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Exosomes in developmental signalling

lan John McGough and Jean-Paul Vincent*

ABSTRACT

In order to achieve coordinated growth and patterning during
development, cells must communicate with one another, sending
and receiving signals that regulate their activities. Such
developmental signals can be soluble, bound to the extracellular
matrix, or tethered to the surface of adjacent cells. Cells can also
signal by releasing exosomes — extracellular vesicles containing
bioactive molecules such as RNA, DNA and enzymes. Recent work
has suggested that exosomes can also carry signalling proteins,
including ligands of the Notch receptor and secreted proteins of the
Hedgehog and WNT families. Here, we describe the various types of
exosomes and their biogenesis. We then survey the experimental
strategies used so far to interfere with exosome formation and
critically assess the role of exosomes in developmental signalling.
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Table 1. Currently available means of interfering with exosome formation

Complex

targeted RNAi or DN used*  References Effect Caveats/other effects

Small RAB11 Koles et al., 2012 Reduced release of WLS-containing RABL11 regulates endocytic recycling; regulates
GTPase vesicles from S2 cells; reduced membrane delivery during cytokinesis;

RAB35

RAB27

RAB10, RAB14,
RAB6, RAB8

Beckett et al., 2013

Gross et al., 2012
Gradilla et al., 2014

Beckett et al., 2013

Koles et al., 2012
Gross et al., 2012
Parchure et al., 2015
Koles et al., 2012

Parchure et al., 2015

postsynaptic WLS at neuromuscular
junction

participates in epithelial cell polarisation; regulates
transcytosis of certain cargo; may be redundant
with other Rabs

Reduced exosome release by S2 cells; no
effect on Wingless gradient in imaginal
discs

Lethal
Reduced HH secretion and/or target gene
expression imaginal disc
No effect on exosome release from S2 cells RAB35 regulates endocytic recycling; regulates
endosomal trafficking of synaptic vesicles; may be
redundant with other Rabs
Reduced release of WLS-containing
vesicles from S2 cells
No effect on wing patterning
Reduced HH secretion in S2 cells
Reduced release of WLS-containing
vesicles from S2 cells
Reduced HH secretion in S2 cells

RABZ27 is specific to exosome secretion; may be
redundant with other Rabs




dge ¢ o g agdacily el Ut o oaer. g



& |4e HHS e(': g _ad 13‘21”1‘1‘-‘ ((?ladl“a e 4.

Ay .
gl A LI


http://dx.doi.org/10.1074/jbc.M513803200
http://dx.doi.org/10.1074/jbc.M513803200
http://dx.doi.org/10.1038/nature12879
http://dx.doi.org/10.1038/nature12879
http://dx.doi.org/10.1038/emboj.2011.489
http://dx.doi.org/10.1038/emboj.2011.489
http://dx.doi.org/10.1038/emboj.2011.489
http://dx.doi.org/10.1038/emboj.2011.489
http://dx.doi.org/10.1371/journal.pgen.1002503
http://dx.doi.org/10.1371/journal.pgen.1002503
http://dx.doi.org/10.1371/journal.pgen.1002503
http://dx.doi.org/10.1016/S1534-5807(02)00220-4
http://dx.doi.org/10.1016/S1534-5807(02)00220-4
http://dx.doi.org/10.1016/S1534-5807(02)00220-4
http://dx.doi.org/10.1038/ncb2502
http://dx.doi.org/10.1038/ncb2502
http://dx.doi.org/10.1038/ncb2502
http://dx.doi.org/10.1038/ncb2502
http://dx.doi.org/10.1074/jbc.M110.190009
http://dx.doi.org/10.1074/jbc.M110.190009
http://dx.doi.org/10.1074/jbc.M110.190009
http://dx.doi.org/10.1016/j.cell.2006.02.049
http://dx.doi.org/10.1016/j.cell.2006.02.049
http://dx.doi.org/10.1016/j.cell.2006.02.049
http://dx.doi.org/10.1016/j.cell.2006.04.009
http://dx.doi.org/10.1016/j.cell.2006.04.009
http://dx.doi.org/10.1016/j.cell.2006.04.009
http://dx.doi.org/10.1111/tra.12016
http://dx.doi.org/10.1111/tra.12016
http://dx.doi.org/10.1111/tra.12016
http://dx.doi.org/10.1111/tra.12016
http://dx.doi.org/10.1038/emboj.2009.45
http://dx.doi.org/10.1038/emboj.2009.45
http://dx.doi.org/10.1038/emboj.2009.45
http://dx.doi.org/10.1038/emboj.2009.45
http://dx.doi.org/10.1038/ncb815
http://dx.doi.org/10.1038/ncb815
http://dx.doi.org/10.1038/ncb815
http://dx.doi.org/10.1038/ncb2856
http://dx.doi.org/10.1038/ncb2856
http://dx.doi.org/10.1038/ncb2856
http://dx.doi.org/10.1038/ncb2856
http://dx.doi.org/10.1016/j.tcb.2013.10.009
http://dx.doi.org/10.1016/j.tcb.2013.10.009

Brugger, B., Glass, B., Haberkant, P., Leibrecht, I., Wieland, F. T. and
Krausslich, H.-G. (2006). The HIV lipidome: a raft with an unusual
composition. Proc. Natl. Acad. Sci. USA 103, 2641-2646.

Burke, R., Nellen, D., Bellotto, M., Hafen, E., Senti, K.-A., Dickson, B. J. and
Basler, K. (1999). Dispatched, a novel sterol-sensing domain protein dedicated to
the release of cholesterol-modified hedgehog from signaling cells. Cell 99,
803-815.

Buschow, S. 1., van Balkom, B. W. M., Aalberts, M., Heck, A. J. R., Wauben, M.
and Stoorvogel, W. (2010). MHC class ll-associated proteins in B-cell exosomes
and potential functional implications for exosome biogenesis. Immunol. Cell Biol.
88, 851-856.

Cai, H., Reinisch, K. and Ferro-Novick, S. (2007). Coats, tethers, Rabs, and
SNAREs work together to mediate the intracellular destination of a transport
vesicle. Dev. Cell 12, 671-682.

Callejo, A., Torroja, C., Quijada, L. and Guerrero, |. (2006). Hedgehog lipid
modifications are required for Hedgehog stabilization in the extracellular matrix.
Development 133, 471-483.

Callejo, A., Bilioni, A., Mollica, E., Gorfinkiel, N., Andres, G., Ibanez, C., Torroja,
C., Doglio, L., Sierra, J. and Guerrero, |. (2011). Dispatched mediates
Hedgehog basolateral release to form the long-range morphogenetic gradient in
the Drosophila wing disk epithelium. Proc. Natl. Acad. Sci. USA 108,
12591-12598.

Campbell, R. M. and Peterson, A. C. (1993). Expression of a lacZ transgene
reveals floor plate cell morphology and macromolecular transfer to commissural
axons. Development 119, 1217-1228.

Chamoun, Z., Mann, R. K., Nellen, D., von Kessler, D. P., Bellotto, M., Beachy,
P. A. and Basler, K. (2001). Skinny hedgehog, an acyltransferase required for
palmitoylation and activity of the hedgehog signal. Science 293, 2080-2084.

Chaput, N. and Thery, C. (2011). Exosomes: immune properties and potential
clinical implementations. Semin. Immunopathol. 33, 419-440.

Chen, M.-H., Li, Y.-J., Kawakami, T., Xu, S.-M. and Chuang, P.-T. (2004).
Palmitoylation is required for the production of a soluble multimeric Hedgehog
protein complex and long-range signaling in vertebrates. Genes Dev. 18, 641-659.

Chiaruttini, N., Redondo-Morata, L., Colom, A., Humbert, F., Lenz, M.,
Scheuring, S. and Roux, A. (2015). Relaxation of loaded ESCRT-IIl spiral
springs drives membrane deformation. Cell 163, 866-879.

Clayton, A. and Mason, M. D. (2009). Exosomes in tumour immunity. Curr. Oncol.
16, 46-49.

Clevers, H., Loh, K. M. and Nusse, R. (2014). Stem cell signaling. An integral


http://dx.doi.org/10.1073/pnas.0511136103
http://dx.doi.org/10.1073/pnas.0511136103
http://dx.doi.org/10.1073/pnas.0511136103
http://dx.doi.org/10.1016/S0092-8674(00)81677-3
http://dx.doi.org/10.1016/S0092-8674(00)81677-3
http://dx.doi.org/10.1016/S0092-8674(00)81677-3
http://dx.doi.org/10.1016/S0092-8674(00)81677-3
http://dx.doi.org/10.1038/icb.2010.64
http://dx.doi.org/10.1038/icb.2010.64
http://dx.doi.org/10.1038/icb.2010.64
http://dx.doi.org/10.1038/icb.2010.64
http://dx.doi.org/10.1016/j.devcel.2007.04.005
http://dx.doi.org/10.1016/j.devcel.2007.04.005
http://dx.doi.org/10.1016/j.devcel.2007.04.005
http://dx.doi.org/10.1242/dev.02217
http://dx.doi.org/10.1242/dev.02217
http://dx.doi.org/10.1242/dev.02217
http://dx.doi.org/10.1073/pnas.1106881108
http://dx.doi.org/10.1073/pnas.1106881108
http://dx.doi.org/10.1073/pnas.1106881108
http://dx.doi.org/10.1073/pnas.1106881108
http://dx.doi.org/10.1073/pnas.1106881108
http://dx.doi.org/10.1126/science.1064437
http://dx.doi.org/10.1126/science.1064437
http://dx.doi.org/10.1126/science.1064437
http://dx.doi.org/10.1007/s00281-010-0233-9
http://dx.doi.org/10.1007/s00281-010-0233-9
http://dx.doi.org/10.1101/gad.1185804
http://dx.doi.org/10.1101/gad.1185804
http://dx.doi.org/10.1101/gad.1185804
http://dx.doi.org/10.1016/j.cell.2015.10.017
http://dx.doi.org/10.1016/j.cell.2015.10.017
http://dx.doi.org/10.1016/j.cell.2015.10.017
http://dx.doi.org/10.3747/co.v16i3.367
http://dx.doi.org/10.3747/co.v16i3.367
http://dx.doi.org/10.1126/science.1248012
http://dx.doi.org/10.1126/science.1248012
http://dx.doi.org/10.1126/science.1248012
http://dx.doi.org/10.1016/j.tcb.2015.01.004
http://dx.doi.org/10.1016/j.tcb.2015.01.004
http://dx.doi.org/10.1016/j.semcdb.2015.02.007
http://dx.doi.org/10.1016/j.semcdb.2015.02.007
http://dx.doi.org/10.1016/j.semcdb.2015.02.007
http://dx.doi.org/10.1038/ncb3169
http://dx.doi.org/10.1038/ncb3169
http://dx.doi.org/10.1038/ncb3169
http://dx.doi.org/10.1038/ncb3169
http://dx.doi.org/10.1016/j.devcel.2014.12.004
http://dx.doi.org/10.1016/j.devcel.2014.12.004
http://dx.doi.org/10.1016/j.devcel.2014.12.004
http://dx.doi.org/10.1186/1471-213X-5-21
http://dx.doi.org/10.1186/1471-213X-5-21
http://dx.doi.org/10.1186/1471-213X-5-21
http://dx.doi.org/10.1074/mcp.M112.022806
http://dx.doi.org/10.1074/mcp.M112.022806
http://dx.doi.org/10.1074/mcp.M112.022806
http://dx.doi.org/10.1074/mcp.M112.022806
http://dx.doi.org/10.1083/jcb.201110031
http://dx.doi.org/10.1083/jcb.201110031
http://dx.doi.org/10.1083/jcb.201110031
http://dx.doi.org/10.1083/jcb.201110031
http://dx.doi.org/10.1016/0092-8674(93)90627-3
http://dx.doi.org/10.1016/0092-8674(93)90627-3
http://dx.doi.org/10.1016/0092-8674(93)90627-3
http://dx.doi.org/10.1016/0092-8674(93)90627-3
http://dx.doi.org/10.1111/tra.12139
http://dx.doi.org/10.1111/tra.12139
http://dx.doi.org/10.1111/tra.12139
http://dx.doi.org/10.1523/JNEUROSCI.5699-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.5699-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.5699-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.5699-09.2010
http://dx.doi.org/10.1016/j.bbamcr.2009.09.011
http://dx.doi.org/10.1016/j.bbamcr.2009.09.011
http://dx.doi.org/10.1016/j.bbamcr.2009.09.011
http://dx.doi.org/10.1016/j.bbamcr.2009.09.011
http://dx.doi.org/10.1038/nature16937
http://dx.doi.org/10.1038/nature16937
http://dx.doi.org/10.1038/nature16937
http://dx.doi.org/10.1038/nature16937
http://dx.doi.org/10.1083/jcb.201504057
http://dx.doi.org/10.1083/jcb.201504057
http://dx.doi.org/10.1083/jcb.201504057
http://dx.doi.org/10.1074/jbc.M302596200
http://dx.doi.org/10.1074/jbc.M302596200
http://dx.doi.org/10.1074/jbc.M302596200
http://dx.doi.org/10.1016/j.cell.2007.01.035
http://dx.doi.org/10.1016/j.cell.2007.01.035
http://dx.doi.org/10.1016/j.cell.2007.01.035
http://dx.doi.org/10.3389/fncel.2013.00182
http://dx.doi.org/10.3389/fncel.2013.00182
http://dx.doi.org/10.3389/fncel.2013.00182
http://dx.doi.org/10.1016/S1534-5807(03)00031-5
http://dx.doi.org/10.1016/S1534-5807(03)00031-5
http://dx.doi.org/10.1016/S1534-5807(03)00031-5
http://dx.doi.org/10.1242/dev.02212
http://dx.doi.org/10.1242/dev.02212
http://dx.doi.org/10.1242/dev.02212
http://dx.doi.org/10.1111/j.1600-0854.2004.0167.x
http://dx.doi.org/10.1111/j.1600-0854.2004.0167.x
http://dx.doi.org/10.1111/j.1600-0854.2004.0167.x
http://dx.doi.org/10.1038/ncb1929
http://dx.doi.org/10.1038/ncb1929
http://dx.doi.org/10.1038/ncb1929
http://dx.doi.org/10.1016/j.devcel.2005.01.003
http://dx.doi.org/10.1016/j.devcel.2005.01.003
http://dx.doi.org/10.1016/j.devcel.2005.01.003
http://dx.doi.org/10.1016/j.devcel.2005.01.003
http://dx.doi.org/10.1074/jbc.M511427200
http://dx.doi.org/10.1074/jbc.M511427200
http://dx.doi.org/10.1074/jbc.M511427200
http://dx.doi.org/10.1242/dev.02674
http://dx.doi.org/10.1242/dev.02674
http://dx.doi.org/10.1242/dev.02674
http://dx.doi.org/10.1016/j.devcel.2004.12.018
http://dx.doi.org/10.1016/j.devcel.2004.12.018
http://dx.doi.org/10.1016/j.devcel.2004.12.018
http://dx.doi.org/10.3402/jev.v2i0.20389
http://dx.doi.org/10.3402/jev.v2i0.20389
http://dx.doi.org/10.1038/ncomms6649
http://dx.doi.org/10.1038/ncomms6649
http://dx.doi.org/10.1038/ncomms6649
http://dx.doi.org/10.1038/ncomms6649
http://dx.doi.org/10.1016/S0092-8674(01)00484-6
http://dx.doi.org/10.1016/S0092-8674(01)00484-6
http://dx.doi.org/10.1073/pnas.94.25.13683
http://dx.doi.org/10.1073/pnas.94.25.13683
http://dx.doi.org/10.1073/pnas.94.25.13683
http://dx.doi.org/10.1038/ncb2574
http://dx.doi.org/10.1038/ncb2574
http://dx.doi.org/10.1083/jcb.97.2.329
http://dx.doi.org/10.1083/jcb.97.2.329
http://dx.doi.org/10.1083/jcb.97.2.329
http://dx.doi.org/10.1016/j.devcel.2011.05.015
http://dx.doi.org/10.1016/j.devcel.2011.05.015
http://dx.doi.org/10.1101/cshperspect.a016766
http://dx.doi.org/10.1101/cshperspect.a016766
http://dx.doi.org/10.1101/cshperspect.a016766
http://dx.doi.org/10.1038/nsmb1051
http://dx.doi.org/10.1038/nsmb1051
http://dx.doi.org/10.1038/nsmb1051
http://dx.doi.org/10.1038/nature15756
http://dx.doi.org/10.1038/nature15756
http://dx.doi.org/10.1038/nature15756
http://dx.doi.org/10.1038/nature15756
http://dx.doi.org/10.1038/nature03951
http://dx.doi.org/10.1038/nature03951
http://dx.doi.org/10.1038/nature03951
http://dx.doi.org/10.1083/jcb.200911018
http://dx.doi.org/10.1083/jcb.200911018
http://dx.doi.org/10.1083/jcb.200911018
http://dx.doi.org/10.1083/jcb.200911018

Huang, H. and Kornberg, T. B. (2015). Myoblast cytonemes mediate Wg signaling
from the wing imaginal disc and Delta-Notch signaling to the air sac primordium.
Elife 4, e06114.

Hurley, J. H. (2008). ESCRT complexes and the biogenesis of multivesicular
bodies. Curr. Opin. Cell Biol. 20, 4-11.

Hurley, J. H. (2010). The ESCRT complexes. Crit. Rev. Biochem. Mol. Biol. 45,
463-487.

Hurley, J. H. and Hanson, P. I. (2010). Membrane budding and scission by the
ESCRT machinery: it’s all in the neck. Nat. Rev. Mol. Cell Biol. 11, 556-566.


http://dx.doi.org/10.7554/eLife.06114
http://dx.doi.org/10.7554/eLife.06114
http://dx.doi.org/10.7554/eLife.06114
http://dx.doi.org/10.1016/j.ceb.2007.12.002
http://dx.doi.org/10.1016/j.ceb.2007.12.002
http://dx.doi.org/10.3109/10409238.2010.502516
http://dx.doi.org/10.3109/10409238.2010.502516
http://dx.doi.org/10.1038/nrm2937
http://dx.doi.org/10.1038/nrm2937
http://dx.doi.org/10.1038/sj.cdd.4402237
http://dx.doi.org/10.1038/sj.cdd.4402237
http://dx.doi.org/10.1038/sj.cdd.4402237
http://dx.doi.org/10.1074/jbc.M603808200
http://dx.doi.org/10.1074/jbc.M603808200
http://dx.doi.org/10.1038/nrm2002
http://dx.doi.org/10.1038/nrm2002
http://dx.doi.org/10.1371/journal.pbio.1001450
http://dx.doi.org/10.1371/journal.pbio.1001450
http://dx.doi.org/10.1371/journal.pbio.1001450
http://dx.doi.org/10.1371/journal.pbio.1001450
http://dx.doi.org/10.1074/jbc.M112.342667
http://dx.doi.org/10.1074/jbc.M112.342667
http://dx.doi.org/10.1074/jbc.M112.342667
http://dx.doi.org/10.1016/j.cell.2009.07.051
http://dx.doi.org/10.1016/j.cell.2009.07.051
http://dx.doi.org/10.1016/j.cell.2009.07.051
http://dx.doi.org/10.3389/fphys.2012.00228
http://dx.doi.org/10.3389/fphys.2012.00228
http://dx.doi.org/10.1128/MCB.00849-06
http://dx.doi.org/10.1128/MCB.00849-06
http://dx.doi.org/10.1128/MCB.00849-06
http://dx.doi.org/10.1128/MCB.00849-06
http://dx.doi.org/10.1016/S0960-9822(01)00323-2
http://dx.doi.org/10.1016/S0960-9822(01)00323-2
http://dx.doi.org/10.1016/S0960-9822(01)00323-2
http://dx.doi.org/10.1126/science.7985023
http://dx.doi.org/10.1126/science.7985023
http://dx.doi.org/10.1126/science.7985023
http://dx.doi.org/10.1016/S0092-8674(01)00369-5
http://dx.doi.org/10.1016/S0092-8674(01)00369-5
http://dx.doi.org/10.1016/S0092-8674(01)00369-5
http://dx.doi.org/10.1016/S0092-8674(01)00369-5
http://dx.doi.org/10.1073/pnas.0600124103
http://dx.doi.org/10.1073/pnas.0600124103
http://dx.doi.org/10.1073/pnas.0600124103
http://dx.doi.org/10.1083/jcb.200511072
http://dx.doi.org/10.1083/jcb.200511072
http://dx.doi.org/10.1083/jcb.200511072
http://dx.doi.org/10.1016/j.cell.2012.11.024
http://dx.doi.org/10.1016/j.cell.2012.11.024
http://dx.doi.org/10.1016/j.cell.2012.11.024
http://dx.doi.org/10.1016/j.cell.2012.11.024
http://dx.doi.org/10.1080/0968768031000089546
http://dx.doi.org/10.1080/0968768031000089546
http://dx.doi.org/10.1080/0968768031000089546
http://dx.doi.org/10.1038/nature13847
http://dx.doi.org/10.1038/nature13847
http://dx.doi.org/10.1038/nature13847
http://dx.doi.org/10.1038/nature14581
http://dx.doi.org/10.1038/nature14581
http://dx.doi.org/10.1038/nature14581
http://dx.doi.org/10.1038/nature14581
http://dx.doi.org/10.1016/S0960-9822(07)00351-X
http://dx.doi.org/10.1016/S0960-9822(07)00351-X
http://dx.doi.org/10.1016/S0092-8674(00)80776-X
http://dx.doi.org/10.1016/S0092-8674(00)80776-X
http://dx.doi.org/10.1016/S0092-8674(00)80776-X
http://dx.doi.org/10.1177/002215540205000105
http://dx.doi.org/10.1177/002215540205000105
http://dx.doi.org/10.1177/002215540205000105
http://dx.doi.org/10.1177/002215540205000105
http://dx.doi.org/10.1182/blood-2011-02-338004
http://dx.doi.org/10.1182/blood-2011-02-338004
http://dx.doi.org/10.1182/blood-2011-02-338004
http://dx.doi.org/10.1182/blood-2011-02-338004
http://dx.doi.org/10.1073/pnas.1119197109
http://dx.doi.org/10.1073/pnas.1119197109
http://dx.doi.org/10.1073/pnas.1119197109
http://dx.doi.org/10.1242/jcs.064386
http://dx.doi.org/10.1242/jcs.064386
http://dx.doi.org/10.1242/jcs.064386
http://dx.doi.org/10.1073/pnas.1200448109
http://dx.doi.org/10.1073/pnas.1200448109
http://dx.doi.org/10.1073/pnas.1200448109
http://dx.doi.org/10.1073/pnas.1200448109
http://dx.doi.org/10.1242/dev.039651
http://dx.doi.org/10.1242/dev.039651
http://dx.doi.org/10.1248/bpb.34.13
http://dx.doi.org/10.1248/bpb.34.13
http://dx.doi.org/10.1248/bpb.34.13
http://dx.doi.org/10.1248/bpb.34.13
http://dx.doi.org/10.1038/ncb2000
http://dx.doi.org/10.1038/ncb2000
http://dx.doi.org/10.1038/ncb2000
http://dx.doi.org/10.1038/ncb2000
http://dx.doi.org/10.1083/jcb.101.3.942
http://dx.doi.org/10.1083/jcb.101.3.942
http://dx.doi.org/10.1083/jcb.101.3.942
http://dx.doi.org/10.1038/nature03504
http://dx.doi.org/10.1038/nature03504
http://dx.doi.org/10.1091/mbc.E15-09-0671
http://dx.doi.org/10.1091/mbc.E15-09-0671
http://dx.doi.org/10.1091/mbc.E15-09-0671
http://dx.doi.org/10.1038/nm.2753
http://dx.doi.org/10.1038/nm.2753
http://dx.doi.org/10.1038/nm.2753
http://dx.doi.org/10.1038/nm.2753
http://dx.doi.org/10.1016/0092-8674(94)90351-4
http://dx.doi.org/10.1016/0092-8674(94)90351-4
http://dx.doi.org/10.1101/cshperspect.a005975
http://dx.doi.org/10.1101/cshperspect.a005975
http://dx.doi.org/10.1101/cshperspect.a005975
http://dx.doi.org/10.1016/j.ceb.2007.07.002
http://dx.doi.org/10.1016/j.ceb.2007.07.002
http://dx.doi.org/10.1016/j.ceb.2007.07.002
http://dx.doi.org/10.1016/j.yexcr.2008.09.020
http://dx.doi.org/10.1016/j.yexcr.2008.09.020
http://dx.doi.org/10.1038/374363a0
http://dx.doi.org/10.1038/374363a0
http://dx.doi.org/10.1038/374363a0
http://dx.doi.org/10.1042/BC20060097
http://dx.doi.org/10.1042/BC20060097
http://dx.doi.org/10.1042/BC20060097
http://dx.doi.org/10.1038/nature07961
http://dx.doi.org/10.1038/nature07961
http://dx.doi.org/10.1093/emboj/20.17.5008
http://dx.doi.org/10.1093/emboj/20.17.5008
http://dx.doi.org/10.1038/ncb791
http://dx.doi.org/10.1038/ncb791
http://dx.doi.org/10.1038/ncb791
http://dx.doi.org/10.1242/jcs.02978
http://dx.doi.org/10.1242/jcs.02978
http://dx.doi.org/10.1242/jcs.02978
http://dx.doi.org/10.1073/pnas.0603838103
http://dx.doi.org/10.1073/pnas.0603838103
http://dx.doi.org/10.1073/pnas.0603838103
http://dx.doi.org/10.1038/nature15642
http://dx.doi.org/10.1016/S0092-8674(00)80771-0
http://dx.doi.org/10.1016/S0092-8674(00)80771-0
http://dx.doi.org/10.1016/S0092-8674(00)80771-0
http://dx.doi.org/10.1038/emboj.2010.6
http://dx.doi.org/10.1038/emboj.2010.6
http://dx.doi.org/10.1038/nri3622
http://dx.doi.org/10.1038/nri3622
http://dx.doi.org/10.1016/j.trsl.2013.10.005
http://dx.doi.org/10.1016/j.trsl.2013.10.005
http://dx.doi.org/10.1242/dev.080028
http://dx.doi.org/10.1242/dev.080028
http://dx.doi.org/10.1242/dev.080028

Savina, A., Vidal, M. and Colombo, M. |. (2002). The exosome pathway in K562
cells is regulated by Rab11. J. Cell Sci. 115, 2505-2515.

Schorey, J. S., Cheng, Y., Singh, P. P. and Smith, V. L. (2015). Exosomes and
other extracellular vesicles in host-pathogen interactions. EMBO Rep. 16, 24-43.

Serralbo, O. and Marcelle, C. (2014). Migrating cells mediate long-range WNT
signaling. Development 141, 2057-2063.

Sheldon, H., Heikamp, E., Turley, H., Dragovic, R., Thomas, P., Oon, C. E., Leek,
R., Edelmann, M., Kessler, B., Sainson, R. C. A. et al. (2010). New mechanism
for Notch signaling to endothelium at a distance by Delta-like 4 incorporation into
exosomes. Blood 116, 2385-2394.

Shen, B., Wu, N., Yang, J.-M. and Gould, S. J. (2011). Protein targeting to
exosomes/microvesicles by plasma membrane anchors. J. Biol. Chem. 286,
14383-14395.

Silverman, J. M., Fernando, S. M., Grad, L. |, Hill, A. F., Turner, B. J., Yerbury,
J. J. and Cashman, N. R. (2016). Disease mechanisms in ALS: misfolded SOD1
transferred through exosome-dependent and exosome-independent pathways.
Cell. Mol. Neurobiol. 36, 377-381.

Soto, C. (2003). Unfolding the role of protein misfolding in neurodegenerative
diseases. Nat. Rev. Neurosci. 4, 49-60.

Stahelin, R. V., Long, F., Diraviyam, K., Bruzik, K. S., Murray, D. and Cho, W.
(2002). Phosphatidylinositol 3-phosphate induces the membrane penetration of
the FYVE domains of Vps27p and Hrs. J. Biol. Chem. 277, 26379-26388.

Stanganello, E. and Scholpp, S. (2016). Role of cytonemes in Wnt transport. J. Cell
Sci. 129, 665-672.

Stanganello, E., Hagemann, A. I. H., Mattes, B., Sinner, C., Meyen, D., Weber, S.,
Schug, A., Raz, E. and Scholpp, S. (2015). Filopodia-based Wnt transport
during vertebrate tissue patterning. Nat. Commun. 6, 5846.

Strigini, M. and Cohen, S. M. (1997). A Hedgehog activity gradient contributes to
AP axial patterning of the Drosophila wing. Development 124, 4697-4705.

Stuffers, S., Sem Wegner, C., Stenmark, H. and Brech, A. (2009). Multivesicular
endosome biogenesis in the absence of ESCRTSs. Traffic 10, 925-937.

Tanaka, Y., Okada, Y. and Hirokawa, N. (2005). FGF-induced vesicular release of
Sonic hedgehog and retinoic acid in leftward nodal flow is critical for left-right
determination. Nature 435, 172-177.

Tang, S., Henne, W. M., Borbat, P. P., Buchkovich, N. J., Freed, J. H., Mao, Y.,
Fromme, J. C. and Emr, S. D. (2015). Structural basis for activation, assembly
and membrane binding of ESCRT-III Snf7 filaments. Elife 4, e12548.

Thery, C. (2015). Cancer: diagnosis by extracellular vesicles. Nature 523, 161-162.

Thery, C., Boussac, M., Veron, P., Ricciardi-Castagnoli, P., Raposo, G., Garin,
J. and Amigorena, S. (2001). Proteomic analysis of dendritic cell-derived
exosomes: a secreted subcellular compartment distinct from apoptotic vesicles.
J. Immunol. 166, 7309-7318.

Thery, C., Duban, L., Segura, E., Veron, P., Lantz, O. and Amigorena, S. (2002).
Indirect activation of naive CD4+ T cells by dendritic cell-derived exosomes. Nat.
Immunol. 3, 1156-1162.

Tian, T., Zhu, Y.-L., Zhou, Y.-Y., Liang, G.-F., Wang, Y.-Y., Hu, F.-H. and Xiao, Z.-
D. (2014). Exosome uptake through clathrin-mediated endocytosis and

macropinocytosis and mediating miR-21 delivery. J. Biol. Chem. 289,
22258-22267.

Trajkovic, K., Hsu, C., Chiantia, S., Rajendran, L., Wenzel, D., Wieland, F.,
Schwille, P., Brugger, B. and Simons, M. (2008). Ceramide triggers budding of
exosome vesicles into multivesicular endosomes. Science 319, 1244-1247.

van Amerongen, R. and Nusse, R. (2009). Towards an integrated view of Wnt
signaling in development. Development 136, 3205-3214.

van Niel, G., Charrin, S., Simoes, S., Romao, M., Rochin, L., Saftig, P., Marks,
M. S., Rubinstein, E. and Raposo, G. (2011). The tetraspanin CD63 regulates
ESCRT-independent and -dependent endosomal sorting during melanogenesis.
Dev. Cell 21, 708-721.

Vyas, N., Walvekar, A., Tate, D., Lakshmanan, V., Bansal, D., Lo Cicero, A,,
Raposo, G., Palakodeti, D. and Dhawan, J. (2014). Vertebrate Hedgehog is
secreted on two types of extracellular vesicles with different signaling properties.
Sci. Rep. 4, 7357.

Wehman, A. M., Poggioli, C., Schweinsberg, P., Grant, B. D. and Nance, J.
(2011). The P4-ATPase TAT-5 inhibits the budding of extracellular vesicles in
C. elegans embryos. Curr. Biol. 21, 1951-1959.

Wollert, T., Wunder, C., Lippincott-Schwartz, J. and Hurley, J. H. (2009).
Membrane scission by the ESCRT-III complex. Nature 458, 172-177.

Wubbolts, R., Leckie, R. S., Veenhuizen, P. T. M., Schwarzmann, G., Mobius,
W., Hoernschemeyer, J., Slot, J.-W., Geuze, H. J. and Stoorvogel, W. (2003).
Proteomic and biochemical analyses of human B cell-derived exosomes:
potential implications for their function and multivesicular body formation.
J. Biol. Chem. 278, 10963-10972.

Yamazaki, Y., Palmer, L., Alexandre, C., Kakugawa, S., Beckett, K., Gaugue, .,
Palmer, R. H. and Vincent, J.-P. (2016). Godzilla-dependent transcytosis
promotes Wingless signalling in Drosophila wing imaginal discs. Nat. Cell Biol. 18,
451-457.

Yang, J.-M. and Gould, S. J. (2013). The cis-acting signals that target proteins to
exosomes and microvesicles. Biochem. Soc. Trans. 41, 277-282.

Zecca, M., Basler, K. and Struhl, G. (1996). Direct and long-range action of a
wingless morphogen gradient. Cell 87, 833-844.

Zeng, X., Goetz, J. A., Suber, L. M., Scott, W. J., Jr, Schreiner, C. M. and
Robbins, D. J. (2001). A freely diffusible form of Sonic hedgehog mediates long-
range signalling. Nature 411, 716-720.

Zhang, T. and Hong, W.


http://dx.doi.org/10.15252/embr.201439363
http://dx.doi.org/10.15252/embr.201439363
http://dx.doi.org/10.1242/dev.107656
http://dx.doi.org/10.1242/dev.107656
http://dx.doi.org/10.1182/blood-2009-08-239228
http://dx.doi.org/10.1182/blood-2009-08-239228
http://dx.doi.org/10.1182/blood-2009-08-239228
http://dx.doi.org/10.1182/blood-2009-08-239228
http://dx.doi.org/10.1074/jbc.M110.208660
http://dx.doi.org/10.1074/jbc.M110.208660
http://dx.doi.org/10.1074/jbc.M110.208660
http://dx.doi.org/10.1007/s10571-015-0294-3
http://dx.doi.org/10.1007/s10571-015-0294-3
http://dx.doi.org/10.1007/s10571-015-0294-3
http://dx.doi.org/10.1007/s10571-015-0294-3
http://dx.doi.org/10.1038/nrn1007
http://dx.doi.org/10.1038/nrn1007
http://dx.doi.org/10.1074/jbc.M201106200
http://dx.doi.org/10.1074/jbc.M201106200
http://dx.doi.org/10.1074/jbc.M201106200
http://dx.doi.org/10.1242/jcs.182469
http://dx.doi.org/10.1242/jcs.182469
http://dx.doi.org/10.1038/ncomms6846
http://dx.doi.org/10.1038/ncomms6846
http://dx.doi.org/10.1038/ncomms6846
http://dx.doi.org/10.1111/j.1600-0854.2009.00920.x
http://dx.doi.org/10.1111/j.1600-0854.2009.00920.x
http://dx.doi.org/10.1038/nature03494
http://dx.doi.org/10.1038/nature03494
http://dx.doi.org/10.1038/nature03494
http://dx.doi.org/10.7554/eLife.12548
http://dx.doi.org/10.7554/eLife.12548
http://dx.doi.org/10.7554/eLife.12548
http://dx.doi.org/10.1038/nature14626
http://dx.doi.org/10.4049/jimmunol.166.12.7309
http://dx.doi.org/10.4049/jimmunol.166.12.7309
http://dx.doi.org/10.4049/jimmunol.166.12.7309
http://dx.doi.org/10.4049/jimmunol.166.12.7309
http://dx.doi.org/10.1038/ni854
http://dx.doi.org/10.1038/ni854
http://dx.doi.org/10.1038/ni854
http://dx.doi.org/10.1074/jbc.M114.588046
http://dx.doi.org/10.1074/jbc.M114.588046
http://dx.doi.org/10.1074/jbc.M114.588046
http://dx.doi.org/10.1074/jbc.M114.588046
http://dx.doi.org/10.1126/science.1153124
http://dx.doi.org/10.1126/science.1153124
http://dx.doi.org/10.1126/science.1153124
http://dx.doi.org/10.1242/dev.033910
http://dx.doi.org/10.1242/dev.033910
http://dx.doi.org/10.1016/j.devcel.2011.08.019
http://dx.doi.org/10.1016/j.devcel.2011.08.019
http://dx.doi.org/10.1016/j.devcel.2011.08.019
http://dx.doi.org/10.1016/j.devcel.2011.08.019
http://dx.doi.org/10.1038/srep07357
http://dx.doi.org/10.1038/srep07357
http://dx.doi.org/10.1038/srep07357
http://dx.doi.org/10.1038/srep07357
http://dx.doi.org/10.1016/j.cub.2011.10.040
http://dx.doi.org/10.1016/j.cub.2011.10.040
http://dx.doi.org/10.1016/j.cub.2011.10.040
http://dx.doi.org/10.1038/nature07836
http://dx.doi.org/10.1038/nature07836
http://dx.doi.org/10.1074/jbc.M207550200
http://dx.doi.org/10.1074/jbc.M207550200
http://dx.doi.org/10.1074/jbc.M207550200
http://dx.doi.org/10.1074/jbc.M207550200
http://dx.doi.org/10.1074/jbc.M207550200
http://dx.doi.org/10.1038/ncb3325
http://dx.doi.org/10.1038/ncb3325
http://dx.doi.org/10.1038/ncb3325
http://dx.doi.org/10.1038/ncb3325
http://dx.doi.org/10.1042/BST20120275
http://dx.doi.org/10.1042/BST20120275
http://dx.doi.org/10.1016/S0092-8674(00)81991-1
http://dx.doi.org/10.1016/S0092-8674(00)81991-1
http://dx.doi.org/10.1038/35079648
http://dx.doi.org/10.1038/35079648
http://dx.doi.org/10.1038/35079648
http://dx.doi.org/10.1074/jbc.M102786200
http://dx.doi.org/10.1074/jbc.M102786200
http://dx.doi.org/10.1074/jbc.M102786200
http://dx.doi.org/10.1038/nature15376
http://dx.doi.org/10.1038/nature15376
http://dx.doi.org/10.1038/nature15376
http://dx.doi.org/10.1016/j.canlet.2011.10.002
http://dx.doi.org/10.1016/j.canlet.2011.10.002
http://dx.doi.org/10.1016/j.canlet.2011.10.002


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <FEFF00560065007200770065006e00640065006e0020005300690065002000640069006500730065002000450069006e007300740065006c006c0075006e00670065006e0020007a0075006d002000450072007300740065006c006c0065006e00200076006f006e002000410064006f006200650020005000440046002d0044006f006b0075006d0065006e00740065006e002c00200076006f006e002000640065006e0065006e002000530069006500200068002000765002aS74020077OpenType falsi

