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Ceramide Triggers Budding of Exosome
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1.

Intraluminal vesicles of multivesicular endosomes are either sorted for cargo degradation into
lysosomes or secreted as exosomes into the extracellular milieu. The mechanisms underlying the
sorting of membrane into the different populations of intraluminal vesicles are unknown. Here, we
find that cargo is segregated into distinct subdomains on the endosomal membrane and that the
transfer of exosome-associated domains into the lumen of the endosome did not depend on the
function of the ESCRT (endosomal sorting complex required for transport) machinery, but required
the sphingolipid ceramide. Purified exosomes were enriched in ceramide, and the release of
exosomes was reduced after the inhibition of neutral sphingomyelinases. These results

establish a pathway in intraendosomal membrane transport and exosome formation.

fter endocytosis, proteins and lipids that
Aare destined for lysosomal degradation

are first incorporated into intraluminal
vesicles (ILVs) of multivesicular endosomes
(MVEs) and delivered to lysosomes for digestion
(1, 2). Alternatively, MVEs can directly fuse with
the plasma membrane, which leads to release of
the ILVs to the extracellular environment as
exosomes, where they function in a multitude of
intercellular signaling processes (3—5). How pro-
teins and lipids are sorted to these subsets of ILVs
directed either for lysosomal degradation or for
secretion as exosomes is unknown.

To address this issue, we studied the mem-
brane trafficking of the proteolipid protein (PLP)
in Oli-neu cells, a mouse oligodendroglial cell
line that contains a large number of MVEs (6). To
analyze whether PLP was released in association
with exosomes, we subjected the cell culture
medium of transiently transfected Oli-neu cells to
sequential centrifugation steps with increasing
centrifugal forces to obtain, finally, a 100,000g
pellet, which mainly contained small membrane
vesicles with a diameter of about 50 to 100 nm
(Fig. 1B), similar to previously described exo-
somes (3—9). Relatively large amounts of PLP
were found in the 100,000g pellet (Fig. 1A), and
immunoelectron microscopy analysis revealed
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the presence of PLP on the vesicles (Fig. 1B). In
contrast, PLP containing the cytotoxic, missense
mutation [Val replaces Ala at position 242
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(A242V); msd-PLP] that leads to misfolding of
the protein and to retention in the endoplasmic
reticulum (ER) was not detected in the 100,000g
pellet (Fig. 1A); this finding excluded cell lysis as
a major contributing factor. In addition, ER, Golgi,
and early endosomal proteins and several exog-
enously expressed membrane proteins were not
detected in the 100,000¢g pellet, which did con-
tain the two exosomal proteins, Alix and flotillin
(fig. S1) (7, 8). In a continuous sucrose density
gradient, the majority of PLP was enriched in the
same fraction as the exosomal protein Alix (Fig.
1C). To explore whether PLP requires transport
through the endosomal system to be released
with exosomes, we cotransfected PLP with the
early-endosomal guanosine triphosphatase—
deficient Rab5 (Rab5?7°", in which Leu replaces
Gln at position 79) to impair intraendosomal
trafficking (9). Electron microscopy analysis of
these endosomes revealed that they were filled
with ILVs (fig. S2). A large fraction of PLP was
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Fig. 1. Identification and characterization of
exosomes. (A) Oli-neu cells were transiently
transfected with Myc-tagged, wild-type (wtPLP)

Alix

or mutant (msd-PLP) PLP; the medium was collected and submitted to sequential centrifugation steps as
indicated. The resulting pellets of each centrifugation step were analyzed by Western blotting for PLP. (B) Cells
were transiently transfected with PLP-Myc; 100,000g pellets were prepared and negatively stained with 1%
uranyl acetate and immunolabeled with antibodies against PLP (right). Scale bar, 200 nm. (C) A 0.25 to 2.5 M
sucrose gradient was loaded on top of the 100,000g pellet, and the resulting fractions were analyzed for PLP
from transiently (PLP-Myc) or stably transfected (PLP-EGFP) cells and for the exosomal protein Alix. (D and E)
Cells were cotransfected with either GFP-Rab5%’*" or wild-type GFP-Rab5 (wt) and PLP-Myc or Gag-YFP; the
amount of PLP and Gag in the cell lysates and 100,000g pellets was determined and quantified. Results are
expressed as the mean =+ SD of five experiments (**P < 0.01; one-sample ¢ test against 100%).
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entrapped in these enlarged endosomes, and the
release of PLP with exosomes was significantly
reduced (Fig. 1, D and E). The release from the
plasma membrane of Moloney murine leukemia
virus Gag fused to yellow fluorescent protein
(Gag-YFP) with virus-like particles was not
affected by Rab5?"°", which demonstrated the
specificity of the effect (Fig. 1, D and E).

Thus, PLP-containing exosomes are derived
from the endosomal system. How then is exo-
somal cargo segregated from nonexosomal cargo
in endosomes? To study the possible segregation

Fig. 2. Endosomal subdomain
structure. Oli-neu cells were co-
transfected with Rab5%”?* and
PLP-Myc, EGFR, hemagglutinin
(HA) epitope—tagged Hrs (HA-
Hrs), GPI-CFP, or flotillin-2 fused
with red fluorescent protein
(flotillin-2—RFP) as indicated.
Cells transfected with EGFR were
incubated for 15 min with
rhodamine-labeled EGF. Cells
were then processed and ana-
lyzed for immunofluorescence
microscopy. The white box indi-
cates the (inset) region reim-
aged in higher resolution and
contrast to resolve the subdo-
main structure. Quantification
of colocalization of the different
proteins on endosome membranes
is shown (n = ~25 endosomes).
Scale bar, 10 um.

Fig. 3. Lipid analysis of exosomes. Analysis of (A) phospholipid classes, (B)
PC composition, and (C) ratios of individual lipid classes from total cellular
membranes (CM) and the exosome fractions (P100). The data are from three
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of cargo within distinct endosomal microdo-
mains, we transfected cells with Rab57°" 1o
enlarge early endosomes and to facilitate domain
inspection by confocal immunofluorescence
analysis (/0). Clathrin-coated microdomains on
early endosomes contain the ubiquitin-binding
protein Hrs, which sorts ubiquitinated proteins
into these domains to mediate degradative pro-
tein sorting (/7). To analyze whether PLP local-
ized to these microdomains, we analyzed the
localization of PLP in Rab527°" enlarged endo-
somes. Little PLP colocalized with either Hrs or

< 100

5

=@ 60 =

Sg

e 20

D_ 1 L | S -
EGF HA- GPI- Flotillin-2
Hrs CFP
A B
ﬁ 70 | 9 40
S 60 | ocm £ '
S 230 4 1
S 5 m P10 & 30
@ 40 - :
2 30 - 5
5 3
3‘?‘ 20 i "6 10 =
T 10 B e 2
: B B
SM PE PS saturated rs“a%.r:r.;ted ::t}Sratad Eﬁsyaluraled

phosphatidylserine.

REPORTS I

epidermal growth factor receptor (EGFR) (Fig.
2), whereas Hrs colocalized to a large extent with
EGFR (fig. S3). The PLP-enriched domains co-
localized with flotillin, a membrane scaffolding
protein of lipid-raft microdomains, and with gly-
cosylphosphatidylinositol fused to cyan fluores-
cent protein (GPI-CFP), which suggested that
segregation of PLP from EGFR involves raft-
based microdomains (Fig. 2).

We next addressed whether EGFR or PLP uses
distinct pathways of inward budding into endo-
somes. Sorting of EGFR into ILVs requires the
sequential action of different components of the
ESCRT (endosomal sorting complex required for
transport) machinery (12, 13). To interfere with
the function of the ESCRT machinery, we used
either RNA interference (RNAi) or dominant-
negative mutants against Hrs, Tsgl01, Alix, or
Vps4. Depletion of either Hrs or Tsg101 signifi-
cantly reduced the intraluminal transport of EGF
into enlarged endosomes, whereas Alix depletion
only had a minor effect (fig. S4). The reduction of
EGF in the endosomal lumen correlated with a
defect in EGF degradation (fig. S5) (13). We also
analyzed the effect of the Tsg101 depletion (knock-
down) on intraendosomal transport of vesicular
stomatitis virus G (VSV-G) to investigate ligand-
independent transport. Depletion of Tsgl01 re-
duced the amount of VSV-G within the lumen of
the endosomes (fig. S6).

In contrast, knockdown of Hrs, Tsgl01, or
Alix had no influence on the inward budding of
PLP (fig. S4). In addition, the functional inhibi-
tion of the ESCRT machinery did not change the
colocalization of PLP with Lamp-1 (fig. S7).
Thus, the pathway for intraendosomal transport
of PLP may be ESCRT-independent. Further-
more, neither knockdown of Tsg101 and Alix nor
expression of a dominant-negative Vps4 impaired
the secretion of PLP with exosomes (fig. S8).
Likewise, the release of CD63 (with enhanced
GFP fusion, EGFP-CD63) was not affected by
coexpression with dominant-negative Vps4 (fig.
S9). Secretion of Gag-YFP with virus-like par-
ticles was strongly reduced by the expression of
dominant-negative Vps4 (fig. S7) (/4). In addi-
tion, overexpression of TsglO1, which inhibits
HIV-1 budding (75), did not affect exosome re-
lease of PLP (fig. S10). Thus, PLP is transferred
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into the lumen of endosomes and released with
exosomes in an ESCRT-independent fashion.

To get insight into the ESCRT-independent
budding machinery, we used nano-electrospray
ionization tandem mass spectrometry to examine
the molecular composition of exosomes. The
lipid composition was remarkably similar to that
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of lipid rafts (16, 17). Exosomes not only were
enriched in cholesterol but also contained higher
amounts of sphingolipids [sphingomyelin (SM)
and hexosylceramide] and lower amounts of phos-
phatidylcholine (PC) than total cellular membrane
(Fig. 3A). In addition, quantitative analysis of
lipid molecular species revealed an increase in
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Fig. 4. Ceramide in the formation of intravesicular membrane and exosome release. (A) Oli-neu cells
stably expressing PLP-EGFP were treated with 5 uM GW4869, 5 uM spiroepoxide, or 5 mM glutathione or
with the respective vehicle. nSMase2 small interfering RNA (siRNA) was delivered by nucleofection into
the cells. The amount of PLP-EGFP and Gag-YFP was determined in the cell lysates (CL) and in the exosome
fractions (P100). (B) Results are expressed as means + SD of three to six experiments (*P < 0.05; **P <
0.01; ***P < 0.001; one-sample t test against 100%). (C) Cells were treated as indicated and
cotransfected with GFP-Rab5%”°" and PLP-Myc or VSV-G and then processed and analyzed by immuno-
fluorescence microscopy. (D) The amount of PLP or VSV-G in the endosomal lumen was quantified (fluo-
rescence intensity in the lumen versus the limiting membrane; normalized to 1 for the controls). Values

represent means =+ SE (n > 40 endosomes; **P < 0.01,

***P < 0.001; t test). Scale bar, 5 um. (E) GUVs were

prepared with a mixture of DOPC, SM, and cholesterol. DiD-C18 (red) and Bodipy-cholesterol (green) were
used to mark the two lipid phases. GUVs were incubated with SMase from Staphylococcus aureus. Confocal
pictures are shown before and at two different time points after the addition of SMase, as indicated.

saturated PC, at the expense of polyunsaturated
species in exosomes (Fig. 3B and fig. S11). Most
important, we found a marked enrichment of
ceramide in exosomes (Fig. 3C). Ceramide is
formed after the hydrolytic removal of the phos-
phocholine moiety of SM by sphingomyelinases
(SMases) (18). Exogenous SMase treatment or
application of Cg-ceramide can induce the forma-
tion of vesicles (/9-21). To analyze the role of
ceramide in exosome biogenesis and release, we
treated Oli-neu cells with the neutral sphingo-
myelinase (nSMase) inhibitor, GW4869. Exosome
release was markedly reduced after treatment
with GW4869 (Fig. 4, A and B, and fig. S9). The
effect was also observed after treatment with the
two structurally unrelated nSMase inhibitors,
spiroepoxide and glutathione (Fig. 4, A and B).
Furthermore, depletion of neutral sphingomyeli-
nase 2 (nSMase2) with RNAi reduced the release
of PLP but not Gag with exosomes. Next, we
studied the effect of nSMase inhibition in intra-
endosomal transport of PLP. After treatment with
GWA4869, a significant reduction of the amount of
PLP within the endosomal lumen was observed
(Fig. 4B). This was not due to an unspecific de-
rangement of the endosomal system, because the
amount of intraendosomal VSV-G remained un-
changed (Fig. 4, C and D) and because the deg-
radation of EGF was not impaired (fig. S12).
Furthermore, a reduction of PLP within the endo-
somal lumen was also observed after depletion of
nSMase2 using RNAI (Fig. 4, C and D).

To further explore the role of ceramide in
the formation of intravesicular membrane, we
performed experiments using giant unilamel-
lar vesicles (GUVs). We used a mixture of
dioleoylphosphatidylcholine (DOPC), SM, and
cholesterol to generate vesicles with two
different lipid phases. 1,1'-Dioctadecyl-3,3,3",3'-
tetramethylindodicarbocyanine perchlorate (DiD-
C18) and cholesterol with dipyrromethene boron
difluoride (Bodipy-cholesterol) were used to
mark the liquid-disordered and liquid-ordered
(raftlike) lipid phases, respectively. We added
SMase exogenously to these GUVs to analyze
whether intravesicular membranes were formed
from one of these lipid phases. Shortly after the
addition of the SMase, small vesicles started to
bud from the liquid-ordered lipid phase and to
accumulate in the lumen of the GUVs (Fig. 4E).
The intravesicular membrane was predominantly
labeled by Bodipy-cholesterol and contained only
small amounts of DiD-C18 (Fig. 4E).

Together, these data provide evidence for an
alternative pathway for sorting cargo into MVEs,
which is independent of the ESCRT machinery
but seems to depend on raft-based microdo-
mains for the lateral segregation of cargo within
the endosomal membrane. These microdomains
may contain high concentrations of sphingolip-
ids from which ceramides are formed. Ceramide
can induce the coalescence of small microdo-
mains into larger domains, which promotes
domain-induced budding (22). In addition, the
cone-shaped structure of ceramide might induce
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spontaneous negative curvature by creating an
area difference between the membrane leaflets.
Another cone-shaped lipid, lysobisphosphatidic
acid, induces the formation of internal vesicles in
liposomes (23). This lipid, which is absent from
exosomes (/6), may regulate biogenesis and
dynamics of ILVs along the degradative pathway
(24). Ceramide, in contrast, seems to be used for
the generation of another population of ILVs that
are not destined for transport to the lysosomes but
are secreted as one class of exosomes.
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Membrane Proteins of the
Endoplasmic Reticulum Induce
High-Curvature Tubules

Junjie Hu,* Yoko Shibata,* Christiane Voss,? Tom Shemesh,? Zongli Li,* Margaret Coughlin,’
Michael M. Kozlov,®> Tom A. Rapoport,** William A. Prinz**

The tubular structure of the endoplasmic reticulum (ER) appears to be generated by integral membrane
proteins, the reticulons and a protein family consisting of DP1 in mammals and Yop1p in yeast. Here,
individual members of these families were found to be sufficient to generate membrane tubules.
When we purified yeast Yoplp and incorporated it into proteoliposomes, narrow tubules (~15 to

17 nanometers in diameter) were generated. Tubule formation occurred with different lipids; required
essentially only the central portion of the protein, including its two long hydrophobic segments; and
was prevented by mutations that affected tubule formation in vivo. Tubules were also formed by
reconstituted purified yeast Rtn1p. Tubules made in vitro were narrower than normal ER tubules, due to
a higher concentration of tubule-inducing proteins. The shape and oligomerization of the
“morphogenic” proteins could explain the formation of the tubular ER.

ow the characteristic shape of an organ-
Helle is generated and maintained is

largely unknown. The endoplasmic re-
ticulum (ER), for example, consists of continu-
ous membrane sheets and tubules (7, 2), but it is
unclear how these domains are made and kept
morphologically distinct. The tubules are inter-
connected in a polygonal network and have di-
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ameters ranging from ~30 nm in Saccharomyces
cerevisiae (3) to ~50 nm in mammals (4). The
most plausible models for shaping ER tubules are
based on mechanisms that generate or stabilize
the high membrane curvature seen in cross sec-
tions. A curvature-stabilizing role has been sug-
gested for a class of integral membrane proteins,
the reticulons and a protein family that includes
DP1 in mammals and Yoplp in yeast (5). These
proteins are found in most, if not all, eukaryotic
cells. They form homo- and heterooligomers and
localize exclusively to ER tubules. Their over-
expression generates long, unbranched tubules,
and their deletion in yeast leads to the loss of
tubular ER. The reticulon and Yoplp (DP1) fam-
ilies are not related in sequence, but they each
contain a conserved domain of ~200 amino acids
that includes two hydrophobic segments, which
seem to form a hairpin in the membrane. It re-
mains unclear whether the reticulons or Yoplp
(DP1) are sufficient for tubule formation and how
they might deform the membrane.

We first tested whether the reticulon and
Yoplp (DP1) proteins would each generate
membrane tubules when reconstituted with lipids
into proteoliposomes. Yoplp was purified from
S. cerevisiae with a cleavable N-terminal histidine
(His) tag in the detergent lauryldimethylamine-/N-
oxide (LDAO) (Fig. 1A) (6). After cleavage of the
His tag, Escherichia coli polar lipids were added,
and the detergent was removed with Biobeads to
generate proteoliposomes. At early time points
during the reconstitution reaction, small vesicles
and short tubules were seen by negative-stain
electron microscopy (EM), both with a diameter
of ~17 nm (Fig. 1B). Over the course of a day, the
vesicles disappeared and the tubules grew in
length, reaching several hundred nanometers, but
their diameter remained the same (Fig. 1C). The
tubules occasionally had branch points (Fig. 1C),
which indicated that the lipid bilayers could
branch or fuse during reconstitution. No tubules
were seen when the lipids were omitted (Fig. 1D).
In the absence of protein, round liposomes with
heterogeneous size were generated (Fig. 1E).
Yoplp formed tubules of identical diameter when
reconstituted with other lipids (fig. S1), which
suggested that the protein was primarily responsi-
ble for the shape of the proteoliposomes.

Next, we tested whether yeast reticulon Rtnlp
could also induce tubules in vitro. Tubules were
indeed seen in negative-stain EM when purified
Rtnlp (Fig. 1F) was mixed with E. coli polar lip-
ids and the detergent was removed by dialysis
(Fig. 1G). The diameter of these tubules was about
the same as with Yop1p, but bulges were frequently
observed. When the detergent was removed by Bio-
beads, Rtnlp tubules were not generated, whereas,
with Yoplp, both Biobeads and dialysis resulted in
tubule formation. Because Rtnlp was less efficient
than Yoplp in forming tubules, most of the sub-
sequent experiments were performed with Yoplp.

Increasing the lipid concentration or de-
creasing the protein concentration in the recon-
stitution reaction resulted in fewer Yop1p tubules
and an increased number of large vesicles (table
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ERRATUM post date 114t 2005

Reports: “Ceramide triggers budding of exosome vesicles into multivesicular endosomes” by

K. Trajkovic et al. (29 February, p. 1244). Two papers on ESCRT-independent transport should
have been cited on page 1245. The text beginning “the pathway for intraendosomal transport
of PLP may be ESCRT-independent” should continue “similar to the transport of Pmel17 into
melanosomes” and cite A. C. Theos et al., Dev. Cell 10, 343 (2006). The text beginning “the
release of CD63 (with enhanced GFP fusion, EGFP-CD63) was not affected by coexpression with
dominant-negative Vps4 (fig. S9)” should continue “as shown previously” and cite Y. Fang et al.,
PLoS Biol. 5, €158 (2007).
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