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Neutral sphingomyelinase 2 controls exosome secretion by
counteracting V-ATPase-mediated endosome acidification
Dolma Choezom1 and Julia Christina Gross1,2,3,*

ABSTRACT
During endosomematuration, neutral sphingomyelinase 2 (nSMase2,
encoded by SMPD3) is involved in budding of intraluminal vesicles
(ILVs) into late endosomes or multivesicular bodies (MVBs). Fusion of
these with the plasma membrane results in secretion of exosomes or
small extracellular vesicles (sEVs). Here, we report that nSMase2
activity controls sEV secretion through modulation of vacuolar H+-
ATPase (V-ATPase) activity. Specifically, we show that nSMase2
inhibition induces V-ATPase complex assembly that drives MVB
lumen acidification and consequently reduces sEV secretion.
Conversely, we further demonstrate that stimulating nSMase2
activity with the inflammatory cytokine TNFα (also known as TNF)
decreases acidification and increases sEV secretion. Thus, we find
that nSMase2 activity affects MVB membrane lipid composition to
counteract V-ATPase-mediated endosome acidification, thereby
shifting MVB fate towards sEV secretion.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
Exosomes are small extracellular vesicles (sEVs) of endosomal
origin that are released into the extracellular space and contain
bioactive signaling molecules (Ciardiello et al., 2016). Initially
considered cellular waste, recent studies have proven that sEVs
play key roles in cell–cell communication, for example during
erythrocyte maturation, antigen presentation and progression of
various diseases including Alzheimer’s disease and cancer
(Danzer et al., 2012; Bebelman et al., 2018). Cancer cells highly
upregulate exosome secretion, and this significantly contributes to
tumor progression by mediating different processes, including
proliferation, metastasis and organ tropism (Kanada et al., 2016).
Therefore, it is crucial to understand the molecular mechanisms that
underlie exosome biogenesis and its regulation.

Exosomes are generated as intraluminal vesicles (ILVs) during
endosome maturation into late endosomes or multivesicular
bodies (MVBs). ILVs are secreted out as exosomes into the
extracellular space when MVBs fuse with the plasma membrane.
As early endosomes mature into MVBs, cargoes are sorted on
the endosomal membrane, which then buds inward to form
ILVs (van Niel et al., 2018). Different molecular machineries
and pathways are involved in ILV biogenesis. As one route of
biogenesis, the syndecan–syntenin-1–Alix (also known as
PDCD6IP) axis engages with the endosomal sorting complex
required for transport (ESCRT) machinery to generate ILVs for
exosome secretion (Baietti et al., 2012). Interestingly, the ESCRT-
machinery also generates ILVs in MVBs that are targeted for
lysosomal degradation. For example, the ubiquitylated epidermal
growth factor receptors (EGFRs) that are internalized into ILVs
in an ESCRT-dependent manner are targeted for lysosomal
degradation (Roxrud et al., 2008; Raiborg and Stenmark, 2009).

In addition, ILVs can be generated by ESCRT-independent
pathways that involve neutral sphingomyelinase 2 (nSMase2,
encoded by SMPD3). nSMase2 hydrolyzes sphingomyelin into
ceramide and phosphorylcholine (Hofmann et al., 2000). In a
mouse oligodendroglial cell line, it has been shown that ceramide
produced by nSMase2 is required for sorting proteolipid protein
(PLP) into ILVs destined for secretion (Trajkovic et al., 2008).
Complementary in vitro results have shown the formation of
intravesicular membranes upon ceramide generation in giant
unilamellar vesicles (GUVs). Accordingly, it has been argued that
ceramide generated at the limiting membrane of MVBs drives
spontaneous negative membrane curvature and budding, leading to
the formation of ILVs. Additionally, a recent study has shown that
the ceramide metabolite sphingosine-1-phosphate activates its
receptor on MVBs to segregate cargoes into ILVs for exosome
secretion (Kajimoto et al., 2013). Whether ILV formation by
nSMase2 is independent of ESCRT proteins or whether they
cooperate at the sameMVBs for ILV formation and cargo loading is
so far not well understood.

Similarly, it is unclear what discriminates and controls the fate
of MVBs. MVBs can either be sorted for lysosomal degradation
(degradative MVBs) or be transported towards the cell periphery
for plasma membrane fusion (secretory MVBs) to release
exosomes (van Niel et al., 2018). Regulatory factors that control
the fate of MVB trafficking after ILV generation and their
subsequent fusion with the plasma membrane remain largely
unknown. Interestingly, numerous studies have established a
connection between endosomal acidification and sEV secretion –
decreasing endosomal acidification increases exosome secretion
(Villarroya-Beltri et al., 2016; Edgar et al., 2016; Guo et al., 2017;
Latifkar et al., 2019). The vacuolar H+-ATPase (V-ATPase)
is a multi-subunit proton pump responsible for endosomal
acidification (Forgac, 2007). Cancer cells downregulate sirtuin-1
(SIRT-1), which destabilizes the mRNA of ATP6V1A, a subunit of
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Fig. 1. See next page for legend.
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the complex (Latifkar et al., 2019). This impairs V-ATPase
activity that acidifies the MVB lumen and instead favors the
sorting of these MVBs for exosome release. Similarly, another
study has shown that autophagy-related gene 5 (ATG5), a protein
involved in the autophagy pathway, dissociates the ATP6V1E1
subunit from the V-ATPase complex to reduce its activity and
thus promote exosome secretion (Guo et al., 2017). Overall, these
studies indicate that acidification plays a significant role in
determining MVB sorting fate, with less acidic MVBs more likely
to be targeted for secretion. Despite these recent findings, the
molecular mechanism involved in fine-tuning MVB lumen
acidification to regulate their sorting decision is not well
understood.
We discovered that nSMase2 activity regulates endolysosomal

acidification by modulating V-ATPase activity and thereby controls
sEV secretion. Specifically, we show that nSMase2 inhibition and
SMPD3 knockdown renders the V-ATPase complex assembled and
active for further MVB lumen acidification, which consequently
reduces sEV secretion. Conversely, we further demonstrate that
stimulating nSMase2 activity with the inflammatory cytokine
TNFα (also known as TNF) decreases acidification and in turn
increases sEV secretion. We show that nSMase2 activity
counteracts V-ATPase-mediated endosome acidification and
thereby shifts MVB fate towards sEV secretion.

RESULTS
nSMase2 regulates sEV secretion in HeLa cells
nSMase2 hydrolyzes sphingomyelin into ceramide and
phosphorylcholine (Hofmann et al., 2000), a reaction that can be
blocked by the inhibitor GW4869, which has been used in many
studies to inhibit exosome secretion (Trajkovic et al., 2008;
Menck et al., 2017; Li et al., 2016; Hu et al., 2019). However,
several lines of evidence indicate that even after nSMase2
inhibition, exosome cargo loading, and thereby ILV generation,
is not completely blocked (Gross et al., 2012). nSMase2

inhibition with GW4869 furthermore seems to affect large EV
subpopulations and alter exosome composition, and even fails
to reduce EV secretion in other cells (Menck et al., 2017; Leidal
et al., 2020; Panigrahi et al., 2018). This prompted us to further
dissect the role of nSMase2 in the endosomal pathway. As a first
step, we analyzed sEV secretion upon nSMase2 inhibition with
GW4869. Conditioned medium from equal numbers of HeLa cells
treated with GW4869 or DMSO were subjected to serial
ultracentrifugation to recover sEVs at 100,000 g (Fig. S1A).
Following the guidelines recommended by the International
Society for Extracellular Vesicles (ISEV; Théry et al., 2018), we
hereafter refer to the isolated vesicles as sEVs rather than
exosomes. Medium samples corresponding to equal amounts of
cells were used to evaluate sEV secretion. Although HeLa cell
viability remained unaffected (Fig. S1B), GW4869 treatment
significantly reduced the secretion of Alix, syntenin-1 (encoded by
SDCBP and referred to hereafter as syntenin) and CD63 in the sEV
fraction (Fig. 1A,B). In line with their reduced secretion, GW4869
treatment slightly increased the intracellular levels of these
markers (Fig. 1C,D). This indicates that due to their reduced
secretion, the markers accumulated, possibly inside the endosomal
pathway.

To exclude possible off-target effects of GW4869, we used
siRNA against nSMase2 (targeting expression of SMPD3) to
phenocopy the effects of the inhibitor. Knockdown (KD) of SMDP3
was confirmed using qPCR (Fig. S1C) and did not affect the cell
viability (Fig. S1D). SMPD3 KD in HeLa cells significantly
decreased the secretion of Alix, CD63, syntenin and CD81 in the
sEV fraction (Fig. 1E,F) and significantly increased the
corresponding intracellular levels of these exosomal markers
(Fig. 1G,H). Moreover, nanotracking particle analysis (NTA)
showed that most of the sEVs were between 100 nm and 200 nm
in diameter (Fig. 1I,K) and confirmed their reduced secretion upon
GW4869 treatment and SMPD3 KD (Fig. 1J,L). Furthermore,
KD using two separate sets of siRNAs against SMPD3 or the
combination thereof similarly reduced sEV secretion (Fig. 1L).
Overall, these results further confirm the role of nSMase2 in sEV
secretion in HeLa cells.

SMPD3 KD results in intracellular accumulation of MVBs
We reasoned that analyzing ceramide distribution in different
organelles could shed light on the specific subcellular activity of
nSMase2 and subsequent effects on MVB formation and exosomal
biogenesis. As a readout for nSMase2 activity, we used an anti-
ceramide antibody previously used for studies of sphingomyelin
metabolism and ceramide signaling (Vielhaber et al., 2001;
Parashuraman and D’Angelo, 2019; Yabu et al., 2015). Ceramide
staining was analyzed in DMSO- and GW4869-treated HeLa cells
using confocal microscopy. As expected, GW4869 treatment
significantly reduced intracellular ceramide levels, suggesting
reduced nSMase2 activity (Fig. 2A,B). As ceramide is also
provided by de novo synthesis from the endoplasmic reticulum,
where nSMase2 also localizes (Shamseddine et al., 2015), we
co-stained ceramide with the endosomal ESCRT-0 component
HRS (also known as HGS) to determine nSMase2 activity
specifically at the endosomal membrane. GW4869 treatment
significantly reduced the amount of ceramide colocalizing with
HRS, confirming reduced nSMase2 activity at the endosomal level
(Fig. 2A,B).

To further dissect the role of nSMase2 in sEV secretion, we
next analyzed the intracellular distribution of selected exosomal
markers in HeLa cells by confocal microscopy. Reduced staining of

Fig. 1. nSMase2 regulates sEV secretion in HeLa cells. (A) Western blot
analysis of sEV fractions prepared from equal amounts of overnight DMSO- or
GW4869 (GW)-treated HeLa cells. Samples were probed for the exosomal
markers Alix, CD63, syntenin and CD81. (B) Signal intensity quantifications of
Alix, CD63, syntenin and CD81 in sEV fractions from A, calculated by
normalizing the signal to loading control GAPDH levels in the corresponding
cell lysates in C before normalization to the respective control. (C)Western blot
of the corresponding cell lysates (CX) from A, probed for loading control
GAPDH in addition to the exosomal markers from A. (D) Quantifications of
intracellular Alix, CD63, syntenin and CD81 signal intensity from C normalized
to loading control GAPDH before normalization to the respective control.
(E) Western blot analysis of sEV fractions prepared from equal amounts of
control (siCtrl) andSMPD3KD (siSMPD3) HeLacells, probed for the exosomal
markers Alix, CD63, syntenin and CD81. (F) Signal intensity quantifications of
Alix, CD63, syntenin and CD81 in sEV fractions from E, calculated by
normalizing the signal to loading control GAPDH levels in the corresponding
cell lysates in G before normalization to their respective control. (G) Western
blot of the corresponding cell lysates (CX) from E, probed for loading control
GAPDH in addition to the exosomal markers from E. (H) Quantifications of
intracellular Alix, CD63, syntenin and CD81 signal intensity from G normalized
to loading control GAPDH before normalization to the respective control.
(I) Representative size distribution of sEVs prepared from DMSO- or GW4869-
treated HeLa cells. (J) NTA quantification of sEV concentration from
I. (K) Representative size distribution of sEVs isolated from control or SMPD3
KD HeLa cells. SMPD3 KD used either pairs of siRNAs (siSMPD3 #1/2 and
siSMPD3 #3/4) or a pool of all four siRNAs (siSMPD3). (L) NTA quantification
of sEV concentration from K. Data are presented as mean±s.d. of three
biological replicates. ***P<0.0001; **P<0.001; *P<0.01 (unpaired, two-tailed
Student’s t-test in B,D,F,H,J; one-way ANOVA followed by Dunnett’s
comparison test in L). Molecular masses are indicated in kDa.
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Fig. 2.SMPD3KD results in intracellular accumulation of MVBs. (A) Confocal microscopy images of HeLa cells treated with DMSO or GW4869 (GW), stained
for ceramide andHRS. Nuclei were stained with Hoechst. (B) Dot plots of mean fluorescence intensity of ceramide puncta (left) andmean fluorescence intensity of
ceramide puncta that colocalized with HRS (right) from A. (C–H) Confocal microscopy images of control (siCtrl) and SMPD3KD (siSMPD3) HeLa cells stained for
exosomal markers CD63 (C) and syntenin (E), and the MVBmarker LBPA (G), as well as actin (phalloidin). Nuclei were stained with Hoechst. (D) Quantifications
of cytoplasmic CD63 intensity (left) and CD63 puncta per cell (right) fromC. (F) Quantifications of cytoplasmic syntenin intensity (left) and syntenin puncta per cell
(right) from E. (H) Quantifications of cytoplasmic LBPA intensity (left) and LBPA puncta per cell (right) from (G). The data in B,D,F and H are presented as
mean±s.d.; n>50 cells from two biological replicates for each staining. *P<0.01; **P<0.001; ****P<0.0001 (unpaired, two-tailed Student’s t-test). AU, arbitrary
units.
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Fig. 3. See next page for legend.
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syntenin upon gene KD (SDCBP KD) confirmed specificity
of the anti-syntenin antibody (Fig. S1E). In agreement with the
western blot analysis (Fig. 1G,H), SMPD3 KD noticeably
induced the intracellular accumulation of CD63, syntenin and
lysobisphosphatidic acid (LBPA), an MVB-specific lipid marker
(Fig. 2C,E,G). Accordingly, the total intracellular signal and the
number of puncta per cell for these three markers were significantly
increased following SMPD3 KD (Fig. 2D,F,H). Collectively, these
data suggest that reduced nSMase2 activity at the endosomal
membrane results in intracellular accumulation of MVBs.

nSMase2 regulates sEV secretion by modulating
endolysosomal acidification
Recently, several studies have shown that endosomal acidification
plays a role in regulating MVB sorting. MVBs with low pH are
targeted for lysosomal degradation, whereas MVBs with relatively
higher pH are transported towards the cell periphery for plasma
membrane fusion to release sEVs (Guo et al., 2017; Latifkar et al.,
2019). As expected, bafilomycin A1 (Baf), which increases
endolysosomal acidification by inhibiting V-ATPase activity,
significantly increased the secretion of CD63, syntenin and CD81
in the sEV fraction (Fig. S1G,H) without significantly affecting the
cell viability (Fig. S1F). NTA analysis further validated the
increased sEV secretion upon Baf treatment (Fig. S1I,J). Based
on these data, we next analyzed endolysosomal acidification upon
SMPD3 knockdown by staining with Lysotracker, a fluorescent dye
that stains acidic cellular compartments (Robinson et al., 2012). We
found that intracellular Lysotracker staining, as well as the number
of acidic vesicles per cell, was significantly increased by SMPD3
KD (Fig. 3A,B) or GW4869 treatment (Fig. S2A,B). Lysotracker
staining was completely abolished by Baf treatment (Fig. S2C), thus
confirming the staining specificity.
To further investigate how increased endolysosomal acidification

upon SMPD3 KD affects lysosomes and the trafficking of MVBs
towards the lysosome, we next analyzed the intracellular
colocalization of LAMP1 and CD63. SMPD3 KD led to an
increased colocalization between CD63 and LAMP1 compared
with that in control cells (Fig. 3C,D). Interestingly, SMPD3 KD
significantly increased the LAMP1 signal intensity (Fig. 3C,D),

which was further confirmed by western blot (Fig. 3E,F). The
LAMP1 increase upon SMPD3 KD was even more evident under a
nutrient-depleted condition where cellular lysosomal activity peaks
for autophagy (Levine, 2007) (Fig. 3E,F). Overall, these results
indicate that SMPD3 regulates endolysosomal acidification and
alters MVB trafficking.

The V-ATPase complex acidifies endosomes and lysosomes
by translocating protons into their lumina in an ATP-dependent
manner (Wang et al., 2021). As we found nSMase2 activity to be
reduced at HRS-positive endosomes (Fig. 2A,B) and acidification
increased upon SMPD3 KD (Fig. 3A,B), we next tested whether
nSMase2 and V-ATPase reside on the same endosomes. Indeed,
a small fraction of nSmase2 colocalized with ATP6V0A1, a V0
transmembrane subunit of V-ATPase, in punctate structures in
immunostaining (Fig. 3G,H). This is in line with an affinity-
purification-based mass spectrometry study that showed nSmase2
interaction with ATP6V0A1 (Huttlin et al., 2017). Moreover,
the mean intensity of ceramide puncta colocalizing with
transmembrane ATP6AP2, a core V-ATPase V0 subunit, was
significantly reduced by GW4869 treatment, confirming nSMase2
activity on V-ATPase-positive membranes (Fig. 4A,B). Therefore,
these data indicate that nSMase2 and V-ATPase activity could be
interlinked onMVBs to regulate their acidification for sEV secretion.

nSMase2 regulates endolysosomal acidification by
modulating V-ATPase assembly
V-ATPase complexes on endosomal membranes are partitioned into
raft-like domains, enriched in sphingomyelin and cholesterol
(Lafourcade et al., 2008), and their activity is regulated by the
reversible assembly of the complex. For example, detachment
of the cytoplasmic V1 domain, ATP6V1E1 subunit, from the
V-ATPase complex has been shown to decrease its activity in
yeast and mammalian cells (Sautin et al., 2005; Toei et al., 2010).
A recent study has unraveled that ATG5 detaches ATP6V1E1 from
the complex to deacidify the MVB lumen, thereby resulting in
increased exosome secretion (Guo et al., 2017). We found that
ATP6V1E1 localization changed from a diffuse pattern in the
cytoplasm in control cells to a more punctate vesicular structure
in SMPD3 KD cells (Fig. 4C). Parallel to the findings of the
study mentioned above, this could indicate an increase in
ATP6V1E1 localization to endosomes, for example to MVBs.
To analyze whether inhibition of nSMase2 activity increases
endolysosomal acidification by inducing V-ATPase complex
assembly, we analyzed the colocalization between ATP6V0A1 and
ATP6V1A. Indeed, nSMase2 activity inhibition using GW4869
significantly increased the colocalization between ATP6V0A1 and
ATP6V1A, indicating increased V-ATPase assembly (Fig. 4D,E).
Therefore, we next analyzed whether V-ATPase was internalized
into ILVs during MVB maturation and subsequently secreted on
sEVs. Indeed, under control conditions, we found the
transmembrane subunit ATP6V0A1 secreted in the sEV fraction,
possibly confirming that it can be internalized into ILVs and released
into sEVs. Interestingly, nSMase2 activity inhibition using GW4869
reduced this secretion. ATP6V1A and ATP6V1E1, two cytosolic
subunits of the V-ATPase complex, were absent from the sEV
fraction under both conditions (Fig. 4F,G). The total intracellular
levels of ATP6V0A1, ATP6V1E1, and ATP6V1A in total RIPA
lysates were unaffected by SMPD3 KD (Fig. S2D,E). These data
show that ATP6V0A1 is secreted on sEVs in a nSMase2-dependent
manner. To further confirm that SMPD3KD stabilizes the V-ATPase
complex on the endosomal membrane, we next performed a
biochemical cell fractionation. This assay yielded a cytosolic and

Fig. 3. nSMase2 regulates sEV secretion by modulating endosomal
acidification. (A) Confocal microscopy images of control (siCtrl) and SMPD3
KD (siSMPD3) HeLa cells with intracellular acidic compartments labeled by
Lysotracker. Nuclei were stained with Hoechst. (B) Quantifications of mean
intensity of Lysotracker puncta (left) and Lysotracker puncta per cell (right) from
A. Data are presented as mean±s.d.; n>50 cells from three biological
replicates. *P<0.01; ****P<0.0001 (unpaired two-tailed Student’s t-test).
(C) Confocal microscopy images of control and SMPD3 KD HeLa cells
co-stained for the exosomal and MVBmarker CD63 and the lysosomal marker
LAMP1. Nuclei were stained with Hoechst. (D) Quantifications of mean
fluorescence intensity of LAMP1 puncta (left) and colocalization analysis of
CD63 with LAMP1 (right) from C. Data are presented as mean±s.d.; n=20 cells
from two biological replicates. *P<0.01; ****P<0.0001 (unpaired two-tailed
Student’s t-test). (E) Western blot analysis of LAMP1 and GAPDH from control
and SMPD3 KD HeLa cells under normal and starvation (serum-depleted)
conditions (Starv). Molecular masses are indicated in kDa. (F) Quantifications
of LAMP1 signal normalized to loading control GAPDH before normalization to
the control condition from E. The data shown in F represent the mean±s.d. of
four biological replicates. **P<0.001 (one-way ANOVA followed by Dunnett’s
comparison test). (G) Representative confocal microscopy of HeLa cells
co-stained for nSMase2 and ATP6V0A1 (V0A1). The scale bar in the
magnified inset represents 5 µm. (H) Pixel-based colocalization between
nSMase2 and V0A1 from G. Strong nSMase2 nuclear signal was excluded
from the quantification by masking based on Hoechst staining. Data are
presented as mean±s.d. of n>20 cells from two biological replicates.
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Fig. 4. See next page for legend.
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an organelle fraction, the latter containing the membrane proteins
(Itzhak et al., 2016). SMPD3 KD indeed enriched ATP6V1E1 and
ATP6V0A1 in the organelle fraction in comparison to control cells
(Fig. 4H,I), suggesting increased assembly of V-ATPase complex at
the membrane. Taken together, our data show that nSMase2
regulates sEV secretion by modulating V-ATPase assembly and
activity on MVBs.

MVBcholesterol levels regulate sEV secretion bymodulating
V-ATPase assembly
As nSMase2 hydrolyzes sphingomyelin into ceramide and
phosphorylcholine, and ceramide triggers ILV formation, we
reasoned that the enrichment of sphingomyelin on endosomal
membranes upon SMPD3 KD could support the assembly of V-
ATPase complexes for acidification. Sphingomyelin forms lipid-
ordered microdomains with cholesterol in model and cellular
membrane systems (Hullin-Matsuda et al., 2014). Different
transmembrane protein complexes, such as V-ATPases, are
preferentially sorted into these microdomains, allowing their
structural and functional regulation (Sezgin et al., 2017). A recent
study reported the complete cryo-EM structure of the human V-
ATPase complex and revealed that ordered lipid molecules
including cholesterol are an integral part of the V0 complex
(Wang et al., 2020). Hence, we hypothesized that sphingomyelin
and cholesterol levels at MVBs could modulate V-ATPase assembly
and thereby regulate MVB fate and sEV secretion. Therefore,
similar to the enrichment of sphingomyelin upon SMPD3 KD,
enrichment of cholesterol should increase endosomal acidification
through supporting V-ATPase complex assembly, and at the same
time reduce sEV secretion. To specifically modulate cholesterol at
the MVB level, we used U18666A (U18), which accumulates

cholesterol in MVBs by inhibiting the cholesterol transporter
Nieman–Pick C1 (NPC1) (Lu et al., 2015). As expected, U18
treatment, with a mild (<5%) cell viability reduction (Fig. S2F),
significantly increased mean Lysotracker staining as well as
Lysotracker puncta per cell (Fig. 5A,B), indicating increased V-
ATPase activity uponMVB cholesterol accumulation. Additionally,
U18 enriched both the transmembrane subunit ATP6V0A1 and the
cytoplasmic subunit ATP6V1E1 in the membrane fraction, similar
to SMPD3 KD (Fig. 5C,D). Accordingly, cholesterol accumulation
also reduced the secretion of the exosomal markers Alix and
syntenin in the sEV fraction (Fig. 5E,F) with a concomitant slight
increase in the intracellular levels of these proteins (Fig. 5G,H).
NTA analysis further validated the reduction of sEV secretion upon
U18 treatment (Fig. 5I,J). These data demonstrate that, in addition to
ceramide and sphingomyelin, endosomal cholesterol levels also
modulate both V-ATPase activity and sEV secretion. This
strengthens the idea that the endosomal lipid environment governs
secretory versus degradative MVB sorting by modulating
endosomal acidification via V-ATPase recruitment, thereby
exerting control over sEV secretion levels.

TNFα regulates sEV secretion through nSMase2 activation
To investigate the functional implication of nSMase2 counteracting
V-ATPase activity on endosomes, we investigated the possible role
of TNFα upstream of nSMase2. TNFα is a critical pro-inflammatory
cytokine implicated in the pathogenesis of various diseases such as
cancer (reviewed in Balkwill, 2006). In addition to its role in the
regulation of immunogenic reactions, TNFα mediates different
cellular processes, including cellular proliferation, differentiation
and migration (Balkwill, 2006). Among its pleiotropic actions,
TNFα activates nSmase2 by translocating polycomb group protein
EED from the nucleus. This translocation of the EED allows the
recruitment of nSMase2 to the TNF receptor-1 (TNF-
R1)–FAN–RACK1 complex for its activation (Philipp et al.,
2010). In line with these data, we found increased ceramide
staining upon TNFα treatment compared with that in the control
cells, as well as increased ceramide puncta intensity colocalizing
with HRS (Fig. 6A,B), these data indicate that TNFα activates
nSMase2 on the endosomal membranes. Even though the number of
acidic puncta per cell was increased, TNFα treatment, with less than
10% reduction of cell viability (Fig. S2G), significantly decreased
the total Lysotracker signal intensity, thereby indicating reduced V-
ATPase activity (Fig. S2H,I).

Following the idea that TNFα might redirect MVBs towards
secretion through its effect on nSMase2 and V-ATPase activity, we
next investigated the effects of TNFα on sEV secretion directly.
TNFα treatment indeed significantly increased the secretion of the
exosomal markers Alix, CD63 and syntenin in the sEV fraction
(Fig. 6C,D). While intracellular syntenin levels were significantly
upregulated by TNFα treatment, no effect was observed for the
intracellular levels of the exosomal markers CD63, Alix and CD81
(Fig. 6E,F). Importantly, the increased secretion of Alix, CD63 and
syntenin in the sEV fraction induced by TNFα in control cells were
rescued by SMPD3KD (Fig. 6G,H; Fig. S2J). NTA analysis of sEV
samples further confirmed that increased sEV secretion by TNFα
was rescued by SMPD3 KD (Fig. 6I,J). confirming that TNFα
stimulation affects sEV secretion via nSMase2 activity.

In alignment with our hypothesis that TNFα acts through
nSMase2 activation at the MVB membrane and subsequently
promotes V-ATPase sequestration into the ILV, TNFα furthermore
increased ATP6V0A1 levels in the sEV fraction (Fig. 6K,L).
Concordantly, SMPD3 KD partially rescued the increased

Fig. 4. nSMase2 regulates endolysosomal acidification by modulating V-
ATPase assembly. (A) Confocal microscopy images of HeLa cells treated with
DMSO or GW4869 (GW), co-stained for ceramide and ATP6AP2. Nuclei were
stained with Hoechst. (B) Dot plots of mean fluorescence intensity of ceramide
puncta (left) and mean fluorescence intensity of ceramide that colocalized with
ATP6AP2 (right) fromA. Data are presented asmean±s.d.; n>50 cells from two
biological replicates. ****P<0.0001 (unpaired two-tailed Student’s t-test).
(C) Confocal microscopy images of the cytoplasmic distribution of ATP6V1E1
(V1E1) in HeLa cells upon SMPD3 KD (siSMPD3) compared with that of
control cells (siCtrl). Actin was stained using phalloidin, and nuclei were
stained using Hoechst. Images are representative of three experiments.
(D) Confocal microscopy images of DMSO- and GW4869-treated HeLa cells
co-stained for ATP6V0A1 and ATP6V1A. Nuclei were stained with Hoechst.
Arrows indicate ATP6V0A1 and ATPV1A colocalization. The scale bar in the
magnified inset represents 5 μm. (E) Dot plots showing colocalization analysis
of ATP6V1A with ATP6V0A1 from D. Data are presented as mean±s.d.; n>20
from two biological replicates. ****P<0.0001 (unpaired two-tailed Student’s
t-test). (F) Western blot analysis of ATP6V0A1 (V0A1), ATP6V1A (V1A) and
ATP6V1E1 (V1E1), as well as GAPDH as loading control, in total cell lysates
(CX) and sEV fractions prepared from control (siCtrl) and SMPD3 KD
(siSMPD3) HeLa cells. (G) Quantification of signal intensity of V0A1 in sEV
fractions from F normalized to the corresponding loading control GAPDH in the
CX before normalization to the respective control. Data are presented as
mean±s.d. of three biological replicates. **P<0.001 (unpaired two-tailedStudent’s
t-test). (H) Western blot analysis of V0A1, V1A and V1E1 levels in organelle or
cytosolic fractions upon SMPD3 KD in HeLa cells. Vinculin and GOSR2 were
used as cytosolic or organelle markers, respectively. (I) Quantifications of
signal intensity of V1A andV1E1 in organelle and cytosolic fractions, and V0A1
in the organelle fraction from H. Cytosolic and organelle signals for each
subunit were normalized to their respective loading control, vinculin or GOSR2,
before normalization to the control condition. Data are presented asmean±s.d.
of three biological replicates. *P<0.01 (left, unpaired two-tailed Student’s t-test;
middle and right, one-way ANOVA followed by Sidak’s multiple comparisons
test). Molecular masses in D and H are indicated in kDa.

8

RESEARCH ARTICLE Journal of Cell Science (2022) 135, jcs259324. doi:10.1242/jcs.259324

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.259324
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.259324
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.259324
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.259324


Fig. 5. See next page for legend.
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ATP6V0A1 secretion on sEVs (Fig. 6K,L). Collectively, these
results indicate that TNFα activates nSMase2 on endosomes, which
in turn counteracts V-ATPase activity on the MVB membrane and
reduces endosomal acidification to promote sEV secretion (Fig. 7).

DISCUSSION
Here, we demonstrate that nSMase2 controls exosome secretion by
counteracting V-ATPase activity on endosomal membranes. We
show a previously unknown mechanism by which nSMase2
regulates sEV secretion and provide evidence that the lipid
environment at MVBs, and specifically the levels of ceramide,
sphingomyelin and cholesterol, regulate sEV secretion by
modulating endosomal acidification. Importantly, we show that
TNFα, a prominent pro-inflammatory cytokine known to activate
nSMase2, promotes sEV secretion by modulating endosomal
acidification via changes in V-ATPase complex assembly. These
findings for the first time establish a molecular connection between
TNFα-induced nSMase2 activation and sEV secretion.
Owing to its biophysical properties, ceramide generated by

nSMase2 at the MVB membrane drives inward membrane budding
to form ILVs (Trajkovic, 2008). We show that this impaired
MVBmembrane invagination affects sEV secretion by increasingV-
ATPase activity through stabilizing it on the endosomal membrane.
We propose that V-ATPases are selectively sequestered into MVBs
under normal conditions to attenuate their lumen acidification
activity and promote secretory MVB trafficking. We found that
nSMase2 depletion reduces the sequestration of V-ATPase subunits
into ILVs and instead renders them active on the MVB membrane
for continued acidification. This consequently deregulates secretory
MVB sorting and therefore reduces sEV secretion. Sequestration of
growth factor receptors bound to their ligands into ILVs has been
shown to attenuate their signaling by targeting them for lysosomal
degradation (Piper and Katzmann, 2010). Conversely, ILV
sequestration of glycogen synthase kinase β (GSKβ, encoded by
GSK3B), triggered by WNT signaling, stabilizes many GSKβ

protein substrates which are otherwise targeted for degradation
(Taelman et al., 2010). We show that V-ATPase sequestration into
ILVs occurs in a ceramide-dependent manner that significantly
affects MVB trafficking fate and sEV secretion.

Recent studies have highlighted the role of MVB lumen
acidification as a sorting signal – MVBs with less acidic lumen
are sorted as secretory MVBs for exosome release. For example,
ATG5 and LC3, independent of canonical macroautophagy,
coordinately deacidify MVBs to promote sEV secretion (Guo
et al., 2017). Additionally, numerous studies have reported that
exosome secretion is controlled by endolysosomal acidification
(Villarroya-Beltri et al., 2016; Edgar et al., 2016). Our findings on
how changes in nSMase2-mediated endosomal acidification affect
sEV secretion further substantiate these findings.

In addition to ceramide and sphingomyelin, we find MVB
cholesterol levels to regulate sEV secretion through modulation of V-
ATPase-mediated endosomal acidification. Cholesterol, in
association with sphingomyelin, forms lipid-ordered microdomains
on the membrane, providing an assembly platform for different
protein complexes. This establishes a functional and structural
connection between lipids and proteins, possibly allowing for a
reciprocal regulation. The complete cryo-EM structure of the human
V-ATPase complex has revealed that ordered lipid molecules
including cholesterol are indeed an integral part of the V0 complex
(Wang et al., 2020). Cholesterol, together with ceramide generated
by nSMase2 activity on the MVB membrane, may invaginate with
V-ATPase subunits to form ILVs, which are known to harbor the
highest cholesterol content in the endocytic pathway (Möbius et al.,
2003).

The reported cell type-specific effects of nSMase2 inhibition on
sEV secretion may be explained by the differences in cellular
endosomal acidification levels, which in turn could be affected by
different cellular and physiological factors. ESCRT components
drive ILV biogenesis at the MVB (Saksena et al., 2007), and
knockdown of the ESCRT components HRS, STAM1 and TSG101
reduces the secretion of CD63-positive EVs (Colombo et al., 2013).
However, the role of the ESCRT complexes in cargo loading and
ILV generation for exosome secretion is increasingly challenged by
other studies. For example, a recent study has shown that
knockdown of individual ESCRT subunits counterintuitively
increases exosome secretion by causing lysosomal dysfunction
(Matsui et al., 2021). These findings are also in line with studies
showing that the lysosomal degradation of several endocytosed
receptors requires the ESCRT machinery for proper internalization
of these receptors into ILVs (Futter et al., 1996; Haglund et al.,
2003; Yamashita et al., 2008). Therefore, based on these studies and
our results, it is tempting to speculate that ESCRT complexes
support ILV generation for degradative MVBs that are targeted for
lysosomes. On the other hand, ceramide generated by nSMase2
drives membrane invagination on the MVB to package V-ATPases
into ILVs, thereby attenuating their lumen acidification activity and
favoring secretory MVB transport for sEV release. These two
pathways involving ceramide or the ESCRT machinery provide two
mechanisms of ILV formation that have different outcomes for the
fate of their endosomal compartment.

TNFα, a pro-inflammatory cytokine, activates nSMase2.
TNFα activates TNF-R1, which translocates EED from the
nucleus. EED then simultaneously interacts with RACK1 and
nSMase2. This interaction couples EED and nSMase2 to the
TFN-R1–FAN–RACK1 complex and activates nSMase2 (Philipp
et al., 2010). However, the exact downstream effect of the TNFα-
induced nSMase2 pathway on cellular processes is not fully

Fig. 5. MVB cholesterol levels regulate sEV secretion by modulating
V-ATPase assembly. (A) Confocal microscopy images of control (Ctrl) and
U18666A (U18)-treated HeLa cells with intracellular acidic compartments
labeled by Lysotracker. Nuclei were stained with Hoechst. (B) Quantifications
of mean intensity of Lysotracker puncta (left) and Lysotracker staining puncta
per cell from A. Data are presented as mean±s.d.; n>50 cells from three
biological replicates. *P<0.01; ****P<0.0001 (unpaired two-tailed Student’s
t-test). (C) Western blot analysis of ATP6V0A1 (V0A1), ATP6V1A (V1A) and
ATP6V1E1 (V1E1) levels in organelle or cytosolic fractions upon U18
treatment in HeLa cells. Vinculin and GOSR2 were used as the cytosolic and
organelle markers, respectively. (D) Quantifications of signal intensity of V1A
and V1E1 in organelle and cytosolic fractions, and V0A1 in the organelle
fraction from C. Cytosolic and organelle signals for each subunit were
normalized to their respective loading control, vinculin or GOSR2, before
normalization to the control condition. (E) Western blot analysis of Alix, CD63,
syntenin and CD81 in sEV fractions prepared from equal amounts of control or
U18-treated HeLa cells. (F) Signal intensity quantifications of Alix, CD63,
syntenin and CD81 in sEV fractions from E, calculated by normalizing the
signal to loading control GAPDH levels in the corresponding cell lysates in G
before normalization to their respective control. (G)Western blot analysis of the
indicated exosomalmarkers in corresponding cell lysates (CX) fromE.GAPDH
was probed as a loading control. (H) Quantifications of intracellular Alix, CD63,
syntenin and CD81 signal intensity from G normalized to loading control
GAPDH before normalization to the respective control. (I) Representative size
distribution of sEVs isolated from control and U18-treated HeLa cells. (J) NTA
quantification of sEV concentration from I. The data shown in D,F,H and J
represent the mean±s.d. of three biological replicates. *P<0.01; **P<0.001
(unpaired two-tailed Student’s t-test except for middle and right graphs in D
where a one-way ANOVA with Sidak’s multiple comparisons test was used).
Molecular masses in C,E and G are indicated in kDa.
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Fig. 6. See next page for legend.
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understood. Our findings elucidate the mechanism by which
TNFα-induced nSMase2 activation promotes sEV secretion by
modulating endosomal acidification. TNFα stimulation has been
shown to compromise lysosomal integrity, which affects the cellular
degradative capacity and reduces autophagic flux (Wang et al.,
2015; Werneburg et al., 2002). The exact molecular mechanism
underlying this process remains unknown. Based on our findings, it
would be worthwhile to investigate whether this occurs via nSMase2
activation.
In addition to the proposed role of nSMase2 in the initial ILV

generation (Trajkovic et al., 2008), we show that nSMase2 activity
controls later MVB trafficking by counteracting V-ATPase-
mediated lumen acidification, thereby promoting a secretory
rather than a degradative fate. With increased lysosome biogenesis
upon SMPD3 KD under starvation conditions (Fig. 3C–F),
how nSMase2-mediated endosomal acidification regulation affects
autophagy remains an interesting question to explore. Furthermore,
how nSMase2-dependent MVB deacidification affects recruitment
of further MVB secretory machinery including Rab27a, Rab27b
(Ostrowski et al., 2010) and SNARE proteins such as YKT6 (Gross
et al., 2012) remains to be investigated. Further study on TNFα-
induced nSMase2 activation in cancer cells may shed light on the
role of TNFα and sEV in cancer progression.

MATERIALS AND METHODS
Cell culture and transfection
HeLa cells (kindly provided by Holger Bastians, University of Goettingen,
Germany) were maintained in DMEM (Thermo Fisher Scientific Life
Technologies, 52100021) supplemented with 10% fetal calf serum
(Biochrom) and 10 μg/ml penicillin-streptomycin (Sigma Aldrich, P4333)
at 37°C in a humidified atmosphere with 5% CO2. Cells were authenticated
and checked for mycoplasma contamination on a regular basis. Cells were
transiently transfected with Screenfect siRNA (Dharmacon) for 72 h
according to the manufacturer’s instructions. Cells were treated with
the following drugs for 16 h:GW4869 (5 μM; Sigma Aldrich, D1692),
bafilomycin A1 (100 ng/ml; Sigma Aldrich, B1793), TNFα (5 ng/ml;
Peprotech, 300-01A) and U18666A (10 µM; Sigma Aldrich, U3633).
The Dharmacon SMARTpool siRNAs used to target SMPD3 were as
follows: D-006678-01, siSMPD3 #1, 5′-CAACAGCGGCCUCCUCUUU-
3′; D-006678-04, siSMPD3 #2, 5′-CAAGCGAGCAGCCACCAAA-3′;
D-006678-17, siSMPD3 #3, 5′-ACCAAAGAAUCGUCGGGUA-3′;
D-006678-18, siSMPD3 #4, 5′-CGAACGGCCUGUACGAUGA-3′.
The control non-targeting siRNA (siCtrl; D-001210-03, Dharmacon) was
5′-AUGUAUUGGCCUGUAUUAG-3′. The siRNA used to target ubiquitin
(siUBC; D-19408-01, Dharmacon) was 5′-GUGAAGACCCUGACUGGUA-3′.

Antibodies
The following antibodies and dilutions were used for western blotting (WB)
or for immunofluorescence staining (IF): Alix (WB 1:1000; Santa Cruz,
sc53540), CD63 (WB 1:100; IF 1:10; H5C6, AB_528158, Developmental
Studies Hybridoma Bank), syntenin (WB 1:1000; IF 1:100; Abcam,
ab133267), GAPDH (WB 1:1000; Millipore, CB1001), Calnexin (WB
1:1000; IF 1:100; Abcam, ab75801), HRS (IF 1:100; ProteinTech, 1039-1-
AP), ceramide (IF 1:100; Enzo, ALX-804-196), LBPA (IF 1:100;Millipore,
MABT837), nSMase2 (IF 1:100; Santa Cruz, sc-166637), ATP6V0A1 (WB
1:1000; IF 1:100; Novus Bio, NB1-89342), vinculin (WB 1:1000;
ProteinTech, 66305-1-Ig), ATP6V1E1 (WB 1:1000; IF 1:100;
ProteinTech, 15280-1-AP), ATP6V1A (WB 1:1000; Abnova,
H00000523-M02), GOSR2 (WB 1:1000 ProteinTech, 66134-1-Ig),
LAMP1 (WB 1:1000; IF 1:100; Abcam, ab24170).

Small extracellular vesicle isolation
For sEV isolation, 400,000 cells (siRNA transfection) or 500,000 cells
(inhibitor treatment) were seeded. sEVs were purified by differential
centrifugation as previously described (Menck et al., 2017). In short, cells
were incubated with an sEV-free growth medium for defined periods.
Subsequently, the conditioned medium was collected and subjected to
sequential centrifugation steps at 750 g, 1500 g and 14,000 g, before
pelleting sEVs at 100,000 g. The sEV pellet was lysed with RIPA lysis
buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% (v/v) Igepal,
0.5% (w/v) SDS, 1x Roche protease inhibitor] diluted at 1:1 with phosphate-
buffered saline (PBS).

Western blot analysis
Cell and sEV lysates, in SDS–PAGE sample buffer (300 mM Tris-HCl pH
6.8, 12% SDS, β-mercaptoethanol), were boiled for 5 min before the
proteins were separated on 4–12% gradient gels (Bolt Bis-Tris Plus Gels,
Thermo Fisher Scientific). Proteins were then transferred to PVDF
membranes (Merck) and blocked with 5% (w/v) milk in Tris-buffered
saline containing Tween 20 (TBST; 20 mM Tris-HCl pH 8.0, 75 mMNaCl,
0.2% Tween-20) for 30 min. Membranes were incubated with primary
antibodies overnight at 4°C. After washing, membranes were incubated with
fluorescently labeled secondary antibodies at room temperature in the dark
and detected using the Li-COROdyssey system. Quantitative measurements
were done with Fiji ImageJ (NIH, Bethesda, MD).

Nanoparticle tracking analysis
A Malvern Panalytical Nanosight NS300 instrument was used to measure
sEV particles diluted in PBS (1:100) using the parameters camera level 14,
screen gain 10.8, detection threshold 5. For each sample, a total of three
videos of 30–60 s was measured. The videos were analyzed using the
NanoSight NTA 2.3 Analytical Software, and the particle concentration,

Fig. 6. TNFα regulates sEV secretion through nSMase2 activation.
(A) Confocal microscopy images of control (Ctrl) and TNFα-treated HeLa cells
co-stained for ceramide andHRS. Nuclei were stained with Hoechst. The scale
bar in the magnified inset represents 5 µm. (B) Dot plots of mean fluorescence
intensity of ceramide puncta (left) andmean fluorescence intensity of ceramide
that colocalized with HRS (right) from A. Data are presented as mean±s.d.;
n>50 cells from two biological replicates. **P<0.001; ****P<0.0001 (unpaired
two-tailed Student’s t-test). (C) Western blot analysis of Alix, CD63, syntenin
and CD81 in sEV fractions prepared from equal amounts of control or TNFα-
treated HeLa cells. (D) Signal intensity quantifications of Alix, CD63, syntenin
and CD81 in sEV fractions from C, calculated by normalizing the signal to
loading control GAPDH levels in the corresponding cell lysates in E before
normalization to their respective control. Data are presented as mean±s.d. of
four biological replicates. **P<0.001; ***P<0.0004; ****P<0.0001; ns, not
significant (unpaired two-tailed Student’s t-test). (E) Western blot analysis of
the indicated exosomal markers, GAPDH and calnexin in the corresponding
cell lysates (CX) from C. GAPDH was probed as a loading control.
(F) Quantifications of intracellular Alix, CD63, syntenin and CD81 signal
intensity from E normalized to loading control GAPDH before normalization to
the respective control. Data are presented as mean±s.d. of three biological
replicates. **P<0.001 (unpaired two-tailed Student’s t-test). (G) Western blot
analysis of Alix, CD63 and syntenin in an sEV fraction prepared from an equal
amount of control untreated cells (Ctrl) or control siRNA-treated (siCtrl) and
SMPD3 KD (siSMPD3) HeLa cells treated with TNFα. (H) Signal intensity
quantifications of Alix and syntenin in sEV fractions from G, calculated by
normalizing the signal to loading control GAPDH levels in the corresponding
cell lysates before normalization to their respective control. Data are presented
as mean±s.d. of five (Alix) and four (syntenin) biological replicates. *P<0.01,
**P<0.001, ***P<0.0004, ****P<0.0001 (one-way ANOVA followed by Tukey’s
multiple comparisons test). (I) NTA quantification of sEV concentration isolated
from control and SMPD3 KD HeLa cells with or without TNFα treatment. Data
are presented as mean±s.d. of three biological replicates. *P<0.01 (one-way
ANOVA followed by Tukey’s multiple comparisons test). (J) Representative
size distribution of sEV analyzed by NTA from I. (K) Western blot analysis of
ATPV0A1 (V0A1), ATP6V1A (V1A) and ATP6V1E1 (V1E1), as well as GAPDH
as loading control, in the total cell lysates (CX) and corresponding sEV
fractions prepared from untreated HeLa cells (Ctrl) and from control and
SMPD3KDHeLa cells treated with TNFα. (L) Quantifications of signal intensity
of V0A1 in the sEV fraction from K normalized to the corresponding loading
control GAPDH in the CX before normalization to the respective control. Data
are presented as mean±s.d. of four biological replicates. (one-way ANOVA
followed by Tukey’s multiple comparisons test). Molecular masses in C,E,G
and K are indicated in kDa.
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size distribution, and the general mean and mode of the samples were
obtained.

Immunostaining, microscopy and image analysis
Cells grown in 8-well microscopic coverslips (Sarstedt, 94.6170.802),
reverse transfected with siRNAs or treated as indicated, were fixed and
permeabilized with 4% paraformaldehyde and 0.2% Triton X-100. The
slides were then blocked in 3% bovine serum albumin diluted in PBS,
followed by 90 min incubation with primary antibodies. After washing three
times, cells were incubated with secondary antibodies conjugated to Alexa
Fluor-488 or -546. Nuclei and actin were labeled using Hoechst 33342
(Hoechst; Thermo Fisher Scientific, 62249) and conjugated phalloidin,
respectively. Live cells were incubated with 200 nM Lysotracker DND-red-
99 (Thermo Fisher Scientific Life Technologies, L7528) for 45 min to label
acidic compartments and fixed with 4% paraformaldehyde after washing
three times with PBS. The cells were visualized with a Zeiss LSM780
confocal microscope (Plan Neofluor 63×/oil NA 1.4 objective). Staining
and microscopy conditions were kept identical for comparisons. Mean
fluorescence intensity of puncta, the number of puncta per cell and
colocalization quantifications were performed using available pipelines
with some modifications in CellProfiler (Broad Institute of MIT and
Harvard).

Viability assay
Cell viability was measured by performing a CellTiter-Glo assay (Promega,
G8461). Cells were seeded in a 96-well plate. After the indicated treatment,
100 µl of the CellTiter-Glo reagent (Promega) was added to each well (1:1).
The plate was incubated on a shaker for 2 min at room temperature
to allow cell lysis and then incubated without shaking for 10 min to
allow luminescence signal stabilization. The signal was measured using
a luminometer, and data were analyzed using MikroWin 2000 lite
Version 4.43.

Real-time qPCR
Total RNA was isolated from cells using Trizol (Thermo Fisher Scientific
Invitrogen, 15596026). Equal amounts of RNA (2 μg) were reverse
transcribed into cDNA by treatment with M-MLV reverse transcriptase
(Invitrogen, 28025013). The resulting cDNA product was analyzed by real-
time quantitative PCR using iTaq Universal SYBRgreen Supermix (Bio-
Rad, 172-5125) and gene-specific primers (β-actin forward, 5′-GAGCA-
CAGAGCCTCGCCTTT-3′; β-actin reverse, 5′-ACATGCCGGAGCCGT-
TGTC-3′; SMPD3 forward, 5′-CAACAAGTGTAACGACGATGCC-3′;
SMPD3 reverse, 5′-CGATTCTTTGGTCCTGAGGTGT-3′). Transcript Ct
values were converted to fold change expression changes (2−ΔΔCt values)
after normalization to the housekeeping gene β-actin. Quantitative real-time
PCR was performed using the CFX system (Bio-Rad).

Organelle and membrane fractionation
Cells were fractionated into organelle and cytosolic fractions based on
a published protocol (Itzhak et al., 2016). Briefly, all steps were performed
on ice with pre-chilled ice-cold buffer. Cells were incubated in hypotonic
lysis buffer (25 mM Tris-HCl, pH 7.5, 50 mM sucrose, 0.5 mM MgCl2,
0.2 mM EGTA) for 5 min after washing once with PBS and once with
hypotonic lysis buffer. Cells were then scraped in fresh hypotonic lysis
buffer and transferred to a Dounce homogenizer (B. Braun) and
homogenized with 15 strokes with the tight pestles (B. Braun). Sucrose
concentration was immediately restored to 250 mMwith hypertonic sucrose
buffer (2.5 M sucrose, 25 mM Tris-HCl pH 7.5, 0.5 mM MgCl2, 0.2 mM
EGTA) after homogenization. Homogenized crude cell lysates were
centrifuged at 1000 g for 10 min to separate nuclear material. The
organelle fraction was obtained by centrifuging the post-nuclear
supernatant at 78,400 g for 30 min, and the resulting supernatant was
collected as the cytosolic fraction. The organelle pellet was dissolved in
SDS buffer (2.5% SDS, 50 mM Tris-HCl pH 8.1) and heated for 5 min
at 72°C.

Fig. 7. nSMase2 regulates sEV secretion by counteracting V-ATPase-mediated endosomal acidification.Working model showing how nSMase2 regulates
sEV secretion via counteracting V-ATPase-mediated endosome acidification. Ceramide generated by nSMase2 activity on the MVB drives inward membrane
invagination to selectively incorporate the V-ATPase subunit ATP6V0A1 (V0A1) and other sEV cargoes into ILVs targeted for secretion. The sequestration of
V0A1 into ILVs attenuates MVB lumen acidification to favor secretory MVB trafficking for sEV release. V1A, ATP6V1A; V1E1, ATP6V1E1.
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Protein concentration determination
Protein concentration was determined by using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, 23225) according to the
manufacturer’s protocol. Protein lysates diluted with PBS were added to
500 µl of a 1:50 mixture of Buffer B and Buffer A. The mixture was
incubated at 60°C for 30 min and transferred to cuvettes for analysis with a
NanoDrop. A standard curve for protein BCA analysis and PBS as blank
were used.

Statistics
Data were analyzed using GraphPad Prism 6 built-in tests. All data are
presented as means±s.d. Details of the significance tests, the number of
replicates and the P values are reported in the figure legends.
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