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Biological membranes in eukaryotes contain a large variety of proteins and lipids often distributed in domains in
plasma membrane and endomembranes. Molecular mechanisms responsible for the transport and the organization of
these membrane domains along the secretory pathway still remain elusive. Here we show that vesicular SNARE TI-
VAMP/VAMP7 plays a major role in membrane domains composition and transport. We found that the transport of
exogenous and endogenous GPI-anchored proteins was altered in fibroblasts isolated from VAMP7-knockout mice.
Furthermore, disassembly and reformation of the Golgi apparatus induced by Brefeldin A treatment and washout were
impaired in VAMP7-depleted cells, suggesting that loss of VAMP7 expression alters biochemical properties and
dynamics of the Golgi apparatus. In addition, lipid profiles from these knockout cells indicated a defect in
glycosphingolipids homeostasis. We conclude that VAMP7 is required for effective transport of GPI–anchored proteins
to cell surface and that VAMP7-dependent transport contributes to both sphingolipids and Golgi homeostasis.

Introduction

Eukaryotic cells are characterized by the occurrence of intra-
cellular membranes which consist in lipid bilayers and mono-
layers confining distinct organelles. Lipids and proteins of
eukaryote membranes define organelle identity, morphology and
function. This organization is maintained against the constant
exchanges imposed by intracellular membrane fluxes, suggesting
the existence of mechanisms controlling such equilibrium based
on both vesicular and non-vesicular transport. Intracellular mem-
brane trafficking consists in 1) the fission of vesicles at a donor
compartment, 2) their transport toward destination site and 3)
the fusion with acceptor compartments.1 Membrane fusion

events are carried out by a family of »40 membrane bound pro-
teins known as SNAREs which have different subcellular localiza-
tion and different regulators. SNAREs are present in vesicles (v-
SNAREs) and target membranes (t-SNAREs), and the pairing of
v- and t-SNAREs mediate bilayer mixing for membrane fusion.
Tetanus neurotoxin-insensitive vesicle-associated membrane pro-
tein (TI-VAMP/VAMP7) is an atypical v-SNARE that in addi-
tion to the typical SNARE domain, possesses an additional N-
terminal domain so-called Longin, which plays auto-inhibitory
and targeting roles.2,3 It is expressed in almost all tissues and it
localizes to post-Golgi secretory vesicles, late endosomes, lyso-
somes and a subset of synaptic vesicles.3 Pioneering work on
VAMP7 knock down and over-expression of its regulatory
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aminoterminal Longin domain have underlined its importance in
several cellular processes in different cell types. VAMP7 depen-
dent trafficking was shown to participate in apical polarity,4

neurite growth,5 cell adhesion,6 transport to lysosome from both
early endosomes and TGN,7-9 cell migration, exosome and lyso-
somal secretion,10,11 and autophagy.12,13 We previously showed
the involvement of VAMP7 in polarized apical transport4,14 and
its occurrence in detergent resistant membranes.15 More recently,
we showed that VAMP7 mediates transport from the Golgi appa-
ratus to the plasma membrane (PM) particularly of tetraspanins16

which participate in membrane organization17 and interact with
glycosphingolipids.18 In addition, VAMP7 is involved in the
transport of GLUT1 and Lat, two other membrane domain asso-
ciated proteins.19,20 Altogether, these findings led us to hypothe-
size a more direct contribution of VAMP7 in membrane
organization and membrane domains homeostasis.

In polarized epithelial cells, GPI anchored proteins are
known to be secreted apically, while the VSVG is sorted baso-
laterally (reviewed in 21). Apical, but not basolateral secretion
was also shown to depend upon both sphingolipids and choles-
terol biosynthesis. Cholesterol and sphingolipids are known to
clusters in vitro into giant vesicle and in vivo at the PM where
they modulate receptor signaling and/or recycling.22-25 Com-
mon sphingolipid precursors are ceramides, synthesized at the
ER by N-acylation of sphingoid-chains with a large variety of
fatty acyl-chains. This diversity is achieved by fatty acid elonga-
tion machinery, which provides fatty acids of different length,
and ceramide synthase enzymes, which select fatty acid sub-
strates based on their length. Finally ceramides are further mod-
ified by head group substitutions. In animal cells, a major pool
of ceramides is used to form SM via direct addition of a phos-
phocholine head group. Another head group, found in all
eukaryotes includes a monosaccharide such as (but not only)
glucose, to form GlcCer. Further glycosylations then occur on
monoglycosylated ceramides, in different Golgi subdomains,26

to give rise to a large variety of complex glycosphingolipids
(GSL) which are then transported along the secretory pathway
and particularly to the PM. Sphingolipid biosynthesis and turn-
over are regulated with cell growth and they travel via both
vesicular and non- vesicular transports from ER to Golgi, and
mainly via vesicles from Golgi to PM, (for reviews see 27,28).
Secretion and sphingolipid homeostasis are co-regulated, how-
ever little is known about how a vesicular trafficking defect may
impact lipids homeostasis.27,28

Here we found that transport of exogenous GPI-anchored
proteins to the PM is inhibited and that the endogenous GPI-
anchored cellular Prion protein (PrPc) accumulated in the
Golgi apparatus in VAMP7 KO fibroblasts. Furthermore we
found that the dynamics of the Golgi apparatus after treat-
ment by Brefeldin A and washout was impaired in VAMP7
KO cells. KO cells also displayed modified content in sphingo-
lipids, the biosynthesis of which is finalized in Golgi subdo-
mains.26 We thus propose here that VAMP7 contributes to
the transport of domains’ components to the cell surface, gly-
cosphingolipids turnover and homeostatic equilibrium of
Golgi.

Results

Loss of VAMP7 impairs specifically GPI transport toward
PM at 37�C and more broadly Golgi-PM cargoes following low
temperature block

To study the role of VAMP7 in protein secretory pathways,
we ran different tests on primary mouse embryonic fibroblast
(MEFs) isolated from WT and VAMP7–knockout mice. We
took advantage of the RUSH assay which is based on the reten-
tion of newly synthesized proteins in the ER and their synchro-
nized release upon addition of biotin.29 As reporter, we used
VSVG– and GPI–anchored mCherry-tagged fluorescent pro-
teins, which are expected to segregate at the exit of the Golgi and
follow different routes from the Golgi toward the PM.30 One
hour after biotin addition at 37�C, surface staining intensity of
mCherry-VSVG in WT and KO cells was similar while
mCherry-GPI surface signal was strongly reduced in KO com-
pared to WT, suggesting that GPI-anchored proteins transport
toward the PM was delayed in KO (Fig. 1 A-D).

To further investigate defects in Golgi-to-PM secretory path-
way, we used low temperature block to synchronize membrane
fluxes by preventing cargo exit from donor compartment. Using
a 20�C block protocol, we previously observed an accumulation
of VAMP7 at the Golgi in Cos7 cells 31 and a delayed transport
of tsO45VSVG (a thermosensitive mutant form of VSVG 32) to
the cell surface in VAMP7 knocked-down HeLa cells.16 We thus
coupled the RUSH assay with the 20�C temperature block exper-
iment (Fig. 2). In such conditions, the PM release of both GPI
and VSVG was significantly inhibited in KO compared to WT
(Fig. 2B–E). Altogether, these data indicate that VAMP7 KO
MEFs are not able to properly sort GPI-anchored proteins from
the Golgi to the cell surface at physiological temperature and
both VSVG and GPI after 20�C temperature block.

To check whether or not this effect could be due to a transport
defect or latency in the early secretory pathways (i.e from ER to
ERGIC, and from ERGIC to the Golgi apparatus), we used the
RUSH assay with short biotin incubation time (less than 30min)
and monitored the arrival of VSVG and GPI in the Golgi appa-
ratus by counterstaining with GM130 antibody (Fig. 3A). As
previously reported,33 20 minutes after biotin addition, both
VSVG and GPI accumulated in the Golgi in WT as well as KO
cells. We quantified the amount of GPI or VSVG present in
GM130-positive area and observed no significant difference
between WT and KO for every tested conditions (unstimulated,
10, 20 and 30 min of biotin addition) (Fig. 3B) indicating that
the GPI retention previously observed in the KO does not come
from a defect in the ER and likely relates to post-Golgi transport
to the cell surface. These data suggest that GPI-anchored proteins
and VAMP7 should be transported together from the Golgi area
to the periphery. In order to directly test this hypothesis, we
expressed GPI–anchored mCherry of the RUSH assay and
GFP-VAMP7 in HeLa cells which are better prone to multiple
transfection than MEFs. Following the addition of biotin,
mCherry-GPI was released from the ER and accumulated in the
Golgi after 40 min. Time-lapse imaging showed initial extensive
colocalization in a perinuclear area likely corresponding to the
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Golgi apparatus followed by some co-
labeled vesicles which, with time,
were more found at the cell periphery
(Movie S1).

To confirm the role of VAMP7 on
GPI-anchored protein transport, we
monitored the steady state endogenous
localization of the prion protein PrPc, a
well-known GPI-anchored protein
involved in the development of prion
encephalopathy.34 Immunostaining
revealed that endogenous PrPc signal in
the Golgi region (marked by Golgin A4)
was increased in KO MEFs compared to
WT (Fig. 4A–C), suggesting that lack of
VAMP7 causes partial retention of PrPc
in the Golgi apparatus. In order to estab-
lish the specificity of the effect of deleting
VAMP7 on GPI-anchored proteins post-
Golgi transport, we expressed exogenous
GFP-tagged VAMP7 in WT and KO
MEFs. This led to a clear disappearance
of PrPc accumulation in the Golgi area
and a diffuse staining indicating normal
transport to the cell surface (Fig. 4B,C).
VAMP7 thus appears to be required for
the correct transport of GPI-anchored
proteins from the Golgi apparatus to the
plasma membrane.

Loss of VAMP7 affects Golgi
dynamics

Interestingly, although not fully clari-
fied, low temperature is believed to pre-
vent sorting at Golgi, likely because of
impaired membrane budding.35 Thus,
the higher sensitivity of VAMP7 KO
cells for the 20�C block suggests that
VAMP7 may play a role in Golgi bio-
chemical properties and homeostasis.
Furthermore, a recent study from a
medium scale RNAi screen identified human sybl1 (encoding for
VAMP7) as one of the hits leading to cis Golgi compactness
defect.36 Therefore, we sought to assay for a structural and/or
dynamic defect of the Golgi in the absence of VAMP7 expres-
sion. To this aim, WT and VAMP7 KO MEFs transiently
expressing GFP-tagged N-acetyl-glucosaminyl-transferase
(NAGT-GFP) were treated with BFA, a drug known to reversibly
disrupt the Golgi apparatus and causes resident enzymes such as
NAGT-GFP, to diffuse back to the ER 37 (Fig. 5A). Cells were
monitored by live imaging and we computed the variation of the
number of objects positive for NAGT-GFP during BFA treat-
ment and washout as a way to quantify Golgi disassembly and
reformation. In WT cells, the number of NAGT-GFP positive
objects dropped during the BFA treatment and was restored fol-
lowing washout in agreement with Golgi disassembly-

reformation paradigm. In contrast, NAGT-GFP particle number
remained significantly higher during BFA treatment as well as in
early timepoints of washout in KO cells. Both WT and KO
recovered to the same endpoint. The delayed recovery in KO cells
suggests that the VAMP7 KO impacts BFA-dependent mecha-
nisms in the Golgi apparatus. Altogether, these results suggest
that the loss of VAMP7 has profound effects on dynamic proper-
ties of the Golgi.

Loss of VAMP7 affects cell sphingolipidome
Golgi membranes represent a reservoir of lipids and proteins

and contain many keys enzymes for the processing of both lipids
and proteins. Glycosphingolipid biosynthesis is completed at the
Golgi apparatus 26 and GPI biosynthesis was suggested to be
needed for sphingolipid biosynthesis at the ER in yeast.38 We

Figure 1. Loss of VAMP7 impairs the secretion of GPI anchored protein at physiological temperature-
MEFs from WT and KO were transfected with either mCherry-GPI or mCherry-VSVG constructs of the
RUSH system. Biotin release was induced at 37�C for 1 h. (A and C), Surface immunostaining (green)
of mCherry-GPI (A) or mCherry-VSVG (C) was performed and the total pool of proteins (red) was
revealed by immunodetection. Lower panels display the magnification indicated by dotted outlines
in corresponding top panels. (B and D), Box plots (25th/75th percentiles, medians as horizontal lines,
5th/95th percentiles values as vertical bars) showing quantifications of A and C, respectively. The
rate of exocytosis of mCherry-GPI (B) or mCherry-VSVG (D), was measured by calculating the ratio
between surface and total pool integrated signals, which are represented in graphs as % of WT. Data
shown are from 3 independent experiments, using a total of 3WT and 3KO culture with 10–12 cells
for each embryo. Bar, 20 mm. Significance was determined by Mann Whitney test. ***, P < 0.001; n.s.,
not significant.
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thus asked to which extent VAMP7 KO-dependent Golgi appa-
ratus-related above mentioned defects may also impact sphingoli-
pid homeostasis. For an overall understanding we analyzed lipid
profiles of WT and KO MEFs cells by HPLC-MRM and found
major changes in sphingolipid profiles (Table 1). Different GM3
species including GM3 containing long (C16-18) or very long
acyl chain (C � 20) were both increased in KO. Ceramides, pre-
cursors of both GM3 and SM, were also increased in the KO
(Table 1), while phospholipid profiles were rather unchanged

(Table S1). Differently, long chain-SM
were unaffected in KO and very long SM
where instead reduced (Table 1 and
Table S1), suggesting a preferential
channeling of very long chain ceramides
(VLC-Cer) precursors to form VLC-
GM3, with concomitant reduction of
VLC-SM in VAMP7-KO MEFs. Alto-
gether these results suggest a crosstalk
between VAMP7-dependent vesicular
transport and glycosphingolipid
homeostasis.

Discussion

The results shown here unravel a role
of TI-VAMP/VAMP7 in Golgi appara-
tus homeostasis and post-Golgi traffick-
ing. We found that exogenous and
endogenous GPI-anchored proteins
transport to the plasma membrane was
delayed in VAMP7 knockout MEF and
that Golgi accumulation of PrPc in the
Golgi was rescued by restoration of
VAMP7 expression in KO cells. This
delay appeared to result from defect in
transport and/or modification in the
Golgi apparatus, and was not found to
be related to ER-Golgi export defect.
Time-lapse videomicroscopy showed the
occurrence of GPI- and VAMP7 positive
post-Golgi vesicles. Furthermore we
found that the Golgi dynamics were
impaired and sphingolipid homeostasis
perturbed in VAMP7 KO cells. Our phe-
notypic analysis of VAMP7 KO MEFs
thus suggests an original functional cor-
relation between the transport of mem-
brane domain proteins (GPI-anchored
proteins), GSL homeostasis and Golgi
apparatus dynamics. These three cellular
phenotypic traits may be connected
solely functionally or more directly via
protein-protein and protein-lipid interac-
tions and regulations.

The search of its molecular network
showed that VAMP7 interacts with Varp (a Rab21 guanine
nucleotide exchange factor), which itself binds to the molecular
motor Kif 5, both being involved in directing movement of
VAMP7 vesicles from the cell center to the cell periphery.31,39

Our time-lapse imaging experiment clearly indicates that GPI-
anchored proteins are to a certain extent in VAMP7-positive
vesicles following their exit from the TGN, suggesting co-trans-
port outbound the Golgi. In addition, Varp interacts with
Vps29, a subunit of the retromer, and both are involved in the

Figure 2. Loss of VAMP7 impairs the secretion of GPI-anchored protein and VSVG after 20�C block-
MEFs from WT and KO were transfected with either GPI-Cherry or VSVG-Cherry plasmids of the RUSH
system. Biotin release was induced after cell acclimation at 20�C and after 30 min, cells were then
shifted to 37�C for further 30 min (A). The last timepoint (1 h) was used for quantifications. (B and
D), Surface immunostaining (green) of mCherry-GPI (B) or mCherry-VSVG (D) was performed and the
total pool of proteins (red) was revealed by further immune detection. Lower panels display the
magnification indicated by dotted outlines in corresponding top panels. (C and E), Box plots showing
quantifications of B and D, respectively. The rate of exocytosis of mCherry-GPI (B) or mCherry-VSVG
(D), was measured by calculating the ratio between surface and total pool integrated signals, which
are represented in graphs as % of WT. Data shown are from 3 independent experiments, using a total
of 3WT and 3KO culture with 10–12 cells for each embryo. Bar, 20 mm. Significance was determined
by paired t-test. ***, P < 0.001.
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transport of the glucose
transporter GLUT1 to the
PM whereas VAMP7 is
involved in exocytosis of
both GLUT1 and
GLUT4.19,40 GLUT1 and
GLUT4 are known to func-
tion in membrane
domains.41,42 In addition,
phospholipase D1 (PLD1)
is transported in VAMP7
vesicles, controls its fusion
capacity 43 and is an effector
of Arf1 44,45 so that the
absence of VAMP7 could
alter Golgi lipidic content
and confer BFA-resistance
via an accumulation or
altered activity of PLD1 at
the TGN. The activity of
other enzymes involved in
lipid metabolism particu-
larly those regulating GSL
biosynthesis at the Golgi
might be also altered as a
result of the absence of
VAMP7 (see below).
VAMP7 was further
recently identified on
vesicles transporting newly
synthesized lysosome-asso-
ciated membrane proteins
directly from the TGN to
late endosomes.9 These
vesicles contained both late
endosome markers and
VAMP7 indicating an alter-
native pathway from trans-
Golgi network to late endo-
somes. Thus a role of
VAMP7 in transport of
membrane domain compo-
nent at the exit of the Golgi
apparatus, as suggested
here, is in good agreement
with roles in both exocytosis toward PM and transport to late
endosomes and opens new perspective on the possible sorting
pathways followed by sphingolipids.

The present demonstration of the role of VAMP7 in GPI-
anchored proteins transport to the cell surface strengthens the
finding that VAMP7 depletion leads to decreased expression of
the tetraspanin CD82 at the cell surface, which in turn impacts
EGFR function at the PM.16 Tetraspanins are also known to
form a specific kind of membrane domains,46 interact with GSL
18,47 and modulate EGFR signaling.48 Therefore, TI-VAMP-

dependent regulation of EGFR may result from its role in trans-
port of components of membrane domains.

In a previous work we had found that knockdown of VAMP7
expression impaired VSVG-tsO45 secretion using the classical
temperature shift assay from 39�C to 20�C.16 Here, we took
advantage of the RUSH assay,33 and we identified a secretion
defect of GPI-anchored proteins but not VSVG at physiological
temperature (37�C). However at 20�C, using the RUSH system,
the secretion of both proteins was impaired in KO vs WT. Tem-
perature as low as 20�C have been widely used in cell

Figure 3. Loss of VAMP7 does not affect ER-to-Golgi transport of GPI-anchored and VSVG proteins (A and C), MEFs
from WT and KO were transfected with either mCherry-GPI (A) or mCherry-VSVG (C) plasmids of the RUSH system.
ER release was induced with biotin addition at 37� for 10, 20 or 30 minutes. MEFs from WT and KO were fixed and
immunostained with Golgi marker anti-GM130 and -GFP or -mCherry antibodies to record proteins reaching and
passing the Golgi. Top left inserts show magnification of the Golgi region. (B and D), for each timepoint, integrated
signal intensity mCherry or GFP at Golgi was deducted from a GM130 mask and divided by total cell corresponding
integrated signal. Data shown are mean § SEM of samples from 2 independent experiments with 2WT and 2 KO
culture, with at least 10 cells for each embryo and per timepoint. Significance was determined by 2-way ANOVA
with Bonferroni’s post-test; n.s., not significant.
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biology.49,50 Below 20�C membrane viscosity is changed, endo-
cytosis is impaired, degradation is delayed due to defective trans-
port to the lysosome51 and secretion is also delayed likely because
of budding defect at the Golgi generating increased cargo
load.35,52 Thus, we envision this temperature-dependent differ-
ence as a consequence of both modified GSL contents and accu-
mulated protein cargoes (i.e. GPI-anchored proteins) in
VAMP7 KD and KO cells. It is intriguing that VSVG and GPI-

anchored proteins are segre-
gated at the Golgi with and
without a temperature block
30 and that a kinase dead
mutant PKD an a-SNAP
mutant and tannic acid
treatment induced the
colocalization of VSVG and
GPI-anchored proteins in
the same post-Golgi car-
riers.53 It is possible that
such temperature-dependent
mis-sorting occurs in
VAMP7 KO as a result
from GSL defect in the
Golgi apparatus. Indeed,
GlcCer is produced in the
cytosolic leaflet of early
Golgi membranes and is
transported across the Golgi
either via a vesicular path-
way or directly with the
FAPP2 lipid transfer pro-
tein.54 It has been proposed
that these 2 differently trans-
ported GlcCer pools follow
2 different glycosylation
mechanisms in different
Golgi regions. In particular,
GlcCer transported by direct
protein transfer is used to
synthesize glycosphingolipids
known as globosides in the
TGN while vesicular trans-
ported GlcCer is used in the
Golgi cisternae for ganglio-
side production such as that
of GM3.26 Along this line,
an attractive hypothesis could
be that complex GSL biosyn-
thesis and GPI-anchored
proteins may share similar
intra- and/or outward-Golgi
vesicular pathways, which
would be VAMP7-depen-
dent, and may be directly
involved in Golgi homeosta-
sis and dynamics.

In conclusion, VAMP7 KO MEFs show phenotypes clearly
related to the traffic of lipids and proteins known to reside in
membrane domains. While these phenotypic traits do not pre-
clude cell and organism life,55,56 they may nevertheless induce
profound signaling defects 20 which largely remain to explore.
Further studies are required to address the impact of this mecha-
nism in the organism and also how a v-SNARE which primarily
mediates membrane fusion may also be required at earlier stages

Figure 4. Accumulation of PrPc in the Golgi apparatus in VAMP7 KO MEFs (A and B) MEFs KO for VAMP7 and WT,
overexpressing (B) or not (A) GFP-VAMP7 were fixed and immunostained with anti-PrPc and anti-GolginA4 antibod-
ies. GFP-VAMP7 is false-colored in blue to simplify visualization. Dotted-line boxes represent magnification region
displayed at the bottom of each panel. (C) For each cell, ratio between mean intensity of PrPc signal in Golgi region
(obtained via a Golgin A4 mask) and total cell PrPc signal (cell mask) was calculated and represented as box plots.
Data shown are from 3 independent experiments, using a total of 3WT and 3KO culture with 25 cells per embryo.
Bar, 20 mm. Significance was determined by one-way ANOVA test with Bonferroni’s post-test. ***: P < 0.001.
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of membrane traffic like sorting of some components of mem-
brane domains.

Materials and Methods

Primary cell isolation, culture and transfection
Primary embryonic fibroblasts (MEFs) were harvested from

WT and VAMP7 KO littermate E15 male embryos from

crossing between KO males with females VAMP7 -/C which
were previously backcrossed (>11) on C57BL/6 background.56

All animals were handled in strict accordance with good animal
practice as defined by the national and/or local animal welfare
bodies including local Ethics Committee (called CEEA40-Com-
it�e d’�ethique Buffon at the Ministry of Higher Education and
Research), and all mouse work was approved by the Veterinary
Services of Paris (Authorization number: 75-1073). Because
VAMP7 gene is located on the X chromosome, only male
embryos were used for cell culture. Cells were cultured in
Dulbecco’s modified Eagle’s medium with 4.5g/L glucose and
pyruvate (GIBCO, Invitrogen), supplemented with 10% fetal
bovine serum, 2mM L-Glutamine, 10 units/penicillin and
10 mg/ml streptomycin, in a 5% CO2-humidified atmosphere at
37�C and split at least 3 times to enrich the fibroblast popula-
tion. Experiments were performed before passage 6. Cells were
transfected with either JetPrime (Polyplus transfection) or Lipo-
fectamine 2000 (Invitrogen) according to manufacturer’s
instructions.

Immunofluorescence studies and antibodies
For classical immunolocalization studies cells were fixed with

PFA 4% at room temperature then washed 5 times in PBS and
incubated with NH4Cl 50 mM in PBS for 20 min. Cell were
then permeabilized with 0,1% Triton-PBS, extensively washed
and blocked for 30 min with Fish Gelatin 0,25% in PBS. Pri-
mary antibodies were incubated overnight at 4�C in PBS-gelatin
0,125%. Primary Ab used included mouse anti-GM130 (Trans-
duction Lab), anti-STX6 (Transduction Lab), anti-PrPc (SAF32,
kind gift of Jacques Grassi, CEA, Fontenay-aux-Roses, France),
anti-mCherry (Clontech), rabbit anti-GolginA4 (kind gift of
Mickey Marks, University of Pennsylvania School of Medicine,
Philadelphia, USA 57) and goat anti-mCherry (Acris). Secondary
antibodies coupled to Alexa488 (Invitrogen), CY3 or CY5 (Jack-
son Laboratories) were incubated for 1 h at room temperature.

Confocal microscopy
Fixed cells were imaged with LSM 710 (Zeiss) confocal

microscope, using a 405 nm diode laser line exciting DAPI, a
488 nm argon laser line exciting Alexa Fluor 488 and a 561 nm
diode laser line exciting CY3. Emission was detected between
410 and 480 nm for DAPI, 495–530 nm for Alexa Fluor 488
and 565–600 nm for CY3.

BFA treatment and live cell imaging
WT and KO MEFs were cultured on 30 mm diameter cover-

glass and transfected with NAGT-GFP construct. Live cell imag-
ing was conducted 16 to 24 h post-transfection in modified
Krebs-Ringer-HEPES buffer (135 mM NaCl, 2.5 mM KCl,
1.2 mM MgCl2, 1 mM CaCl2, 20 mM HEPES, 11.1 mM glu-
cose, pH 7.4) supplemented with 1% FBS. Cells were imaged at
37�C using an inverted Leica DMI6000B microscope (Leica
Microsystems, Manheimm, Germany), equipped with a 63X/
1.4-0.6 NA Plan-Apochromat oil immersion Leica objective, an
EMCCD digital camera (Cascade:512B; Roper Scientific,

Figure 5. Loss of VAMP7 impairs BFA-evoked disassembly/reassembly of
the Golgi apparatus. MEFs from WT and VAMP7 KO expressing NAGT-
GFP construct were monitored by live cell imaging following BFA treat-
ment and washout. (A) Representative snapshots are displayed as false-
colored images for better contrast (top panels). Corresponding binary
mask obtained by wavelet-based segmentation (see Experimental proce-
dures) are shown in lower panels. (B), Number of NAGT-GFP positive par-
ticles was measured and used as an indicative parameter for BFA
sensitivity and Golgi dynamics (i.e., recovery of compartment morphol-
ogy after washout). Data are from 3 independent experiments, using a
total of 3 WT and 3KO cell culture with approximately 10 cells per
embryo. Bars, 10 mm. Significance was determined by 2-way ANOVA
with Bonferroni’s post-test. *: P < 0.05, **: P< 0.01, ***: P < 0.001.
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Table 1 Sphingolipidome of WT and KO cell cultures indicates role of VAMP7 in sphingolipid homeostasis

WT KO

Lipids AVERAGE ST.DEV AVERAGE ST.DEV P value Significativity KO/WT

LC-SM SM18:1/16:1 3.8567 0.0773 4.2774 0.2666 P > 0,05 ns
SM18:1/16:0 34.9759 5.6531 37.5035 4.6819 P > 0,05 ns
SM18:0/16:0 7.3345 0.3818 8.2567 0.7237 P > 0,05 ns
SM18:1/18:1 0.5983 0.0305 0.7062 0.0808 P > 0,05 ns
SM18:1/18:0 4.2823 0.3814 4.0392 0.1480 P > 0,05 ns
SM18:0/18:0 22.6728 3.1238 22.2069 2.4441 P > 0,05 ns

VLC-SM SM18:1/20:1 1.0376 0.0986 0.9941 0.0025 P > 0,05 ns
SM18:1/20:0 7.5537 1.0747 6.2917 0.6126 P < 0,01 ** #
SM18:1/22:1 2.1680 0.2758 1.8193 0.3453 P > 0,05 ns
SM18:1/22:0 8.1332 0.5501 5.5142 0.0901 P < 0,001 *** #
SM18:1/24:1 2.4540 0.3936 1.4243 0.3118 P < 0,05 * #
SM18:1/24:0 1.3681 0.1403 0.7575 0.1292 P > 0,05 ns
SM18:0/24:0 0.2657 0.0237 0.1648 0.0204 P > 0,05 ns

LC-Cer Cer d18:1/16:0 2.8158 0.4450 4.1864 0.1801 P < 0,001 *** "
Cer d18:0/16:0 0.1069 0.0252 0.1382 0.0074 P > 0,05 ns
Cer d18:1/18:0 0.1681 0.0248 0.2370 0.0466 P > 0,05 ns
Cer d18:0/18:0 0.0042 0.0010 0.0052 0.0008 P > 0,05 ns

VLC-Cer Cer d18:1/20:0 0.0257 0.0111 0.0336 0.0050 P > 0,05 ns
Cer d18:0/20:0 0.0010 0.0005 0.0010 0.0001 P > 0,05 ns
Cer d18:1/22:0 0.0307 0.0083 0.0545 0.0179 P > 0,05 ns
Cer d18:0/22:0 0.0011 0.0002 0.0015 0.0001 P > 0,05 ns
Cer d18:1/24:1 0.0433 0.0035 0.0769 0.0036 P < 0,01 ** "
Cer d18:1/24:0 0.0507 0.0204 0.0649 0.0286 P > 0,05 ns
Cer d18:0/24:1 0.0015 0.0006 0.0017 0.0003 P > 0,05 ns
Cer d18:0/24:0 0.0018 0.0004 0.0020 0.0002 P > 0,05 ns

LC-GM3 GM318:1/16:0 4.3834 0.4000 6.4004 0.7342 P < 0,001 *** "
GM318:0/16:0 0.7336 0.1314 1.0182 0.1778 P > 0,05 ns
GM318:1/18:1 0.0467 0.0097 0.0532 0.0130 P > 0,05 ns
GM318:1/18:0 0.2717 0.1044 0.3281 0.1338 P > 0,05 ns
GM318:0/18:0 0.0489 0.0201 0.0796 0.0324 P > 0,05 ns

VLC-GM3 GM318:1/20:1 0.0154 0.0020 0.0233 0.0129 P > 0,05 ns
GM318:1/20:0 0.0853 0.0262 0.1237 0.0537 P > 0,05 ns
GM318:0/20:0 0.0233 0.0061 0.0671 0.0078 P > 0,05 ns
GM318:1/22:1 0.0677 0.0110 0.1076 0.0268 P > 0,05 ns
GM318:1/22:0 0.2371 0.0792 0.4983 0.0810 P < 0,05 * "
GM318:0/22:0 0.0565 0.0174 0.1316 0.0426 P > 0,05 ns
GM318:1/24:1 0.6108 0.2539 1.3212 0.1776 P < 0,001 *** "
GM318:1/24:0 0.5450 0.2454 1.1670 0.1126 P < 0,001 *** "
GM318:0/24:0 0.0859 0.0288 0.2181 0.0439 P > 0,05 ns

PI PI 34:2 1.331 0.273 1.128 0.263 P > 0,05 ns
PI 34:1 1.774 0.233 1.343 0.111 P > 0,05 ns
PI 36:4 0.589 0.173 0.667 0.125 P > 0,05 ns
PI 36:3 1.696 0.417 1.748 0.469 P > 0,05 ns
PI 36:2 5.486 1.441 5.572 0.861 P > 0,05 ns
PI 36:1 2.428 0.453 2.351 0.087 P > 0,05 ns
PI 38:5 2.361 0.374 2.394 0.103 P > 0,05 ns
PI 38:4 5.437 0.676 5.886 0.267 P > 0,05 ns
PI 38:3 4.437 0.940 4.475 0.917 P > 0,05 ns
PI 40:6 0.399 0.051 0.350 0.015 P > 0,05 ns
PI 40:5 0.479 0.069 0.453 0.019 P > 0,05 ns
PI 40:4 0.354 0.037 0.300 0.018 P > 0,05 ns
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Trenton, NJ) and controlled by Metamorph software (Roper
Scientific).

For BFA experiments, cells were treated with 5 mM BFA for
20 min, and then extensively washed by imaging buffer perfusion
for 10 min. Acquisition started with BFA addition and was per-
formed every 10 min for 2 h. For quantification, NAGT-GFP
signal was segmented using “Wavelet spot detector” module of
Icy imaging software (http://www.bioimageanalysis.org/) 58 and
particle analysis of resulting masks was processed in ImageJ
(imagej.nih.gov/ij/).

For dynamic study of mCherry-GPI RUSH and GFP-
VAMP7 co-expressed in Hela cells, acquisition started 40 min
after biotin addition and images were taken every 5 min for
150 min. Binary masks of each channel were obtained using Icy
“Wavelet spot detector” analysis. Channels merging and movie
montage were performed with ImageJ.

Secretion assays
For secretion studies, cells were transfected with mCherry-

tagged GPI and VSVG constructs of the RUSH system generated
by Boncompain et al.29 24 h after transfection, secretion was
induced with 40 mM Biotin (Sigma Aldrich). After induced
release cells were quickly washed at 4�C with DMEM buffered
with 20 mM HEPES and then incubated in the same solution
with primary mouse anti-mCherry antibody for 20 min at 4�C
to allow surface epitope labeling. Cells were then washed, fixed
with PFA 4%, and incubated with secondary Alexa488 antibody.
To reveal the total pool, cells were than permeabilized with 0,1%
Triton X-100 and re-incubated with the same primary anti-
mCherry antibody and a CY3-coupled secondary antibody fol-
lowing the classical immunofluorescence procedure. This proto-
col allows distinguishing the fraction of protein secreted at the
surface (Alexa Fluor 488 staining) and the total amount of
expressed protein (CY3 staining) for evaluating the efficiency of
secretion. To this aim, after thresholding, integrated intensity of
each channel was measured with ImageJ and a ratio between Cy3
and Alexa Fluor 488 integrated signals was calculated.

Analysis of lipids using high performance liquid
chromatography/mass spectrometry

Lipid analysis was carried as previous described.59 Briefly,
750 ml of ice cold chloroform: methanol (1:2, v/v) was added to
cells resuspended in 100 ul of PBS. The mixture was vortexed
vigorously for 1 min. After mixing at 1200 rpm at 4 oC for
1 hour, 250 ml ice cold chloroform and 350 ml of ice cold water
was added to the samples. The samples were then subjected to
another 1 min vortexing. After centrifugation at 9000 rpm for

2 min, the lower organic phase was collected. Lipids were re-
extracted from the remaining aqueous phase with 450 ml of ice
cold chloroform. The two extracts were pooled and vacuum-
dried. An Agilent high performance liquid chromatography
(HPLC) 1260 system coupled with an Applied Biosystem Triple
Quadrupole/Ion Trap mass spectrometer (4500 Qtrap) was used
for quantification of individual lipid. Individual lipid species
were quantified by referencing to spiked internal standards. PC-
14:0/14:0, PE-14:0/14:0, PS-34:1/d31, PG-14:0/14:0, PI-34:1/
d31, C17 ceramide, C8 glucosylceramide and SM 18:1/12:0
were obtained from Avanti Polar Lipids (Alabaster, AL, USA).

Data processing and statistics
Data were processed first with Wilcoxon test to evaluate data

distributions. Data with Gaussian distributions were validated
with paired t-test, non-Gaussian distributed sets of data were
evaluated with Mann Whitney or ANOVA tests as specified in
figure legends. Graphs and statistics were obtained using Graph-
Pad Prism software.
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