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A miRnA signature in endothelial 
cell-derived extracellular vesicles  
in tumor-bearing mice
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extracellular vesicles (eVs) play important roles in tumor progression by altering immune surveillance, 
promoting vascular dysfunction, and priming distant sites for organotropic metastases. the miRnA 
expression patterns in circulating eVs are important diagnostic tools in cancer. However, multiple 
cell types within the tumor microenvironment (tMe) including cancer cells and stromal cells (e.g. 
immune cells, fibroblasts, and endothelial cells, ECs) contribute to the pool of circulating EVs. Because 
EVs of different cellular origins have different functional properties, auditing the cargo derived from 
cell type-specific EVs in the TME is essential. Here, we demonstrate that a murine EC lineage-tracing 
model (Cdh5-CreERT2:ZSGreenl/s/l mice) can be used to isolate ec-derived extracellular vesicles (ec-
EVs). We further show that purified ZSGreen+ eVs express expected eV markers, they are transferable 
to multiple recipient cells, and circulating ec-eVs from tumor-bearing mice harbor elevated levels of 
specific miRNAs (e.g. miR-30c, miR-126, miR-146a, and miR-125b) compared to non tumor-bearing 
counterparts. these results suggest that, in the tumor setting, ecs may systemically direct the function 
of heterotypic cell types either in the circulation or in different organ micro-environments via the cargo 
contained within their eVs.

Extracellular vesicles (EVs) are abundant 30–1000 nm membrane-bound particles found in virtually all biolog-
ical fluids. They are further classified as exosomes (derived from multi-vesicular bodies, MVBs) or microvesi-
cles (MVs, shed or budded from plasma membranes)1. EVs have emerged as important vectors for transferring 
proteins and nucleic acids between heterotypic cell types; particularly in cancer2. Although the abundance and 
stoichiometry of RNAs contained within EVs has been questioned, circulating EVs probed for their RNA cargo 
have provided diagnostic information to predict, for example, tumor recurrence, metastasis, and progression-free 
survival3. Cancer cell-derived EVs, enriched in proteins, lipids, and nucleic acids “re-educate” different cellu-
lar recipients to promote tumor growth, metastasis, and drug resistance through diverse mechanisms4–9. While 
cancer cell-derived EVs have been well-characterized, few studies have explored the content and function of 
EVs secreted from auxiliary cell-types found within the tumor microenvironment (TME). To do so, new genetic 
tools are needed to label, isolate, and audit EVs derived from cancer cells and other supportive cell types found 
in solid tumors; especially in vivo. It was recently shown that the ZSGreen fluorophore (excitation max, 493 nm; 
emission max, 505 nm), derived from Zoanthus reef coral and modified for high solubility, bright emission, and 
rapid chromophore maturation is exported via EVs. In a melanoma model, ZSGreen+ vesicles from melanoma 
cells were observed in the draining lymph nodes and were engulfed by dendritic cells10. However, no studies 
have taken advantage of ZSGreen’s tropism for EVs to study the miRNA cargo in circulating EVs in the can-
cer setting in vivo. Endothelial cells (ECs) are a potentially enriched source for circulating EVs because they 
are in direct contact with the circulation. This places ECs in a unique position to transfer information via EVs 
systemically (i.e. luminal secretion) or to nearby cell types within the complex TME. Our lab routinely uses 
Cdh5-CreERT2:ZSGreenl/s/l mice (herein referred to as ECiZSGreen mice) as a strategy to study the differentiation and 
functions of ECs in tumors11,12; we therefore hypothesized that these mice could be used as a genetic tool to isolate 
and characterize EC-EVs in the cancer setting.
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Methods
Laboratory mice and in vivo studies. Cdh5-CreERT2 mice were crossed with Ai6 ZSGreen reporter mice 
to generate ECiZSGreen mice. Cdh5-CreERT2 mice were generated by Ralf Adams (Max Plank Institute for Molecular 
Biomedicine, Munster, Germany. Ai6 ZSGreen mice were purchased from The Jackson Laboratory at 7 weeks of 
age. LSL-KRASG12D/+ p53fl/fl Lkb1fl/fl mice were provided by Dr. Chad Pecot (UNC Chapel Hill). Cdh5-CreERT2 
and Ai6 ZSGreen mice were all on a C57BL/6 background. LSL-KRASG12D/+ p53fl/fl Lkb1fl/fl mice were on a 129/
s4 background. Tumor studies and EV or EC isolations were performed on 8- to 10-week-old mice with a mean 
weight of 18–22 g. Age-matched mice, generated from breeding pairs, were randomly allocated to each experi-
mental or control group. Tamoxifen induction was carried out as previously described12.

cell lines. All primary ECs were isolated from normal or tumor tissues and grown in a defined media as 
previously described13.

tumor studies in mice. ECiZSGreen mice were used in mammary tumor studies. E0771 mammary tumor 
cells were orthotopically injected into the mammary fat pad as previously described by us12. Lung tumors were 
induced and ECs were isolated as described previously12. For total EV and EC-EV quantification, mammary tum-
ors were allowed to grow to 0.8–1.0 cm3 before plasma was harvested for EV isolation.

Western blot analysis. Proteins on Western blots were detected using the following antibodies raised 
against: CD9 (sc-13118), CD81 (sc-166029), CD63 (sc-15363), GAPDH (Cell Signaling, 5174), TSG101 (Sigma, 
T5701), and ZSGreen (Clonetech, 632598).

Immunofluorescence. ZSGreen+ ECs were grown on glass chamber slides, fixed with methanol, perme-
abilized with 0.1% Saponin in blocking buffer (1% BSA + 5% Goat Serum), blocked 1 hr at room temperature, 
incubated overnight in anti-Lamp1 antibody (ab25245), and then incubated 1:200 with goat anti-rat 594 antibody 
for 1 hr at room temperature (Invitrogen, A-11007).

eV isolation (in vitro). ECs were grown in 1% exosome-depleted FBS (System Biosciences LLC) in 
LG-DMEM for 48 hrs and then subjected to differential centrifugation. Conditioned media (CM) was spun at 
250 g for 5 minutes, 2,000 g for 10 minutes, and then 100,000 g for 1.5 hrs. All centrifugation steps were performed 
at 4 C on a Beckman Coulter Optima LE-80K Ultracentrifuge with SW-41TI rotor in Beckman Coulter thin wall, 
polypropylene centrifuge tubes. The EV pellet was resuspended in Dulbecco’s phosphate buffered saline (DPBS) 
and stored at −80 C until characterization or immediately lysed with RIPA buffer or RNA lysis buffer. Cells from 
culture dishes were counted to normalize the number of EV-secreting cells to the number of EVs collected and to 
ensure that cells were similarly viable. Media only was also centrifuged and run as a control.

eV isolation (in vivo). Blood was collected from mice via cardiac puncture and spun at 4,000 g for 10 mins at 
room temperature to isolate platelet-free plasma. Plasma was removed and spun again at 4,000 g to ensure no cell 
or platelet contamination. The remaining platelet-free plasma was diluted in 10 mL of DPBS and spun at 100,000 g 
for 1.5 hrs at 4 C.

eV quantification. Size and concentration of EVs isolated from CM or plasma was determined using 
ZetaView NTA. All samples were diluted in water (1:250 to 1:1000 for CM and 1:250 to 1:5 for plasma). EVs were 
measured both in bright field (total) and using a 488 nm filter. Samples were read alongside buffer only controls 
to ensure no EV contamination from the buffer.

RnA isolation and qpcR. RNA was isolated from cells and EVs using the Zymo Research Quick-RNA 
Microprep kit. miRNA Taqman primers were ordered from Life Technologies. cDNA was generated as previously 
described12. mRNA qPCR was run with Maxima Sybr Green and miRNA qPCR was run with TaqMan Universal 
Master Mix II. All qPCR samples were run in triplicate on an Applied Biosystems Quant Studio 6 instrument. 
mRNA was normalized to GAPDH, cell lysate miRNA was normalized to snoRNA234, and EV miRNA was 
normalized to miR-16.

nanostring array. RNA was purified as described above from control or tumor-bearing mice using EVs 
isolated from plasma. RNA samples were submitted to Nanostring (Seattle, WA) for the RNA array. Analysis of 
the Nanostring array was done using the nCounter software package. Background subtraction was performed to 
account for false positives. Positive controls and code-set content (house keeping gene) normalization was per-
formed using the nCounter on all samples.

cryo-eM. EVs were isolated from CM as described above and resuspended in 20 uL of DPBS. EVs were then 
imaged using a Tecnai F20 Twin emission electron microscope at the Molecular Electron Microscopy Core at 
UVA.

flow cytometry. FACS analysis of isolated EVs from cell culture or plasma was performed on a BD Influx 
Cell Sorter. Buffer only was run prior to each sample to measure background and to ensure there was no contami-
nation between samples. Samples were run with 70 uM nozzle at 30 psi with a drop frequency of 64. ZSGreen was 
detected with a band-path filter of 540/40 with a threshold of 0.65.

imageStream X analysis of eVs and cells. ImageStream X flow cytometry of isolated EVs was performed 
on an Amnis ImageStream X Mark II according to methods previously described14–16. ZsGreen fluorescence was 
excited with a 488 nm laser at 200 mW and emission collected using a 480–560 nm bandpass filter (Ch02). Buffer 
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only was run prior to each sample (for the same acquisition time) to measure background and to ensure there 
was no contamination between samples. Control and EV-treated cells were analyzed after 48 hrs of incubation as 
described for EV transfer experiments.

eV transfer (in vitro). EVs harvested as described above were resuspended in exosome-depleted media 
described above and allowed to incubate for 48 hrs. Cells were then harvested for FACS or ImageStreamX.

Statistical analysis. All data were analyzed using Student’s t-test and statistical significance is indicated with 
an asterisk (p < 0.05).

Study approval. All animal experiments were carried out in accordance with and under approval of the 
Institutional Animal Care and Use Committees (IACUC) of the University of Virginia and the University of North 
Carolina at Chapel Hill. Both universities are accredited by the Association for the Assessment and Accreditation 
of Laboratory Care (AAALAC) International and follow the Public Health Service Policy for the Care and Use 
of Laboratory Animals. Animal care was provided in accordance with the procedures outlined in the Guide for 
the Care and Use of Laboratory Animals and protocols were approved by UNC Chapel Hill or the University of 
Virginia Animal Care and Use Committees.

Results
ecs isolated from eciZSGreen mice secrete ZSGreen+ EVs that co-localize with endosomal Lamp1,  
they express eV markers, and they are transferable to multiple cellular recipients. We crossed 
Cdh5-CreERT2 mice with Ai6 ZSGreen reporter mouse to generate ECiZSGreen mice (Fig. 1a). We then isolated 
primary lung ECs following our previously published protocols12. EC purity was confirmed by expression of 
ZSGreen and expression of bona fide EC markers (Fig. 1b and data not shown). To determine if ZSGreen+ EVs 
were secreted from ECs, we subjected the conditioned media to high speed (x100,000 g) differential ultracentrif-
ugation following established protocols for purifying EVs according to MISEV (minimal information for studies 
of EVs) guidelines17. Strikingly, the purified EVs brightly fluoresced when exposed to a 488 nm wavelength lamp, 
suggesting ZSGreen protein is exported into EVs (Fig. 1b). Since EVs can be derived from endosomes, we sought 
to determine whether ZSGreen might localize with the endosomal marker Lamp1. Using immunofluorescence 
microscopy of methanol-fixed ECs, we found that ZSGreen was distributed throughout the EC cytoplasm but was 
also present within puncta that co-localized with Lamp1 suggesting that ZSGreen is indeed directed into endo-
somes that could precede its export via EVs (Fig. 1c)18. To test this possibility, we used fluorescence activated cell 
sorting (FACS) to isolate ZSGreen+ EC-EVs from conditioned media and then used the Particle Metrix Zetaview 
Nanoparticle Tracking Analysis (NTA) system equipped with 488 nm laser to determine particle size. Using this 
approach, we found that ZSGreen+ EVs had a median size of 111.6 ± 86.6 nm which is in good accord with their 
designation as EVs/exosomes or small EVs (Fig. 1d and Fig. 2a)19. Additionally, FACS-isolated ZSGreen+ parti-
cles were found to have a median diameter of ~75–100 nm using qNano (tunable resistive pule sensing, data not 
shown). To visualize and confirm the presence of ZSGreen in ZSGreen+ EC-EVs, we used ImageStream X flow 

Figure 1. ECs isolated from ECiZSGreen mice secrete ZSGreen+ EVs that are derived from endosomes. (a) 
Schematic of the experimental approach. (b) Isolated ZSGreen+ lung ECs maintain brilliant ZSGreen 
fluorescence in vitro (left panel). At right, purified EVs from ZSGreen− ECs and ZSGreen+ ECs under a 
fluorescent lamp (488 nm) are shown. ZSGreen− EC-EVs are shown at left, and at right are ZSGreen+ EC-
EVs (white arrowhead). (c) Immunohistochemistry of the endosomal marker Lamp1 (red fluorescence) and 
ZSGreen demonstrating their co-localization. (d) FACS plots and gating of ZSGreen+ EVs from the culture 
medium of ZSGreen+ ECs.
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cytometry and found that fluorescent EVs were visible under the green fluorescent channel but not by bright field 
luminescence indicating fidelity of the detected signal as previously demonstrated by us (Fig. S1a–c)15. We then 
characterized the protein cargo of ZSGreen+ EVs and found they express multiple EV markers (e.g. CD9, CD63, 
and CD81) and that ZSGreen is housed within EVs indicated by its protection from proteinase K (PK) treat-
ment similar to the Endosomal Sorting Complex Required for Transport (ESCRT) protein TSG101 (Fig. 2b)20. 
No ZSGreen or TSG101 were detected when EVs were solubilized with Triton X, as expected. Finally, we tested 
whether ZSGreen+ vesicles could be transferred to unlabeled recipient cells. We isolated ZSGreen+ EVs from 
conditioned media and fed them to unlabeled ZSGreen− EO771 mammary tumor cells. Using ImageStream X 
flow cytometry, we found that cancer cells readily uptake ZSGreen+ EC-EVs indicated by a punctate pattern 
of intracellular fluorescence (Fig. 2c). These results were confirmed using E0771 tumor cells that were pulsed 
with ZSGreen+ EC-EVs, stringently washed, and then analyzed using FACS (Fig. 2d). Consistent with ZSGreen 
packaging within EVs/exosomes, the uptake of labeled EVs was greatly reduced when donor ZSGreen+ ECs were 
treated with the EV biogenesis inhibitor GW4869 - although we cannot rule out the possibility that inhibition 
of ceramide by GW4869 does not impact additional cellular properties important for sub cellular particle traf-
ficking/secretion (Fig. 2d)2. Taken together, these data support the concept that ZSGreen+ ECs secrete ZSGreen+ 
vesicles that fall within the size range of EVs, they express bona fide EV markers, and they are freely transferable 
to homotypic or heterotypic cell types.

Purified ZSGreen+ eVs from tumor-bearing eciZSGreen mice secrete ZSGreen+ eVs into plasma 
that are enriched in specific miRNAs. To test whether ZSGreen+ EVs were detectable in mouse plasma 
in vivo, we isolated EVs from platelet-free plasma from ECiZSGreen mice. Using FACS, we found that ZSGreen+ EVs 
were detectable using a 488 nm laser and were the expected EV size as determined by NTA (~187 +/− 129.2 nm 
for bright field [total] and 177 +/− 110.6 nm for fluorescence [EC-derived]) (Fig. 3a,b). We took advantage of 
the NTA 488 nm fluorescent filter to measure total circulating ZSGreen− EVs versus EC-derived (ZSGreen+) 

Figure 2. EVs from ECiZSGreen mice express EV markers and are transferable to multiple cellular recipients. 
(a) ZetaView NTA plot of ZSGreen+ EVs detected using a 488 nm filter. (b) Western blotting for CD9, CD63, 
CD81, ZSGreen, and GAPDH in the indicated samples and ZSGreen or TSG101 western blot using the 
indicated fractions from ZSGreen− ECs or ZSGreen+ ECs treated +/− proteinase K (PK) or +/− Triton X. 
(c) Bright field (BF) and fluorescent channel images from ImageStream X flow cytometry using murine E0771 
mammary tumor cells incubated with ZSGreen+ EC-EVs. SSC indicates auto fluorescence which shows no 
overlap with ZSGreen signals, comp. = composite. (d) Representative FACS plots of E0771 mammary tumor 
cells spiked with ZSGreen− EC-EVs (control) or ZSGreen+ EC-EVs (top). At bottom, FACS plot of ZSGreen− 
ECs spiked with ZSGreen+ EC-EVs from EC cultures that were treated 24 hours prior with GW4869.
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EVs in control mice or in mice bearing orthotopic mammary tumors. The results showed that mice bearing 
mammary tumors had a 4.8-fold increase in the total numbers of circulating vesicles (2.9e10 ± 1.9e10 particles/ml 
versus 6.1e9 ± 5.3e9 particles/ml) and a 1.8-fold increase in ZSGreen+ EC-EVs (1.6e7 ± 3.1e6 particles/ml versus 
8.7e6 ± 1.2e6 particles/ml) compared to their non tumor-bearing counterparts (Fig. 3c,d and Fig. S2a,b) - also see 
accompanying supplemental movies. These results suggest that solid tumors invoke an increase in total circulat-
ing EVs and also an increase in circulating EVs that are specifically derived from the vasculature.

Compared to normal cell types, cancer cells are known to aberrantly express several miRNAs (and pro-
teins); therefore, we asked whether miRNA cargoes within circulating ZSGreen+ EC-EVs showed differen-
tial expression patterns using control versus mammary tumor-bearing mice. Using a Nanostring miRNA 
array, we screened ~600 miRNAs in ZSGreen+ EC-EVs with ~80 landing above the detection limits of the 
assay; moreover, several of these miRNAs were either up- or down-regulated in tumor-bearing mice com-
pared to their control, age- and sex-matched counterparts (Fig. 4a,b and Fig. S2c). A complete list of the 
differentially-expressed miRNAs uncovered in EC-EVs using control versus tumor-bearing mice is shown in 
the online data supplement. Interestingly, several miRNAs that were significantly elevated in EC-EVs from 
tumor-bearing mice have recently been shown to be important during tumor progression. For example, we 
recently showed tumor-suppressive roles for miR-30c in the endothelium12. Similarly, miR-146a, that we found 
to be elevated in ZSGreen+ EC-EVs, was recently shown to be immune suppressive in the melanoma tumor 
microenvironment21. miR-126, miR-10b, and miR-151 were all shown to be elevated or have diagnostic utility 
in the serum of patients with a variety of cancer types and subtypes; but none of these studies have demon-
strated a potential EC origin for these miRNAs in these patients22–24.

We next used primary ECs isolated from C3-TAg mammary tumors (tumor endothelial cells, TECs) to assess 
their EC-EV miRNA signatures in vitro12. The EVs isolated from conditioned media showed a characteristic lipid 
bilayer and were of an expected EV size as measured by cryo-electron microscopy (Fig. 4c). Using qPCR, we 
could confirm selective increases in miR-30c, miR-126, and miR-146a in EVs derived from TECs versus normal 
ECs (NECs) whereas miR-125b was reduced; consistent with the Nanostring array (Fig. 4d). Notably, only miR-
30c was elevated in the cellular fraction suggesting there may be selective export/enrichment of specific miRNAs 
into EVs. Using NTA with C3-TAg TECs and KRASG12D lung TECs12, we found that EVs isolated from NECs and 
TECs were of similar size; however, mammary TECs secreted 7.4 times as many EVs per cell (2.8e4 ± 1.28e4 versus 
3.3e3 ± 3.3e2) and lung TECs secreted 2.4 times as many EVs per cell (3.3e4 ± 2.9e3 versus 1.4e4 ± 3.6e3) compared 
to their normal counterparts (Fig. S2d–g). These data support the possibility that EV production is increased in 
the vasculature in the cancer setting leading to an enrichment of total EC-EV miRNA (and protein) cargo in the 
systemic circulation.

Figure 3. ECiZSGreen mice secrete ZSGreen+ EC-EVs into plasma. (a) FACS plots using EVs isolated from 
wildtype (ZSGreen−) or ECiZSGreen mice. (b) ZetaView NTA plots of bright field and fluorescence using EVs 
isolated from the plasma of ECiZSGreen mice. (c) Still images from ZetaView NTA movies using EVs isolated from 
ECiZSGreen mice. (d) Quantification of total and fluorescent ZSGreen+ EVs from control versus mammary tumor 
bearing mice using ZetaView NTA (EVs were pooled from n = 3 mice; 3–7 biological replicates). Results were 
analyzed using Student’s t-test, *p < 0.05.
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Discussion
EVs have emerged as important vectors for exchanging information between cancer cells and cancer-associated 
stromal cells. The cargo contained within EVs mirrors the cell of origin; therefore, it is anticipated that EVs 
derived from different cell types can differentially impact their cellular recipients. However, genetic tools to isolate 
and characterize EVs derived from different cell types in the cancer setting are lacking. Typically, purified EVs are 
labeled with a lipophilic dye and then re-injected into laboratory mice. Genetic approaches to endogenously label 
EVs, without in vitro manipulation, will advance our understanding of EV biology in general and help to clarify 
the cell type-specific roles of EVs in the complex TME. The model we present herein has taken advantage of the 
selective export of ZSGreen into EC-EVs using EC-specific Cre-driver mice. This approach is easily adaptable to 
study EVs of any cell-of-origin by substitution with different lineage-specific Cre-drivers; thus, our model is ver-
satile and could be used to examine the EV content of multiple cell types (e.g. immune cells or fibroblasts) found 
within solid tumors.

There are a few limitations in this study that may impact our analysis and will require resolution. For example, 
while we have shown that ZSGreen protein is detected within EVs/exosomes, we also find membrane/cytoplas-
mic ZSGreen fluorescence in cultured ZSGreen+ ECs. It is presumed therefore that other sub cellular particles 
>150 nm will contain both ZSGreen and miRNAs but these particles would have to be purified using different 
approaches (e.g. differential centrifugation and sucrose gradients); similarly, the quantification of ZSGreen+ ves-
icles using NTA could include co-purified heterogeneous ZSGreen+ particles also found in mouse plasma, or 
particles derived from a small population of Cdh5+ hematopoietic cells, potentially skewing the ratio of total 
circulating EVs:EC-derived EVs25. In our in vitro assays, there also appear to be Lamp1+ endosomes that are 
ZSGreen−resulting in an underestimation of EC-EVs/exosomes in the circulation and identification of only a par-
tial miRNA signature in EC-EVs. Each of these limitations could be addressed using more sophisticated mouse 
models where an EV marker (e.g. CD63 or CD9) is fused to a fluorescent reporter enabling the specific isolation 
of bona fide endosome-derived EVs. Finally, it is not clear why ZSGreen is deposited into sub cellular particles 
(i.e. endosomes) and then ultimately exported via EVs. Green fluorescent protein (GFP) is also known to be 
evicted from cells via a non-classical pathway following its over-expression, improper folding, and localization 
to aggresomes; however these mis-folded proteins typically no longer fluoresce limiting their utility as tracers to 
identify and isolate EVs from specific cell types in vivo26.

Despite these limitations, our results support the concept that the vasculature is an important source for cir-
culating EVs and that specific miRNAs packaged within EC-EVs have the potential to systemically reprogram 
different cellular recipients. For example, although the uptake of cancer cell-derived EVs by the endothelium has 
been documented, cancer cells proximal to the vasculature are also free to engulf vascular-derived EVs leading 

Figure 4. EC-EVs from tumor-bearing mice are enriched in specific miRNAs. (a) Nanostring miRNA array 
heat map using FACS-isolated ZSGreen+ EVs from control versus mammary tumor-bearing mice (n = 3 mice/
group). Asterisks indicate a few differentially-expressed miRNAs of interest. (b) Volcano plot of miRNAs 
detected in ZSGreen+ EC-EVs from control versus mammary tumor-bearing mice. Selected miRNAs of interest 
that were determined to be statistically significant are indicated at far right. (c) Cryo-EM images of EVs isolated 
from conditioned media of normal mammary gland (NECs) or C3-TAg mammary tumors (TECs). The scale 
bar applies to both panels. (d) qPCR analysis of selected miRNAs in the indicated EVs (n = 2 individual samples 
tested in triplicate) or in cellular fractions (n = 3). Results were analyzed using Student’s t-test, *p < 0.05.
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to gene expression changes or alterations in their behavior/function4,27. Since ECs are uniquely positioned within 
solid tumors (in contact with the circulation at the luminal surface and other cell types including cancer cells at 
the abluminal surface) we view the tumor endothelium as a “sentinel” that could readily exchange information 
with other cell types via their EV payloads in both primary tumors and in sites of metastasis. A good example are 
circulating innate and adaptive immune cells, or those immune cells found within draining lymph nodes, that 
could be reprogrammed following the uptake of proteins or nucleic acids derived from dysfunctional ECs found 
in solid tumors.

Received: 20 June 2019; Accepted: 17 October 2019;
Published: xx xx xxxx

References
 1. Van Niel, G., D&apos, Angelo, G. & Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nature reviews. Molecular 

cell biology 19, 213–228, https://doi.org/10.1038/nrm.2017.125 (2018).
 2. Mathieu, M., Martin-Jaular, L., Lavieu, G. & Thery, C. Specificities of secretion and uptake of exosomes and other extracellular 

vesicles for cell-to-cell communication. Nat Cell Biol 21, 9–17, https://doi.org/10.1038/s41556-018-0250-9 (2019).
 3. Chevillet, J. R. et al. Quantitative and stoichiometric analysis of the microRNA content of exosomes. Proceedings of the National 

Academy of Sciences 111, 14888–14893, https://doi.org/10.1073/pnas.1408301111 (2014).
 4. Zhou, W. et al. Cancer-Secreted miR-105 Destroys Vascular Endothelial Barriers to Promote Metastasis. 25, 501–515, https://doi.

org/10.1016/j.ccr.2014.03.007 (2014).
 5. Fong, M. Y. et al. Breast-cancer-secreted miR-122 reprograms glucose metabolism in premetastatic niche to promote metastasis. 

Nature cell biology 17, 183–194, https://doi.org/10.1038/ncb3094 (2015).
 6. Hoshino, A. et al. Tumour exosome integrins determine organotropic metastasis. Nature 527, 329–335, https://doi.org/10.1038/

nature15756 (2015).
 7. Zhang, L. et al. Microenvironment-induced PTEN loss by exosomal microRNA primes brain metastasis outgrowth. Nature 527, 

100–104, https://doi.org/10.1038/nature15376 (2015).
 8. Zomer, A. et al. In Vivo imaging reveals extracellular vesicle-mediated phenocopying of metastatic behavior. Cell 161, 1046–1057, 

https://doi.org/10.1016/j.cell.2015.04.042 (2015).
 9. Keklikoglou, I. et al. Chemotherapy elicits pro-metastatic extracellular vesicles in breast cancer models. Nature cell biology 21, 1–23, 

https://doi.org/10.1038/s41556-018-0256-3 (2018).
 10. Headley, M. B. et al. Visualization of immediate immune responses to pioneer metastatic cells in the lung. Nature 531, 513–517, 

https://doi.org/10.1038/nature16985 (2016).
 11. Xiao, L. et al. Tumor Endothelial Cells with Distinct Patterns of TGFβ-Driven Endothelial-to-Mesenchymal Transition. Cancer 

Research 75, 1244–1254, https://doi.org/10.1158/0008-5472.CAN-14-1616 (2015).
 12. McCann, J. V. et al. Endothelial miR-30c suppresses tumor growth via inhibition of TGF-beta-induced Serpine1. J Clin Invest 130, 

1654–1670, https://doi.org/10.1172/JCI123106 (2019).
 13. Xiao, L., McCann, J. V. & Dudley, A. C. Isolation and Culture Expansion of Tumor-specific Endothelial Cells. Journal of visualized 

experiments: JoVE, e53072, https://doi.org/10.3791/53072 (2015).
 14. Erdbrügger, U. et al. Imaging flow cytometry elucidates limitations of microparticle analysis by conventional flow cytometry. 

Cytometry Part A: the journal of the International Society for Analytical Cytology 85, 756–770, https://doi.org/10.1002/cyto.a.22494 
(2014).

 15. Lannigan, J. & Erdbruegger, U. Imaging flow cytometry for the characterization of extracellular vesicles. 1–13, https://doi.
org/10.1016/j.ymeth.2016.09.018 (2016).

 16. Görgens, A. et al. Optimisation of imaging flow cytometry for the analysis of single extracellular vesicles by using fluorescence-
tagged vesicles as biological reference material. Journal of Extracellular Vesicles 8, https://doi.org/10.1080/20013078.2019.1587567 
(2019).

 17. Van Deun, J. et al. EV-TRACK: transparent reporting and centralizing knowledge in extracellular vesicle research. Nature methods 
14, 1–5, https://doi.org/10.1038/nmeth.4185 (2017).

 18. Cook, N. R., Row, P. E. & Davidson, H. W. Lysosome associated membrane protein 1 (Lamp1) traffics directly from the TGN to early 
endosomes. Traffic 5, 685–699, https://doi.org/10.1111/j.1600-0854.2004.00212.x (2004).

 19. Thery, C. et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International 
Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell Vesicles 7, 1535750, https://doi.org/10.1080/2
0013078.2018.1535750 (2018).

 20. Banfer, S. et al. Molecular mechanism to recruit galectin-3 into multivesicular bodies for polarized exosomal secretion. Proc Natl 
Acad Sci USA 115, E4396–E4405, https://doi.org/10.1073/pnas.1718921115 (2018).

 21. Mastroianni, J. et al. miR-146a Controls Immune Response in the Melanoma Microenvironment. Cancer Research 79, 183–195, 
https://doi.org/10.1158/0008-5472.CAN-18-1397 (2019).

 22. Cazzoli, R. et al. microRNAs derived from circulating exosomes as noninvasive biomarkers for screening and diagnosing lung 
cancer. J Thorac Oncol 8, 1156–1162, https://doi.org/10.1097/JTO.0b013e318299ac32 (2013).

 23. Grimolizzi, F. et al. Exosomal miR-126 as a circulating biomarker in non-small-cell lung cancer regulating cancer progression. Sci 
Rep 7, 15277, https://doi.org/10.1038/s41598-017-15475-6 (2017).

 24. Jin, X. et al. Evaluation of Tumor-Derived Exosomal miRNA as Potential Diagnostic Biomarkers for Early-Stage Non-Small Cell 
Lung Cancer Using Next-Generation Sequencing. Clin Cancer Res 23, 5311–5319, https://doi.org/10.1158/1078-0432.CCR-17-0577 
(2017).

 25. He, Q. et al. The Cdh5-CreERT2 transgene causes conditional Shb gene deletion in hematopoietic cells with consequences for 
immune cell responses to tumors. Sci Rep 9, 7548, https://doi.org/10.1038/s41598-019-44039-z (2019).

 26. Tanudji, M. Improperly folded green fluorescent protein is secreted via a non-classical pathway. Journal of cell science 115, 
3849–3857, https://doi.org/10.1242/jcs.00047 (2002).

 27. Chiba, M., Kubota, S., Sato, K. & Monzen, S. Exosomes released from pancreatic cancer cells enhance angiogenic activities via 
dynamin-dependent endocytosis in endothelial cells in vitro. Sci Rep 8, 11972, https://doi.org/10.1038/s41598-018-30446-1 (2018).

Acknowledgements
ACD is supported by grants from the NIH (RO1-CA177874), the American Cancer Society (129755-RSG-16-
176-01-DDC), and an AACR/Bayer Innovation Award. Other funding support includes a pre-doctoral fellowship 
to JVM (F31-CA213793-03). Portions of this work were also supported by a CCSG National Cancer Institute 
P30-CA044579-23 Center Grant. We wish to thank Dr. Bettina Winckler and lab for sharing LAMP1 antibodies. 
We also wish to thank the UVA Flow Cytometry Core for help with FACS analysis. At the proofing stage of this 

https://doi.org/10.1038/s41598-019-52466-1
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1073/pnas.1408301111
https://doi.org/10.1016/j.ccr.2014.03.007
https://doi.org/10.1016/j.ccr.2014.03.007
https://doi.org/10.1038/ncb3094
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/nature15376
https://doi.org/10.1016/j.cell.2015.04.042
https://doi.org/10.1038/s41556-018-0256-3
https://doi.org/10.1038/nature16985
https://doi.org/10.1158/0008-5472.CAN-14-1616
https://doi.org/10.1172/JCI123106
https://doi.org/10.3791/53072
https://doi.org/10.1002/cyto.a.22494
https://doi.org/10.1016/j.ymeth.2016.09.018
https://doi.org/10.1016/j.ymeth.2016.09.018
https://doi.org/10.1080/20013078.2019.1587567
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1111/j.1600-0854.2004.00212.x
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1073/pnas.1718921115
https://doi.org/10.1158/0008-5472.CAN-18-1397
https://doi.org/10.1097/JTO.0b013e318299ac32
https://doi.org/10.1038/s41598-017-15475-6
https://doi.org/10.1158/1078-0432.CCR-17-0577
https://doi.org/10.1038/s41598-019-44039-z
https://doi.org/10.1242/jcs.00047
https://doi.org/10.1038/s41598-018-30446-1


8Scientific RepoRtS |         (2019) 9:16743  | https://doi.org/10.1038/s41598-019-52466-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

manuscript, we became aware of a new transgenic inducible GFP EV reporter mouse that was recently described. 
These mice are an excellent genetic tool for isolating and characterizing cell type-specific EVs. (Neckles et al., Sci Rep.  
2019 Feb 28;9(1):3094. https://doi.org/10.1038/s41598-019-39679-0.)

Author contributions
J.V.M. and A.C.D. conceived and designed the study. J.V.M., L.M., U.E., J.L. and A.C.D. developed the study 
methodology. J.V.M., A.L., L.M., U.E., J.L. and A.C.D. acquired, analyzed, and/or interpreted data. J.V.M. and 
A.C.D. wrote the original draft of the manuscript, all authors wrote, reviewed, and/or revised the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52466-1.
Correspondence and requests for materials should be addressed to A.C.D.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-52466-1
https://doi.org/10.1038/s41598-019-39679-0
https://doi.org/10.1038/s41598-019-52466-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A miRNA signature in endothelial cell-derived extracellular vesicles in tumor-bearing mice
	Methods
	Laboratory mice and in vivo studies. 
	Cell lines. 
	Tumor studies in mice. 
	Western blot analysis. 
	Immunofluorescence. 
	EV isolation (in vitro). 
	EV isolation (in vivo). 
	EV quantification. 
	RNA isolation and qPCR. 
	Nanostring array. 
	Cryo-EM. 
	Flow cytometry. 
	ImageStream X analysis of EVs and cells. 
	EV transfer (in vitro). 
	Statistical analysis. 
	Study approval. 

	Results
	ECs isolated from ECiZSGreen mice secrete ZSGreen+ EVs that co-localize with endosomal Lamp1, they express EV markers, and  ...
	Purified ZSGreen+ EVs from tumor-bearing ECiZSGreen mice secrete ZSGreen+ EVs into plasma that are enriched in specific miR ...

	Discussion
	Acknowledgements
	Figure 1 ECs isolated from ECiZSGreen mice secrete ZSGreen+ EVs that are derived from endosomes.
	Figure 2 EVs from ECiZSGreen mice express EV markers and are transferable to multiple cellular recipients.
	Figure 3 ECiZSGreen mice secrete ZSGreen+ EC-EVs into plasma.
	Figure 4 EC-EVs from tumor-bearing mice are enriched in specific miRNAs.




