from MCF10CAla exosome-treated
homogenized matrigel plugs confirmed these results, showing a ~5-fold decrease with
LCKLSL treatment, which did not occur with LGKLSL or exosome treatment alone (Fig. 2
D); injection of matrigel with MCF10A or MCF10AT exosomes plus LCKLSL had similar
effects (Supplementary Fig. S2 E — F). H & E staining (Fig. S4 A — B) and DAB (3, 3’-
diaminobenzidine) immunostaining (Fig. S4 C — D) of matrigel plug sections against
endothelial marker CD31 (recruitment of CD31-positive endothelial cells indicates increased
angiogenesis) confirmed our findings, showing less CD31-positive endothelial cells in all
LCKLSL treatments than in all LGKLSL treatments (Fig. S4 A — D). Further, LCKLSL
treatment markedly reduced the number of blood vessels in the plugs, compared to LGKLSL
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treatment. We also reconfirmed our findings by knocking down AnxAz2 levels in the
exosomes in a different breast cancer cell line, MDA-MB-231. /n vitro endothelial tube
formation assays and /n vivo matrigel plug assays were performed with exosomes after
knocking down AnxAz2 (231-AnxA2KD-Exo) and compared to control (231-Control-Exo).
Quantification of the /n vitro angiogenesis assay showed that 231-AnxA2KD-Exo treatment
generated ~4.5-fold and ~3-fold decrease in the number of meshes per field and number of
branch points per field, respectively, compared to 231-Control-Exo treatment
(Supplementary Fig. S3 A — B). The matrigel plug assay with 231-AnxA2KD-EXxo treatment
also revealed ~5-fold less hemoglobin content on average per matrigel than 231-Control-Exo
treatment (Supplementary Fig. S3 C — D).

Exo-AnxA2 promotes angiogenesis in a tPA dependent manner

To investigate the molecular mechanism by which exo-AnxA2 promotes angiogenesis, we
performed a detailed analysis of the affected signaling pathways. We found that antibody-
mediated blocking of tPA nullified the pro-angiogenic effects of exo-AnxA2. Incubation of
tPA antibody-pretreated HUVEC endothelial cells with 231-Control-Exo showed a ~2.6-fold
decrease in the number of meshes per field than did IgG control treatment (Fig. 3 A-B).
Similarly, the number of branch points per field decreased ~2.75-fold after tPA antibody
pretreatment, compared to 1gG control (Fig. 3C). These results indicate that similar to cell
surface AnxA2, exo-AnxAz2 also mediates its pro-angiogenic effects via tPA, probably by
acting as a receptor for both tPA and plasminogen (14, 15, 28).

Exo-AnxA2 promotes breast cancer metastasis to lungs

Although MCF10CA1a is a highly metastatic cell line, MDA-MB-231 and its organ-specific
metastatic variants, MDA-MB-831 (brain metastatic) and MDA-MB-4175 (lung metastatic),
are very well characterized for organ-specific metastatic studies (29-31). Thus, for our
metastatic studies, we used MDA-MB-231, MDA-MB-831, and MDA-MB-4175 cells. We
found that intravenous (tail vein) exosome injection led to organotropism of the breast
cancer exosomes, since fluorescently-tagged MDA-MB-4175 lung metastatic exosomes
showed ~5.5-fold more lung localization than MDA-MB-231 or MDA-MB-831 exosomes
(Supplementary Fig. S5 B — C); this indicates possible mechanistic cross-talk between the
exosomes and the homing organ, leading to organotropism.

For our organ specific metastatic studies, we knocked down AnxA2 by shRNA in MDA-
MB-231, MDA-MB-831, and MDA-MB-4175 cells. Western blotting of the WCL (Fig.3 D)
and the exosomal lysates (Fig. 3 E) showed the levels of AnxA2 in the specific fractions.
Quantification is shown in Fig. 3F ; exosome designations for all the groups are given in
Supplementary Fig. S3 E).

First, we tested the lung metastasis model by lateral tail vein injection. Challenge with 2 x
108 luciferase-positive MDA-MB-231-luc cells (tail vein) after one month of exosome
priming showed increased lung metastasis in 231-Control-Exo-primed animals compared to
231-AnxA2KD-Exo-primed (~2-fold) or PBS-treated animals (~6-fold) (Fig. 3 G).
Quantification of the number of metastatic lung nodules showed that priming with 231-
Control-Exo resulted in ~12-fold and ~2.5-fold increases in the number of nodules,
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compared to PBS-primed and 231-AnxA2KD-Exo-primed animals, respectively (Fig. 3 I,
J). We confirmed our results with H & E staining and human vimentin immunostaining of
the lung sections, which showed significant metastasis, having larger metastatic lung
nodules in 231-Control-Exo-primed animals than 231-AnxA2KD-Exo-primed animals,
which had much smaller metastatic nodules (Fig. 4 A-B).

We further studied the role of exo-AnxAZ2 in lung metastasis in a different metastatic model
— intracardiac (ic) injection metastatic model. Challenge with 1 x 10° luciferase-positive
MDA-MB-4175-luc cells after one month of exosome priming showed greater lung
metastasis in 4175-Control-Exo-primed animals than in 4175-AnxA2KD-Exo-primed
animals (~1.8-fold) or PBS-treated animals (~2.4-fold) (Fig. 3 H). Quantification of the
number of metastatic lung nodules showed that priming with 4175-Control-Exo resulted in
~8-fold and ~2-fold more nodules than PBS- and 4175-AnxA2KD-Exo-primed animals,
respectively (Fig. 3 K), similar to our MDA-MB-231-luc results, further confirming the
important role of exo-AnxAZ2 in lung metastasis. These data clearly show that exo-AnxA2
promotes breast cancer metastasis to the lungs.

Exo-AnxA2 promotes breast cancer metastasis to brain

To study whether exo-AnxA2 promotes brain metastasis, we utilized two different
experimental setups. First, we primed the animals with PBS, 831-AnxA2KD-Exo, or 831-
Control-Exo and then challenged them with 1 x 10° MDA-MB-231-luc cells (ic).
Bioluminescence imaging (BLI) of the animals revealed significant differences among the
different treatment groups: animals primed with 831-Control-Exo showed increased brain
metastasis when compared to 831-AnxA2KD-Exo-primed animals (~2-fold) or PBS-treated
animals (~3.8-fold) (Fig. 4 C).

Next, we injected 1 x 10° MDA-MB-831-luc cells (ic) in PBS-, 831-AnxA2KD-Exo-, or
831-Control-Exo-primed animals. Similar to our MDA-MB-231-luc findings, we saw
significant differences among the different treatment groups, but the differences were more
pronounced than in the MDA-MB-231-luc-challenged animals. Animals primed with 831-
Control-Exo showed significantly higher brain metastasis than 831-AnxA2KD-Exo-primed
animals (~4-fold) or PBS-treated animals (~10-fold) (Fig. 4 D). We confirmed our results
with H & E staining and human vimentin immunostaining of the brain sections, which
showed significant macrometastasis in 831-Control-Exo-primed animals, whereas 831-
AnxA2KD-Exo-primed animals showed micrometastasis (Fig. 4 E-F). In both of these brain
metastatic studies, we found that exosome priming increased brain metastasis. Interestingly,
in MDA-MB-231-luc-injected animals, PBS priming showed whole-body distribution of the
cells, whereas 831-Exo priming led to greater localization of the cancer cells to the brain.

Furthermore, in both lung and brain metastatic models, we discovered that the respective
exosome treatments led to a higher rate of organ-specific metastasis (photon flux vs. time) in
Control-Exo-primed animals (high BLI, starting from 2 weeks) than their AnxA2KD-Exo
counterparts, suggesting that exo-AnxA2 priming creates a microenvironment that leads to
faster and higher brain and lung metastases (Fig. 5 A-B).
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Exo-AnxA2 creates a pre-metastatic niche via activation of p38, NFkB, and STAT 3

pathways

Upon investigating the mechanism by which exo-AnxA2 promotes metastasis, we found that
it co-localizes with pro-cathepsin B on the cell surface (Figure 5 C-E). Immunoprecipitation
with cathepsin antibody in 231-AnxA2KD-Exo and 231-Control-Exo treated 231-
AnxA2KD cells showed higher pull-down (~2.25 fold) of AnxAZ2 in the latter, indicating
that increased exo-AnxA2 treatment can lead to an increased co-localization with pro-
cathepsin B.

Previously, (Swisher et al.) have shown that secreted AnxA2 can activate macrophages for
IL-1, IL-6, and TNF-a secretion through MAP kinase and NF-xB dependent pathways (32,
33). Based on this we wanted to investigate whether exo-AnxA2 can activate macrophages,
leading to the activation of pro-inflammatory signaling cascades. F4/80 staining of the lung
tissues showed that 231-Control-Exo-primed animals had significantly greater positive
staining for the activated macrophage marker than 231-AnxA2KD-Exo-primed animals,
indicating that exo-AnxA2 priming leads to the activation of macrophages (Fig. 5 F).
Furthermore, ELISA quantification of the lungs 24 hrs after (tail vein) exosome injection
showed that secretion of both IL-6 and TNF-alpha was higher in 231-Control-Exo-primed
animals (~3.3-fold and ~4-fold, respectively) than in 231-AnxA2KD-Exo-primed animals
(Fig. 5 G).

Our preliminary study in HUVEC cells revealed that 231-Control-Exo treatment activates
NFxB, p38 and STAT3 signaling cascades (~2.5-fold, ~2.2-fold, and ~1.5-fold greater than
control, respectively,) but 231-AnxA2KD-Exo treatment does not (Fig. S6 B — C). Western
blotting of lung extracts from exosome-primed animals confirmed our finding; control-Exo-
primed animals had ~2.1-, ~2.2-, and ~1.75-fold greater expression of phospho-NFxB,
phospho-p38, and phospho-STATS3, respectively, than AnxA2KD-Exo-primed animals
(Fig.S6 D — E). To study the signaling pattern, we performed DAB immunostaining of the
brain and lung sections. Sections from the 231-Control-Exo-primed animals showed higher
phospho-STAT3 and phospho-p38-NFkB immunostaining in the lung and brain stroma than
231-AnxA2KD-Exo-primed animals (Fig. 6 and 7); as reported earlier, MMP9 staining of
the tissues also showed similar results. Analysis of the lung staining revealed that the
expression of phospho-STAT3 and phospho-p38-NFkB were mostly confined to the alveolar
network and interstitial air sacs, but were not in bronchial epithelial cells.

Discussion

Recent studies have delineated important roles of exosomal cargo in physiological processes
as well as various disease pathogenesis. In the present study, we characterized exo-AnxAz2 in
breast cancer cell lines and explored its function in promoting angiogenesis and breast
cancer metastasis independently. Characterization of exo-AnxAz2 levels in breast cancer cells
revealed that highly metastatic MCF10CAla (Fig. 1 A) and MDA-MB-231 (Supplementary
Fig. S1 1) cells have significantly higher expression than MCF10A and MCF10AT cells.
This confirms a previous finding by Jeon et al. where they reported increased levels of
AnxA2 in the media of invasive triple-negative human breast cancer cells, demonstrating a
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positive correlation of secreted AnxA2 with the invasive phenotype of breast cancer cells
(13).

AnxA2 along with p11 and tPA has been reported to be a potent inducer of angiogenesis (7,
8). tPA binds to amino acid residues at positions 7-12 in the N-terminus of AnxA2,
corresponding to the site LCKLSL (14). Sequential mutations in the N-terminus of AnxA2
indicated that the cysteine residue at position 8 is crucial for the binding of tPA to AnxA2;
mutation of this residue significantly reduces the efficiency of tPA binding to AnxAZ2.
Previously, among an array of synthetic peptides containing cysteine residues and spanning
the N-terminus of AnxA2, the hexapeptide LCKLSL, which is identical in sequence to the
tPA-binding site of AnxA2, was >95% efficient in competitively inhibiting tPA binding to
AnxA2; however, replacing the cysteine residue with a glycine residue nullifies any
inhibitory effect (14). In the present study, using LGKLSL control peptide and LCKLSL
inhibitory peptide to specifically inhibit the function of AnxA2 (14, 15) we investigated
whether exo-AnxA2 can promote angiogenesis once secreted from the cells. Utilizing
various /n vitroand in vivo models we found that exo-AnxAZ2 is a potent inducer of
angiogenesis and its effect can be blocked by LCKLSL inhibitory peptide. We also found
that the pro-angiogenic effects of exo-AnxA2 can be attenuated by application of tPA
antibody indicating that tPA is an important mediator of exo-AnxA2 mediated angiogenesis.

Independently, we investigated the role of exo-AnxA2 in promoting organ specific breast
cancer metastasis. Evidence suggests that systemic factors (exosomes, microvesicles, etc.)
from the primary tumor are involved in pre-metastatic niche formation, a specialized
microenvironment that forms at the sites of future metastases and promotes the survival and
outgrowth of disseminated tumor cells (34). Using an animal model, Peinado et al. showed,
for the first time, that melanoma exosomes educate bone marrow progenitor cells toward a
pro-metastatic phenotype through MET (35). Based on this, we used a model, which, for the
first time, showed that priming (regular tail vein injections of exosomes) of the animals with
breast cancer exosomes can promote organ-specific breast cancer metastasis and that exo-
AnxA2 plays a major role in this process (36). Collectively, our lung and brain metastasis
data suggest that qualitative differences in exosome content can affect metastatic potential
and organotropism. In addition we found that exo-AnxA2 priming leads to a faster rate of
organ specific metastasis (Fig. 5 A—B); however, quantification of the number of exosomes
in the lungs (231 and 4175) and brain (831) showed no significant differences between 231-
AnxA2KD-Exo-primed and 231-Control-Exo-primed animals (Supplementary Fig. 6 F — H)
indicating that the differences in exo-AnxA2 levels were primarily responsible for the
difference in the extent of metastasis. Furthermore, increased brain-specific metastasis also
indicates that exosomes can cross the blood brain barrier, as reported previously (37), and
form a pre-metastatic niche.

Investigating the mechanism by which exo-AnxA2 may promote breast cancer metastasis,
we found that exo-AnxA2 forms a pre-metastatic niche by activating STAT3 and p38-NFkB.
Swisher et al. previously showed that treatment of macrophages by AnxA2- tetramer leads
to a MAP-kinase dependent activation of inflammatory cytokine (IL-6, TNF-alpha and
IL-10) transcription by 3 hrs. Interestingly, in our study, ELISA analysis of lungs tissue
revealed that tail vein injection of exo-AnxA2 leads to activation of IL-6 and TNF-alpha 24
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hrs after injection. We believe these secreted cytokines from macrophages promote tumor
progression and metastasis, as reported in pancreatic cancer (38) and hepatoma (39). Similar
results were obtained with 831-Control-Exo- and 4175-Control-Exo-primed animals (data
not shown).

In addition, priming with 231-Control-Exo also showed increased levels of VEGFR1 in both
lung and brain sections, compared to PBS-primed animals (Supplementary Fig. S5 D),
indicating that cancer exosomes can up-regulate VEGFR1 expression, which has been
previously linked with breast cancer metastasis (40, 41).

We also discovered that exo-AnxA2 priming leads to increased MMP9 expression in the
tissues (Fig. 6 and 7); possibly further contributing to extracellular proteolysis and
angiogenesis.

There is also a possibility that in addition to creating a pre-metastatic niche, exo-AnxA2
secreted by cancer cells can participate in autocrine and paracrine signaling, acting on the
cancer cells themselves and promoting migration, invasion, and metastasis. A preliminary
analysis of the effect of exo-AnxA2 on 231-AnxA2KD breast cancer cells shows that, once
taken up, exo-AnxA2 co-localizes with pro-cathepsin B on the cell surface (Fig. 5 C-E).
Western blotting of the IP lysates showed much greater AnxAz2 pull-down in 231-Control-
Exo-treated cells than 231-AnxA2KD-Exo-treated cells. Previously we have shown that exo-
AnxAZ2 is internalized and can be recycled to be expressed on the cell surface (15); we
believe that internalized exo-AnxA2 probably exists in a complex with pro-cathepsinB, tPA,
plasminogen, and p11, as reported earlier (42), and helps in ECM degradation, plasmin
generation, and metastatic dissemination of the breast cancer cells. However, further studies
are needed to delineate the detailed mechanism by which exo-AnxA2 promotes breast
cancer metastasis.

Although we were able to achieve significant knockdown of AnxA2 in our cells and
exosomes, we were not able to completely remove AnxA2 from our treatments. Thus one of
the major drawbacks of this study is the observed effects due to residual AnxA2 in KD
treatments. We tried to address this problem by using multiple controls. However, better
experimental models such as, using gene editing techniques (CRISPR, TALEN) to
completely remove AnxA2 or AnxA2 null mouse models are needed to clearly delineate the
effects of exo-AnxA2.

In conclusion, our data show that exo-AnxA2 is an important component of the breast
cancer — microenvironment signaling. It promotes angiogenesis and vascularization by tPA
dependent increase in plasmin generation. Independent of its angiogenesis function we
found that exo-AnxAz2 also leads to activation of macrophage creating a pre-metastatic
aiding in distant organ-specific breast cancer metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications

Exosome associated Annexin A2 plays an important role in angiogenesis and breast
cancer metastasis, which can be exploited as a potential biomarker as well as a
therapeutic target for diagnosis and treatment of metastatic breast cancer.
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Figure 1. Characterization of exosomes (A-F)

A) Western blot analysis of the different protein levels in the exosomes collected from the
MCF10A-, MCF10AT-, and MCF10CA1la-conditioned media. CD81 was used as a loading
control (n=3). The Coomassie band confirms equal loading. B) Quantification of the
Western blots. Fold change to CD81 is shown. C) Atomic force microscopy (AFM) analysis
of MCF10A exosomes and MCF10CA1la exosomes. AnxA2, calnexin, or CD63
immunoreactivity was identified by 25-nm gold nanoparticles. D) Quantification of the AFM
data representing the number of secondary gold nanoparticles per field. Four independent
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fields were counted. E) Surface topology analysis of the exosomes using the AFM NT-MDT
software (n=2). (*) p < 0.05, (**) p< 0.01, (***) p < 0.001, (****) p < 0.0001.
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Figure 2. Exo-AnxA2 promotes angiogenesis
Effect of exo-AnxA2 on in vitro tube formation assay. A) Fluorescent images of in vitro

endothelial tube formation assay with HUVEC cells; (5 different fields per group were
considered. Repeated in triplicates). PBS (negative control), VEGF (100ng/ml, positive
control) and 100 pg of exosomal proteins were used (n=3). Peptide concentration used: 5uM
(n=3). Exosomes from MCF10A, MCF10AT and MCF10CA1a cells are designated as 10A,
10AT and 10CA1a respectively. Scale bar 100 pm.
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Matrigel Plug assay: Mice were injected with matrigel in the presence of PBS alone
(negative control), VEGF alone (100 ng/ml, positive control), or 100 ug exosomes + peptide.
After 12 days, the plugs were removed and the angiogenic responses were evaluated. D)
Representative images of matrigel plugs are shown. Scale bar 1 cm. Hemoglobin estimation
of homogenized matrigel plugs by Drabkin’s method (C-D). Fold change to PBS is shown.
Peptide concentration: 5uM (n=3). Exosomes from MCF10A, MCF10AT, and MCF10CAla
cells are designated as 10A, 10AT, and 10CA1a, respectively. (*) p < 0.05, (**) p< 0.01,
(***) p <0.001, (****) p < 0.0001.
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Figure 3. Exo-AnxA2 promotes angiogenesis via tPA and activates macrophages, leading to
secretion of IL-6 and TNF-alpha

(A) Endothelial tube formation assay showing the role of tPA in the pro-angiogenic effect of
ex0-AnxA2 (n=2). Quantification of the number of meshes/field (B) and number of branch
points/field (C).

Exo0-AnxAZ promotes breast cancer metastasis to lungs . Western blot analysis of WCL (D)
and exosomal lysates (E) showing knockdown of AnxA2 (n=2); GAPDH and CD81 were
used as loading controls for (D) and (E), respectively. Quantification of exosomal AnxA2
(F). G) Quantification of BLI of PBS-, 231-AnxA2KD-Exo-, or 231-Control-Exo-primed
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animals 35 days after challenge with MDA-MB-231-luc cells (lateral tail vein injection),
showing differences in the extent of lung metastasis (n=8). Fold change in photon flux to
PBS-primed animals is shown. H) Quantification of bioluminescence (BLI) of PBS-, 4175-
AnxA2KD-Exo-, or 4175-Control-Exo-primed animals 44 days after challenge with MDA-
MB-4175-luc cells (intracardiac; ic) showing differences in the extent of lung metastasis
(n=8). Fold change in photon flux to PBS-primed animals is shown. I) India ink staining of
the excised lungs from MDA-MB-231-luc cell-injected animals, showing the number of
metastatic nodules. Quantification of the number of metastatic lung nodules with MDA-
MB-231-luc (tail vein injection) treatment (J) and MDA-MB-4175-luc (ic) treatment (K).
Fold change compared to PBS-primed animals is shown. (*) p < 0.05, (**) p< 0.01, (***) p
<0.001, (****) p <0.0001.
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Figure 4.
A) Representative images of H & E staining and DAB immunostaining of the lung sections

against human vimentin, showing the localized areas of lung metastasis (n=2). Arrowheads
show the metastatic lung nodules. Scale bar 200 um. All the H & E and DAB images were
captured using a Nikon Phase contrast microscope attached to a Canon camera.
Exo0-AnxAZ promotes breast cancer metastasis to brain C) BLI quantification in MDA-
MB-231-luc-challenged (D) and MDA-MB-831-luc-challenged (E) animals. Fold change in
photon flux compared to PBS-primed animals is shown. E-F) Representative images of H &
E staining and DAB immunostaining of the brain sections against human vimentin, showing
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the localized areas of brain metastasis (n=2). Scale bar 200 pm. All the H & E and DAB
images were captured using a Nikon Phase contrast microscope attached to a Canon camera.
(*) p<0.05, (**) p< 0.01, (***) p <0.001, (****) p < 0.0001.
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0
PBS
shRNA-AnxA2
shRNA-Control

Quantification of photon flux change over time: (A) MDA-MB-4175-luc-injected lung
metastasis and (B) MDA-MB-831-luc-injected brain metastasis. C) Western blot analysis
showing the expression of pro-cathepsinB and mature cathepsinB in WCL, Exo lysate, and

membrane wash (Versene) fractions. D) Immunoprecipitation of AnxA2 with pro-

cathepsinB antibody in the membrane wash lysate after treatment with PBS, AnxA2KD-
Exo, or Control-Exo. E) Densitometric analysis of the blot (n=2). (*) p < 0.05, (**) p< 0.01,
(***) p <0.001, (****) p < 0.0001. DAB immunostaining of macrophages in the lung
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sections with F4/80 antibodies in 231-AnxA2KD-Exo- and 231-Control-Exo-primed
animals (F) after Fc blocking. Scale bar = 100 um. G) ELISA of lung extracts to analyze
IL-6 and TNF-alpha levels from PBS-, 231-AnxA2KD-Exo-, and 231-Control-Exo-primed
animals, 24 hrs after injection (n=2). (*) p < 0.05, (**) p< 0.01, (***) p < 0.001, (****) p <
0.0001.

Mol Cancer Res. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Maji et al.

A

1gG Control
Rabbit

231-AnxA2 KD-Exo

231- Control Exo

”~ .

‘\"‘E( qr

IgG Control

B

Mouse

Page 27

231-AnxA2 KD-Exo

231-Control-Exo

phospho STAT 3

phospho NFkB p65

phospho p38

MMP 9

Figure 6. Exo-AnxA2 activates p38-NFxB and STAT3 signaling pathways
Immunohistological analysis of lung sections from 231-AnxA2KD-Exo- and 231-Control-

Exo-primed animals. Representative images of DAB immunostaining for the respective
proteins are shown. Scale bar 200 um. (*) p < 0.05, (**) p< 0.01, (***) p < 0.001, (****) p <

0.0001.
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Figure 7. Exo-AnxA2 activates p38-NFxB and STAT3 signaling pathways
Immunohistological analysis of brain sections from 231-AnxA2KD-Exo- and 231-Control-

Exo-primed animals. Representative images of DAB immunostaining for the respective
proteins are shown. Scale bar 100 um. (*) p < 0.05, (**) p< 0.01, (***) p <0.001, (****) p <
0.0001.
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