
Article

ER-Golgi-localized proteins TMED2 and TMED10

control the formation of plasma membrane lipid
nanodomains
Graphical abstract
Highlights
d Anthrax intoxication requires the p24 protein family members

TMED2 and TMED10

d TMEDs maintain lipid transfer protein complexes at

endoplasmic reticulum (ER)-Golgi membrane contacts

d ER-Golgi MCSs control cell-surface lipid nanodomain

formation
Anwar et al., 2022, Developmental Cell 57, 2334–2346
October 10, 2022 ª 2022 The Author(s). Published by Elsevier In
https://doi.org/10.1016/j.devcel.2022.09.004
Authors

Muhammad U. Anwar,

Oksana A. Sergeeva,

Laurence Abrami, ..., Prisca Liberali,

Giovanni D’Angelo,

F. Gisou van der Goot

Correspondence
giovanni.dangelo@epfl.ch (G.D.),
gisou.vandergoot@epfl.ch (F.G.v.d.G.)

In brief

Anwar et al. show that organization of the

plasma membrane into nanodomains,

which are required for anthrax

intoxication, depends on the transfer of

cholesterol at sites where the

endoplasmic reticulum and the Golgi

contact each other. This transfer depends

on a protein supercomplex that is

organized by two proteins, TMED2 and

TMED10.
c.
ll

mailto:giovanni.dangelo@epfl.�ch
mailto:gisou.vandergoot@epfl.�ch
https://doi.org/10.1016/j.devcel.2022.09.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.devcel.2022.09.004&domain=pdf


OPEN ACCESS

ll
Article

ER-Golgi-localized proteins TMED2
and TMED10 control the formation
of plasma membrane lipid nanodomains
Muhammad U. Anwar,1,5 Oksana A. Sergeeva,1,5 Laurence Abrami,1,5 Francisco S. Mesquita,1 Ilya Lukonin,3,4

Triana Amen,1 Audrey Chuat,1 Laura Capolupo,2 Prisca Liberali,3,4 Giovanni D’Angelo,2,* and F. Gisou van der Goot1,6,*
1Global Health Institute, School of Life Sciences, EPFL, 1015 Lausanne, Switzerland
2Institute of Bioengineering, School of Life Sciences, EPFL, 1015 Lausanne, Switzerland
3Friedrich Miescher Institute for Biomedical Research (FMI), 4058 Basel, Switzerland
4University of Basel, 4056 Basel, Switzerland
5These authors contributed equally
6Lead contact

*Correspondence: giovanni.dangelo@epfl.ch (G.D.), gisou.vandergoot@epfl.ch (F.G.v.d.G.)
https://doi.org/10.1016/j.devcel.2022.09.004
SUMMARY
To promote infections, pathogens exploit host cell machineries such as structural elements of the plasma
membrane. Studying these interactions and identifying molecular players are ideal for gaining insights into
the fundamental biology of the host cell. Here, we used the anthrax toxin to screen a library of 1,500 regula-
tory, cell-surface, andmembrane trafficking genes for their involvement in the intoxication process.We found
that endoplasmic reticulum (ER)-Golgi-localized proteins TMED2 and TMED10 are required for toxin oligo-
merization at the plasma membrane of human cells, an essential step dependent on localization to choles-
terol-rich lipid nanodomains. Biochemical, morphological, and mechanistic analyses showed that TMED2
and TMED10 are essential components of a supercomplex that operates the exchange of both cholesterol
and ceramides at ER-Golgi membrane contact sites. Overall, this study of anthrax intoxication led to the dis-
covery that lipid compositional remodeling at ER-Golgi interfaces fully controls the formation of functional
membrane nanodomains at the cell surface.
INTRODUCTION

Pathogens have evolved to co-opt existing cellular processes of

their hosts. Consequently, studies of host-pathogen interactions

are continuously deepening our understanding of fundamental

biological processes and have helped uncover ones such as

the fusion of synaptic vesicles, dynamics of the actin cytoskel-

eton, or retrograde transport from the Golgi to the endoplasmic

reticulum (ER) (Mañes et al., 2003; Mesquita et al., 2020; Schiavo

and van der Goot, 2001). Here, we searched for genes enabling

anthrax intoxication, which uncovered proteins involved in the

compartmentalization of the plasma membrane.

Anthrax toxin is an exotoxin secreted by virulent strains of Ba-

cillus anthracis and composed of three polypeptides; two enzy-

matic subunits, lethal factor (LF) and edema factor (EF); and one

receptor binding subunit, protective antigen (PA). During the

intoxication process (Figure 1A), the monomeric 83-kDa precur-

sor of PA (PA83) first binds to one of two toxin receptors, CMG2

or TEM8, at the cell surface (Friebe et al., 2016). PA83 is then

cleaved by proprotein convertases, such as furin (Klimpel

et al., 1992; Sergeeva and van der Goot, 2019). This process is

enhanced when the receptor-bound PA and the protease are
2334 Developmental Cell 57, 2334–2346, October 10, 2022 ª 2022 T
This is an open access article under the CC BY-NC-ND license (http://
brought together through association with cholesterol-rich nano-

domains (Abrami et al., 2003; Levental et al., 2020).

The cleaved 63-kDa PA (PA63) oligomerizes into a ring-like

structure (PAoligo) (Milne et al., 1994) that binds the enzymatic

subunits LF and EF (Friebe et al., 2016). The hetero-oligomeric

toxin-receptor complex is then internalized and trafficked to

late endosomes (Abrami et al., 2004, 2006, 2010a, 2010b; Fig-

ure 1A) where the acidic environment triggers membrane inser-

tion of the PA oligomer. This forms a membrane translocation

pore (PApore) through which EF and LF are transported (Krantz

et al., 2006; Sun and Jacquez, 2016) ultimately, allowing them

access to the cytosol where they exert their toxic roles: LF

cleaves mitogen-activated protein kinase kinases (MAPKKs)

and EF increases cyclic AMP (cAMP) levels (Friebe et al., 2016).

While a global view of themechanism of anthrax intoxication is

available, the molecular players of many steps are still unknown.

We therefore undertook an image-based RNA interference

(RNAi) screen to identify modulators of the toxin uptake route.

Several factors affected PA cleavage and pore formation, indi-

cating that these early steps require the action of multiple cellular

proteins. Unexpectedly, downregulating two proteins in the early

secretory pathway, transmembrane emp24 domain containing
he Author(s). Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. TMED2/10 are required for anthrax intoxication
(A) Schematic representation of anthrax intoxication.

(B) Representative IF images obtained in the image-based screen for anthrax intoxication. siSEPT4 and siMAP2K2 are examples of positive and negative hits,

respectively. CellTrace, red; anti MEK2-N, green; Scale bars, 100 mm.

(C) Image-based screen results sorted by increasing Z score. Representative genes whose knockdown impaired MEK2 cleavage are in blue; MAP2K2 (a.k.a.

MEK2) knockdown served as a specificity control (in red).

(D) Effect of the knockdown of selected hits from the screening on MEK2 cleavage as assessed by western blot in a 0–90-min intoxication time course, with each

point representing the area under the curve for normalized MEK2 values. Red represents conditions where MEK2 cleavage was significantly impaired (p < 0.05).

(E) Effect of silencing hit genes validated in (D) on the levels of PA63 (lower panel), PA83 (middle panel), and PApore (upper panel). Red represents conditions with

significant changes.

(F) Western blot of control and siTMED2/10-treated cells after anthrax toxin treatment for the indicated times. Membranes were probed with antibodies against

PA, MEK2-N, and GAPDH.

(G) Quantification of PAoligo rendered SDS resistant by acidification of the cell lysate (upper panel) and MEK2-N cleavage (lower panel) from the western blot for

both conditions. Results are mean ± SEM (n = 3). p values are from unpaired two-tailed t test.

See also Figure S1.
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protein (TMED)2 and 10, prevented PA oligomerization at the

plasma membrane. Intriguingly, TMED2/10 silencing led to a

loss of surface cholesterol-rich nanodomains required for the
toxin’s mode of action (Levental et al., 2020). In-depth analysis

showed that these two proteins act as essential organizers of

large protein supercomplexes at ER-Golgi membrane contact
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sites (MCSs), responsible for the specific transfer of cholesterol

and ceramide between the two organelles. Thus, by screening

for molecular players in the anthrax intoxication process, we

retrieved key components of themolecular machinery necessary

for the formation of functional plasma membrane lipid domains

that are relevant for pathogen infection and fundamental physio-

logical processes.

RESULTS

TMED2/10 are required for anthrax intoxication
To identify genes involved in anthrax intoxication, we developed

an image-based screen that employed the N-terminal cleavage

of the MAPKK MEK2 as a readout, as MAPKKs are cleaved by

LF upon productive cell intoxication (Park et al., 2002; Figure 1A).

For this screen, we chose an siRNA library against 1,500 genes,

which included a validated library of endocytosis and kinase

genes with additional siRNAs against cell-surface proteins (Lib-

erali et al., 2014). Cells were first silencedwith siRNAs, incubated

with the two anthrax toxin subunits (PA and LF), fixed, and then

stained using an antibody against the N terminus of MEK2

(MEK2-N). The MEK2-N signal decreased in control cells, while

remaining high when silencing genes affecting anthrax toxin en-

try (Figure 1B). We identified 94 silencing conditions with signif-

icantly higher MEK2-N levels than in controls (Z score > 2;

Figure 1C).

Anthrax toxin utilizes multiple features of the endocytic system

for its internalization and toxicity, and therefore a risk posed by

the screen was the overrepresentation of genes that affect the

general integrity of endosomes. To evaluate this potential bias,

in addition to the staining of MEK2, cells were also stained with

the early endosomal marker, early endosome antigen (EEA) 1,

and the integrity of the endosomal compartment was quantified

by computing the cell-number normalized perimeter of the EEA1

staining per well (see STAR Methods). By this metric we esti-

mated the degree of fragmentation/dispersion of the endosomal

compartment (Figures S1A and S1B): 85 silencing conditions

had significantly altered endosomal morphology (Z score > 2

or <�2; Table S1). Interestingly, hits from the EEA1 and toxin en-

try screens differed largely, with only 16 silencing conditions im-

pacting both endosomal morphology and anthrax intoxication

(randomly expected common hits 5.7). This suggests that the

molecular machinery assisting anthrax toxin endocytosis is

distinct from that responsible for maintaining early endosome

morphology (Figure 1B).

We next compared the results of the anthrax toxin entry screen

to those of the endocytome screens, which tested the depen-

dence of multiple endocytic pathways on signaling and traf-

ficking genes (Liberali et al., 2014). The endocytome screens

yielded five categories of endocytic processes that are regulated

by distinct groups of genes (i.e., regulatory modules). These pro-

cesses are cholera toxin B subunit (ChTxB) uptake, transferrin

endocytosis, EGF endocytosis, and LDL endocytosis/micropi-

nocytosis (Liberali et al., 2014). The associated regulatory mod-

ules can be visualized in the form of a map by computing the

functional interactions (i.e., the degree of common involvement

in the different endocytic processes) among the genes involved

(Figure 5C in Liberali et al., 2014).Wemapped the Z scores asso-

ciated with the anthrax toxin entry screen onto these modules
2336 Developmental Cell 57, 2334–2346, October 10, 2022
and observed that high Z score values were associated to the

cluster of genes regulating EGF endocytosis (Figure S1C). In

the original study (Liberali et al., 2014), EGF was used at a con-

centration under which EGF is endocytosed by both clathrin-

dependent and -independent pathways. This similarity suggests

that anthrax toxin entry has general molecular requirements

similar to those of EGF endocytosis, consistent with previous

findings (Abrami et al., 2003, 2004, 2006).

Based on high Z scores, detectable expression in retinal

pigment epithelial (RPE1) cells, and efficient silencing by siRNA,

we chose the 14 best hits for mechanistic characterization

(Table S2). Anthrax toxin entry can be followed by monitoring

(Figure 1A) these three steps: (1) binding of PA83 and its subse-

quent cleavage into PA63, occurring at the cell surface; (2) forma-

tion of the SDS-resistant oligomeric PApore, occurring in the

acidic endosomes; and (3) MEK2 cleavage, revealing the release

of LF into the cytosol. All three steps were monitored using west-

ern blotting against PA or MEK2-N, either at a single time point

(30 min) or as a function of time.

Silencing these 14 candidates had no effect on the surface

expression of the toxin receptor CMG2 (Figures S1D and S1E),

whereas silencing 9 of these reduced the kinetics ofMEK2 cleav-

age (Figure 1D). Five candidates (ACTG2, RAB5A, RAB5C,

SEPT4, and TMED10) inhibited the formation of PApore, and

silencing two (SEPT4 and RAB5A) increased the amount of

cell-bound PA83 due to diminished cleavage into PA63 (Fig-

ure 1E). TMED10 stood out as particularly interesting because

it is reported as a protein of the early secretory pathway, yet its

silencing inhibited the formation of PApore without affecting the

amount of anthrax toxin receptor at the plasma membrane, nor

toxin cleavage (Figures 1E, S1D, and S1E).

TMED10 belongs to a family of type I transmembrane (TM)

proteins with a large domain and a short cytosolic tail (Emery

et al., 2000; Gommel et al., 1999). TMED members can hetero-

oligomerize, and TMED10 in particular has been shown to

dimerize with TMED2 (Zavodszky and Hegde, 2019). Consis-

tently, silencing TMED2 or TMED2 and TMED10 together in-

hibited LF-dependent MEK2 cleavage and the formation of

PApore in endosomes (Figures 1F, 1G, S1F, and S1H). For all

further studies, we therefore silenced both TMED2 and

TMED10 simultaneously.

When addressing the role of TMED2 and TMED10 in pore for-

mation, we found that PA fails to oligomerize in TMED2- and/or

TMED10-depleted cells (Figures 1F, 1G, S1F, and S1G). This

was determined by an in vitro acid pulse, where cell lysates are

treated with acidic buffer to trigger the conversion of all oligo-

mers to SDS-resistant PApore. To further confirm that TMED2/

10 affect PA oligomerization, we converted PA83 to PA63

in vitro using trypsin prior to its addition to cells. PApore formation

was still delayed (Figures S1H and S1I). Overall, these observa-

tions indicate that TMED2/10 specifically affect PA oligomeriza-

tion at the cell surface.

TMED2/10 affect the formation of functional plasma
membrane lipid nanodomains
PA63 oligomerization requires its association with detergent-

resistant membranes (DRMs) (Abrami et al., 2003; Sergeeva

and van der Goot, 2019). These are membranes that display

resistance to solubilization at 4�C in specific detergents, such



Figure 2. TMEDs are required for the assembly of lipid nanodomains

(A) Western blot of step gradient fractions from control and siTMED2/10 cells with or without TMED2/10 overexpression. Membranes were probed with anti-PA.

(B) Quantification of western blot in (A) were normalized within each experiment.

(C) Schematic representation of TMED2/10 hetero-dimer showing main domains: Golgi dynamics (GOLD), coiled coil (CC), transmembrane (TM), and cyto-

plasmic tail. Positively charged residues are labeled within the tail (magnified view). The lumen could be either Golgi or ER.

(D) Same as (A), with overexpression of different TMED10 mutants (see also Figure S2A).

(E) Same as in (A), fractions were run on SDS-PAGE and gels were stained with Coomassie.

(F) Same as in (A), fractions were submitted for mass spec either as fraction 1, 2, 3, or an equal combination of 5 and 6 (labeled 5/6). Each point represents the log2
ratio of one protein’s abundance in siTMED2/10 over siCtl.

(G) Silenced cells were fixed and stained with filipin and NucGreen.

(H) Each cell from (G) was segmented and quantified for its total and perinuclear average integrated filipin signal intensity. The median of the proportion of the

perinuclear to total filipin signal was graphed. n = 881, siCtl; n = 772, siTMED2/10 from three replicates.

(I) Control and silenced TMED2/10 cells were fixed and stained with D4-mCherry.

(legend continued on next page)
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as Triton X-100. DRMs have been proposed to represent choles-

terol-rich nanodomains (Levental et al., 2020). The use of deter-

gent resistance to characterize ordered membrane domains has

led tomajor controversy (Munro, 2003). Also, DRMs should by no

means be considered equivalent to nanodomains. A variety of

studies, including cross-validations, recently reviewed by Leven-

tal et al. (2020), have however rehabilitated DRMs as a useful

comparative biochemical readout. In particular, it is useful to

study anthrax toxin, as previous studies showed that PA63 asso-

ciation with DRMs is cholesterol dependent (Abrami et al., 2003).

We thus investigated PA63 association to DRMs upon TMED2/

10 silencing. Strikingly, while PA63 was retrieved in the DRM frac-

tion (fraction 2) of control cells as previously shown, it was solely

found in the detergent-soluble fractions (5 and 6) of TMED2/10-

silencedcells. Thiswasnot due toanoff-target effect of the siRNA,

since it could be revertedby recomplementationwith siRNA-resis-

tant TMED2 and/or TMED10 constructs (Figures 2A and 2B).

We next examined which domain of TMED10 was responsible

for the recovery of PA in the DRM fraction by recomplementing

siRNA-silenced cells with modified TMED10 constructs lacking

specific domains (Figure 2C). Recomplementation with a

construct lacking the N-terminal luminal Golgi dynamics (GOLD)

domain, involved in the binding to glycosylphosphatidylinositol-

anchored proteins, allowed for the recovery of DRM-associated

PA. By contrast, when expressing constructs missing the coiled-

coil domain, involved in dimerization of TMEDs (Zavodszky and

Hegde, 2019), PA remaineddetergent soluble.Mutantswithmod-

ifications, even single-point mutations, to the charged residues of

the cytosolic tail also did not permit recovery of DRM-associated

PA (Figures2DandS2A). Thus, the abilities of TMED10 todimerize

as well as to organize interactions via its cytosolic tail (Gommel,

2001; Zavodszky and Hegde, 2019) are necessary to recover PA

in the DRM fraction. By contrast, the lack of effect of the GOLD

domain deletion indicates that the vesicular trafficking, cargo re-

ceptor, function of TMED2/10 does not significantly contribute

to PA association with DRMs.

A decreased presence in fraction 2 of TMED2/10-silenced

cells was not specific to PA; the levels of other proteins

commonly found in nanodomains, such as flotillin and CMG2,

also decreased significantly (Figure S2B). Global assessment

of protein association to the different fractions of the gradient

by Coomassie staining and mass spectrometry analysis

(Figures 2E and 2F) confirmed a generalized and profound

reduction in fraction 2 in TMED2/10-silenced cells. These obser-

vations suggest that TMED2/10 play a widespread role in estab-

lishing lipid domains rather than specifically affecting PA associ-

ation with them. Noteworthy, in spite of this generalized effect,

TMED2/10-silenced cells are viable, although they grow slower

and display cell-cycle defects (Figures S2C and S2D).

Cholesterol is an indispensable component of nanodomains

(Levental et al., 2020), andwehavepreviously shown that extract-

ingcholesterolwithmethyl-ß-cyclodextrin (mßCD)affectsanthrax

toxin action (Abrami et al., 2003). We thus investigated the effect

of TMED2/10 silencing on the cellular distribution of cholesterol.
(J) Average intensity from cells in (I) of surface mCherry is plotted per cell per co

(K and L) Same as in (A) and (B), the silenced cells were either untreated or nourish

are mean ± SEM (n = 3). For (G–K) *p < 0.05, ****p < 0.0001 (unpaired two-tailed

See also Figure S2.
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We visualized cholesterol by labeling cells with the fluorescent

cholesterol-binding fungal metabolite filipin III (Maxfield and

W€ustner, 2012; Whitfield et al., 1955). The labeling was strikingly

different in TMED2/10-silenced cells as compared with controls:

instead of a marked plasma membrane staining, cholesterol

accumulated in the perinuclear region (Figures 2G and 2H).

Counterstaining with organelle markers for the ER, Golgi com-

plex, and lipid droplets showed that cholesterol accumulated

partially in the Golgi region and in structures possibly represent-

ing the endo/lysosomal compartment (Figure S2E). Since filipin

III binding is not only sensitive to cholesterol amounts but also

to its environment (Ikonen and Zhou, 2021), we also performed

staining with a second cholesterol sensor, D4-mCherry, a per-

fringolysin O derivative that binds accessible cholesterol (Rama-

chandran et al., 2002) (see STAR Methods). Staining of non-per-

meabilized cells with D4-mCherry was consistent with a reduced

level of cholesterol at the plasma membrane (Figures 2I and 2J).

As TMED2 has been reported to bind sphingomyelin (Contre-

ras et al., 2012), another component of nanodomains (Levental

et al., 2020), and to affect sphingomyelin levels (Jiménez-Rojo

et al., 2020), we tested whether the presence of sphingomyelin

was reduced at the cell surface of TMED2/10-silenced cells.

Labeling non-permeabilized cells with the earthworm sphingo-

myelin-binding toxin lysenin, however, indicated that in our con-

ditions, surface sphingomyelin levels were not substantially

different between control and silenced cells (Figure S2F).

We next tested whether the reduction in cholesterol at the

plasma membrane is the main reason for the observed pheno-

type. Exogenous cholesterol was added by treating cells with

1 mM mßCD/cholesterol complexes (mßCD-Chol). This treat-

ment was sufficient to recover PA in fraction 2 (Figures 2L and

2M), indicating that the reduction of surface cholesterol is the

major reason for the loss of DRM-associated PA in TMED2/10-

silenced cells.

TMED2 and TMED10 affect lipid fluxes through the
secretory pathway
Because intracellular cholesterol distribution is altered upon

TMED2/10 silencing, we wondered if this was due to a general

defect in membrane transport through the secretory pathway.

Although we could confirm a defect in the transport of a synchro-

nizable glycosylphosphatidylinositol (GPI)-anchored reporter

from the ER to the plasma membrane (Boncompain et al.,

2012; Figure S2G), we observed no decrease in the bulk flow

secretion in siTMED2/10, which was actually significantly

enhanced (Figure S2H). These data, along with the evidence

that the TMED GOLD domain is dispensable for the TMED-

dependent PA association with DRMs, indicate that the mem-

brane trafficking functions of TMED2/10 do not play any major

role in the observed phenotypes.

We thus asked if cholesterol metabolism is compromised in

siTMED2/10 cells. Lipidomics showed that cholesteryl esters

(CholEs) were substantially elevated upon TMED2/10 silencing,

whereas no significant changes were observed in overall
ndition. n = 5,078, siCtl; n = 6,151, siTMED2/10 from three replicates.

ed with cholesterol through bCD-cholesterol (1 mM) treatment for 24 h. Results

t test). Scale bars, 10 mm.



Figure 3. TMED2/10 affect cholesterol transport to the cell surface

(A) Lipidomic analysis of siCtl and siTMED2/10 cells. Data are p value versus log2FC of the siTMED2/10/ over Ctl. The cholesterol and cholesteryl esters (CholEs)

are highlighted.

(B) Levels of Chol and different CholE subspecies in siCtl and siTMED2/10.

(C) Control and silenced TMED2/10 cells were fixed and stained with Hoechst (nuclei, blue) and Nile Red (LDs, gray) and imaged using laser scanning confocal

microscopy.

(D) LDs in each condition were segmented based on the Nile Red signal. Average intensity and droplet size were calculated per cell in each condition. n = 1,140,

siCtl; n = 449, siTMED2/10 from three replicates.

(legend continued on next page)
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cholesterol levels (Figures 3A and 3B). Accordingly, the size and

number of lipid droplets (where CholEs are stored) increased

upon TMED2/10 silencing (Figures 3C and 3D).

RNA-seq analysis of TMED2/10-silenced cells consistently

showed that acylCoA:cholesterol acyltranferases (ACATs) 1 and

2 were upregulated. In fact, various genes involved in cholesterol

biosynthesis or uptake were increased, such as HMG-CoA syn-

thase 1 (HMGCS1), HMG-CoA reductase (HMGCR), diphospho-

mevalonate decarboxylase (MVD), and stearoyl-CoA desaturase

(SCD1) (Figure 3E). The increase could also be observed at the

protein level (Figures S3A and S3B). The LDL receptor gene

was also upregulated, and its subcellular localization remained

unchanged in silenced cells (Figures S3C and S3D), indicating

that defective cholesterol uptake is unlikely to play a role in the

observed phenotypes.

As TMED2/10 silencing impacts sterol esterification, we tested

whether inhibiting ACATsmight restore the flux of cholesterol to-

ward the plasma membrane. Upon ACAT inhibition, we indeed

observed a recovery of plasma membrane levels of cholesterol

as assessed by D4-mCherry (Figure 3F) and the concomitant

DRM association of PA (Figures 3G and 3H).

We conclude that silencing TMED2/10 prevents cholesterol

from reaching its normal levels at the plasmamembrane and pro-

motes its esterification and storage in lipid droplets. These ef-

fects inhibit the formation of plasma membrane lipid nanodo-

mains and thus the oligomerization of PA.

Membrane contact site components are involved in
plasma membrane nanodomain formation
Cholesterol is synthesized in the ER and is then transported to

the Golgi, either in vesicles or, more substantially, via the oxy-

sterol-binding protein (OSBP), a lipid transfer protein that local-

izes at MCSs between the two compartments (Mesmin et al.,

2013, 2019). Once at the Golgi, cholesterol is included into mem-

brane carriers that leave the organelle en route to the plasma

membrane (Antonny et al., 2018; Luo et al., 2020).

Upon OSBP inhibition, cholesterol transport to the Golgi is

diminished, undergoes esterification in the ER, and is stored in

lipid droplets (Luo et al., 2020). OSBP also ensures the transport

of phosphatidylinositol-4-phosphate (PtdIns(4)P) from the Golgi

to the ER for its dephosphorylation, serving as a counterflow

for cholesterol transfer (Antonny et al., 2018; Hanada et al.,

2009). Interestingly, in TMED2/10-silenced cells, PtdIns(4)P

accumulated on the Golgi phenocopying OSBP inhibition

(Figures S3E and S3F).

Finally, sites of contact between ER and Golgi also mediate

transfer of ceramide for its conversion to sphingomyelin. This

is operated by the cytosolic ceramide transporter (CERT) (Ha-

nada et al., 2009). Upon TMED2/10 silencing, ceramide conver-
(E) RNA-seq analysis of siTMED2/10 versus siCtl cells. Genes involved in choleste

log2FC of the siTMED2/10 over siCtl ratio.

(F) HeLa control and TMED2/10-silenced cells were fixed and stained for D4-mC

intensity of surfacemCherry from the images is plotted per cell per condition. n = 1

replicates.

(G) Western blot of step-gradient fractions in control and siTMED2/10 cells with

(H) The values from (G) were normalized within each experiment.

(I and J). Same as in (G) and (H), silenced cells were either treated or not with mß

See also Figure S3.
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sion to sphingomyelin was impaired, and glucosylceramide syn-

thesis and steady-state levels were strongly increased

(Figures S3G and S3H), phenocopying CERT inhibition (Capasso

et al., 2017; Hanada et al., 2003, 2009).

Thehigh level of esterifiedcholesterol, theGolgi accumulationof

PtdIns(4)P, and reduced sphingomyelin production in TMED2/10-

silenced cells raised the hypothesis that these proteins play a key

role in lipid exchange at MCSs between the ER and the Golgi, two

compartments between which they are known to cycle (Strating

and Martens, 2009). This hypothesis predicts that established

MCS components (Venditti et al., 2019), when silenced, should

similarly affect the recovery of PA in DRM fractions as silencing

TMED2/10. OSBP association with the ER is mediated by the

dimeric TMVAMPassociatedprotein (VAP)A,while its association

with the Golgi occurs through ADP ribosylation factor (ARF) 1 and

PtdIns(4)P (Antonny et al., 2018; Levine andMunro, 2002;Mesmin

et al., 2013). The PtdIns(4)P phosphatase, also knownas suppres-

sor ofActinmutations1-likeprotein (SAC1),which ensures that the

phosphoinositide is consumed when transported to the ER (Mes-

min et al., 2019), is also a key player ofMCSs, since PtdIns(4)P has

been proposed to be the energy source in the transport of choles-

terol against its concentration gradient. Silencing SAC1 and

OSBP, but not CERT, led to a loss of DRM-associated PA. The

phenotypeofOSBPsilencingcould againbe revertedby theexog-

enous addition of cholesterol (Figures 3I and 3J).

To study the role of VAPs, we used an available double

knockout cell line for VAPA and VAPB (Dong et al., 2016). In

these cells, PA was lost from fraction 2, and this association

could only be moderately recovered by cholesterol addition

(Figures 3I and 3J). Consistently, D4 staining showed that sur-

face cholesterol levels were significantly reduced in VAPA/B

knockout cells (Figures S3I and S3J). Differently from

siTMED2/10 cells, VAPA/B knockout cells showed a substantial

decrease in plasma membrane sphingomyelin, as assessed by

lysenin staining (Figure S3K). The lack of DRM recovery suggests

that cholesterol, in the absence of sphingolipids, is insufficient

for the formation of surface nanodomains. VAPA/B knockout

cells also differed from TMED2/10-silenced cells in that ACATs

and SCD1 were not upregulated (Figures S3L and S3M).

From the plasma membrane, cholesterol can be endocytosed

and recycled through a RAB11-dependent pathway to the Golgi

and then back to the plasma membrane (Ikonen and Zhou,

2021). Importantly, disrupting cholesterol recycling from endo-

somes by silencing RAB11 or the general endosomal regulator

RAB4 (McCaffrey et al., 2001; Takahashi et al., 2007) had no effect

onDRMassociation of PA (Figures S4A and S4B), suggesting that

nanodomain formation mainly relies on MCS components

involved in cholesterol transfer between the ER and the Golgi,

i.e., VAPA/B, OSBP, and SAC1.
rol transport and synthesis are highlighted in blue. Data are�10logpval versus

herry. Cells were either treated with avasimibe (10 mM) or not (Ctrl). Average

,676, siCtl; n = 1,102, siTMED2/10; n = 786, siTMED2/10 + avasimibe from three

or without avasimibe treatment. Membranes were probed with anti-PA.

CD-Chol (1 mM). Scale bars, 10 mm.



Figure 4. TMED2/10 affect Golgi

morphology

(A) Control or silenced cells were stained for

different MCS proteins and Golgi markers. Tagged

versions of PPM1L, CERT, and SAC1 were over-

expressed 24 h pre-fixation in all cells.

(B) Same as in (A).

(C) Cells in (B) were segmented by their labeled

nuclei, and GM130-positive objects were quanti-

fied. n = 4,327, siCtl; n = 8,369, siTMED2/10 from

three replicates. The average Golgi fragments per

cell are shown. ***p < 0.001 (unpaired two-tailed t

test). Results are mean ± SEM. All scale bars are

10 mm.

See also Figure S4.
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TMED2/10 silencing does not affect the localization of
ER-Golgi MCS components
Since TMED proteins have been shown to be cargo protein re-

ceptors, it is possible that they are required for proper localiza-

tion of MCS components. We first looked at the localization of

TMED2 and TMED10 in RPE1 cells, where co-localization with

Golgi markers such as giantin (medial-Golgi), GM130 (cis-Golgi)

(Figure 4A), and GOLPH3 (trans-Golgi) indicated an accumula-

tion in the Golgi (Figure S4C). Similar localization was observed

in HeLa cells (Figure S4C). Co-localization with Golgi markers

was previously reported for the MCS proteins OSBP, CERT,

and the CERT phosphatase PPM1L, which dephosphorylates
Developmental C
CERT to enhance its membrane associa-

tion (Mesmin et al., 2013, 2019; Saito

et al., 2008), while it is well established

that VAPA and SAC1 localize to the ER.

These are all consistent with our observa-

tions (Figure 4A), and silencing TMED2/10

did not grossly affect the localization of

these MCS components (Figure 4A).

However, the staining did appear different

due to an alteration of the Golgi

morphology (Figures 4B and 4C), which

was consistently fragmented.

Fragmentation of the Golgi has been

previously reported upon upregulation of

the SCD1 (Lita et al., 2021). Since SCD1

was upregulated in TMED2/10-silenced

cells, we tested the effect of SCD1 inhibi-

tion (A939572) on the Golgi morphology in

HeLa cells, which partially reverted the

phenotype (Figures S4D and S4E). Since

our previous data showed a recovery of

plasma membrane cholesterol levels

upon ACAT inhibition (Figures 3E and

3F), we asked whether this inhibition

would also restore the Golgi morphology.

Treatment of silenced cells with avasi-

mibe indeed showed a significant rever-

sion of Golgi fragmentation (Figures S4D

and S4E).

Overall, our biochemical (Figures 2, 3,

S2, and S3) and morphological analyses
(Figures 4 and S4) suggest that TMED2/10 are directly involved

in the transport of cholesterol at ER-Golgi MCSs.

TMED2/10 are required for the assembly of ER-Golgi
MCS protein supercomplexes
Finally, we analyzed whether TMED2/10 are in fact integral

members of the protein complexes at MCSs. We first deter-

mined whether TMED2/10 interact with known components

of ER-Golgi MCSs by performing co-immunoprecipitation

experiments. The immunoprecipitation (IP) of endogenous

OSBP pulled down both TMED2 and TMED10 (Figures 5A

and 5B).
ell 57, 2334–2346, October 10, 2022 2341



Figure 5. TMED2/10 interact with ER-Golgi MCS proteins and control PtdIns(4)P transfer

(A) Western blot of immunoprecipitated (IP) OSBP or IP GFP-VAPA fractions after BFA or PIK93 treatment. Cells were lysed post BFA (5 mg/mL for 5 min) or PIK93

(4 mM for 10 min) treatments, and subsequent IP was performed.

(B) The values for (A) were normalized, with the control set to 100.

(C) Antibody-based in situ proximity ligation assay was performed on pre-fixed and permeabilized siCtl and siTMED2/10 cells. Plus and minus probes were used

to target rabbit anti-OSBP and mouse anti-VAPA antibodies.

(D) The number of foci were extracted per image in (C) and are shown normalized to the number of cells per image. n = 129, siCtl; n = 132, siTMED2/10. Scale bars,

10 mm. *p < 0.05 (unpaired two-tailed t test).

(E and F) Same as in (A) and (B), OSBP and GFP-VAPA IPs performed in control and siTMED2/10 cells. In (F), the coIP signal was set to 100 in siCtl cells.

(G and H) Same as in (E) and (F), GFP-VAPA IP was performed in cells overexpressing HA-PPM1L or GFP-CERT.

(I and J) Same as in (G) and (H), in HeLa control or VAP knockout cells either transfectedwithGFP-VAPA or not (untransfected). In (J), the coIP signal was set to 100

in control cells. Results are mean ± SEM (n R 3).

See also Figure S5.
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Since the interaction of OSBP with the Golgi depends on the

presence of ARF1 and PtdIns(4)P, we tested the effect of the

fungalmetabolite brefeldin-A (BFA), which inhibits ARF activation,

and of the PI4P-kinase inhibitor PIK93 on the TMED2/10-OSBP

interaction (Donaldson et al., 2005; Hsu et al., 2010). Our treat-
2342 Developmental Cell 57, 2334–2346, October 10, 2022
ment times were chosen based on the release of OSBP from

theGolgi. IP ofOSBPafter BFA (5min) or PIK93 (10min) treatment

showed a loss of OSBP-TMED interaction (Figure S5A).

IP of GFP-VAPA also pulled down both TMED2 and TMED10

and showed that these interactions are impaired upon BFA



Figure 6. Molecular architecture of ER-

Golgi membrane contact sites

Newly synthesized cholesterol is actively trans-

ferred from ER to the Golgi at ER-Golgi MCS. Once

at the Golgi, the cholesterol reaches the plasma

membrane via vesicular transport (top panel). At

the ER-Golgi contacts (bottom panel), cytosolic

ARF1-GDP binds Golgi membranes via its inter-

action with TMED cytosolic tail. Membrane-bound

ARF1-GDP is then converted to GTP form by the

action of a nucleotide exchange factor. ARF1-GTP

subsequently recruits OSBP-VAPA and CERT-

VAPA complexes to Golgi membranes. Alto-

gether, Golgi-localized TMED2/10 and ARF1; ER-

localized VAPA, PPM1L, and SAC1; and main

transfer proteins OSBP and CERT form a mega-

protein structure that constitutes the ER-Golgi

MCS. Created with BioRender.com.
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and PIK93 treatments (Figures 5C and 5D). These observations

indicate that VAPA, OSBP, and TMED2/10 are part of a complex,

which depends on the presence of PtdIns(4)P and ARF1.

We next tested whether TMED2/10 play a role in the formation

or maintenance of ER-Golgi MCSs by monitoring the interaction

of VAPA with OSBP using a proximity ligation assay and found it

to be significantly decreased in TMED2/10-silenced cells

(Figures 5C and 5D), despite the high level of background of

this assay. IP of OSBP fromTMED2/10-silenced cells completely

failed to pull down GFP-VAPA, and vice versa, IP of GFP-VAPA

failed to pull down OSBP (Figures 5E and 5F). We also tested

whether the interaction between OSBP and TMED2/10 involves

VAPA. IP of OSBP from VAPA/B knockout cells failed to pull

down TMED2 and TMED10, and the interaction could be

restored by recomplementing the cells with GFP-VAPA

(Figures 5G and 5H).

Given our observations on the delayed production of sphingo-

myelin, we extended our biochemical analyses to include CERT

and its phosphatase PPM1L. IP of GFP-VAPA pulled down both

CERT and PPM1L in control cells, as expected, but this interac-

tion was drastically reduced upon TMED2/10 silencing

(Figures 5I and 5J). The interactions between VAPA, OSBP,

and CERT could not be rescued by treating cells with the

ACAT inhibitor avasimibe (Figures S5B and S5C), suggesting

that it is the physical interactions between the proteins and not

the Golgi integrity that maintain the complex in the presence of

TMED2/10.

MCSs between the ER and the Golgi are well known to have

two classes of complexes: one involved in cholesterol transfer,

containing VAPA, SAC1, OSBP, and ARF1; and another involved

in ceramide transfer, containing VAPA, PPM1L, and CERT. The

above analysis shows not only that TMED2/10 are present in

both these complexes and required for their existence but also

that these two complexes actually can form supercomplexes,

mediating the transfer of both cholesterol and ceramide, again

in a TMED2/10-dependent manner (Figure 6).
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DISCUSSION

To identify factors involved in the anthrax

toxin entry process, we herein performed
an RNAi screen. We identified two proteins, TMED2 and

TMED10, and showed that they are involved in plasma mem-

brane subcompartmentalization. While TMEDs are well estab-

lished cargo receptors/chaperones of GPI-anchored proteins,

we here determined that they are also key players of ER-Golgi

MCSs, where they act as indispensable components of large

protein supercomplexes responsible for intracellular lipid trans-

port that controls the formation of cholesterol-rich plasma mem-

brane nanodomains (Figure 6).

Elegant in vitro studies have shown that a VAPA-OSBP com-

plex is sufficient to transfer cholesterol and PtdIns(4)P between

vesicles (de la Mora et al., 2021). In living cells, this process in

addition requires ARF1 that, by cycling between its GDP- and

GTP-bound forms, contributes to the recruitment of OSBP at

the ER-Golgi MCSs (Adarska et al., 2021; Donaldson et al.,

2005; Nakatsu and Kawasaki, 2021). The mechanism that en-

sures initial recruitment of ARF1 at MCSs is not known. Interest-

ingly, the cytosolic tail of TMED10 has been shown to directly

interact with the GDP-bound form of ARF1 and to recruit it to

the Golgi (Gommel, 2001; Zheng et al., 2013). Our work shows

that the interaction between different components of the choles-

terol transfer complex at ER-Golgi interfaces and their ability to

transfer cholesterol are dependent on TMED2/10. It is then

tempting to speculate that TMED2/10 prime the dynamic assem-

bly of the lipid transferring machinery at ER-Golgi MCSs by guid-

ing the local recruitment of ARF1 (Figure 6). Future studies will

address whether and how the different functions reported of

TMED proteins are connected, which include as cargo receptors

ensuring the transport of the nanodomain-associated escorting

GPI-anchored proteins (Castillon et al., 2011; Zavodszky and

Hegde, 2019) or orchestrating MCSs (the present study).

Our work also shows that the cholesterol transfer and the

ceramide transfer complexes are in fact part of a TMED2/10-

dependent supercomplex, which offers interesting potential of

co-regulation. The most stunning finding of our work is however

that alterations in these supercomplexes can lead to a complete
ell 57, 2334–2346, October 10, 2022 2343
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loss of lipid nanodomains at the plasma membrane; thus, the

transport of cholesterol via vesicular trafficking through the

biosynthetic pathway is unable to compensate even with time.

ER-Golgi MCSs therefore control plasma membrane compart-

mentalization, anthrax intoxication, and possibly other nanodo-

main-dependent cellular processes.

Limitations of the study
Our study identifies TMED2 and TMED10 as components of

MCSs between the ER and the Golgi. Here, TMED2 and

TMED10 are involved in lipid transfer bymaintaining and bridging

together two previously identified complexes operating non-ve-

sicular transport of cholesterol and ceramide.Morphological and

structural evidence for these MCS-located supercomplexes is

currently limiting, possibly because of their transient nature.

Moreover, we could not investigate how ER-Golgi MCSs are

modified in the absence of TMED2 and TMED10 due to the

fact that the structure of the Golgi and the ER are affected by

the absence of these proteins. Further structural andmorpholog-

ical analyses would allow for a better understanding of these

contacts and their dynamics and regulation. Future studies

should also identify the full protein composition of these ER-

Golgi MCSs.
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Lysenin-GFP Y. Hannun & D. Canals

(Stony Brooks Cancer Centre)

Canals et al., 2018

D4-mCherry J. Holthius & G. Fairn

(University of Osnabruck &

Dalhousie University)

Maekawa and Fairn, 2015

Protective antigen (PA83) This study Abrami et al., 2003

Protective antigen (PA63) This study Abrami et al., 2003

Lethal Factor (LF) This study Abrami et al., 2003

DMEM-GlutaMax Gibco Cat# 31966

MEM Sigma-Aldrich Cat# M4655
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Biotinylation solution (EZ-link) Thermo Fisher Cat# 21327

Bicinchoninic acid (BCA) protein assay solution Interchim Uptima Cat# 40840A

Critical commercial assays

DuoLink PLA Sigma-Aldrich Cat# DUO92002, DUO92004

FITC BrdU Flow Kit BD Biosciences Cat# 559619

Alkaline-phosphatase activity kit (Colorimetric) Abcam Cat# ab83369

RNAeasy Qiagen Cat# 74004

iScript III Bio-Rad Cat# 1708891

QuikChange II XL Agilent Cat# 200522

Deposited data

Proteomics This study PRIDE: PXD036511

RNA-seq This study GEO: GSE212660

Lipidomics This study Lipidomes: lxE2361

Unprocessed Western blots This study Mendeley Data: https://doi.org/10.17632/

z8w3bwg2z7.1

Experimental model: Cell lines

RPE1 ATCC RRID: CVCL_4388

HeLa ATCC RRID: CVCL_0030

HeLa-MZ N/A Pelkmans and Zerial, 2005

HeLa-M WT P. De Camilli (Yale School of Medicine) Dong et al., 2016

HeLa-M VAP-KO P. De Camilli (Yale School of Medicine) Dong et al., 2016

Oligonucleotides

Silencing (si)RNA Table S3

Primers (QPCR/QuikChange) Table S4

Recombinant DNA

peGFP-VAPA A. De Matteis (University of Napoli,

Frederico II)

N/A

pcDNA3_TMED10-HA R. Hedge (MRC, UK) Zavodszky and Hegde, 2019

pcDNA3_TMED10-DGOLD R. Hedge (MRC, UK) Zavodszky and Hegde, 2019

pcDNA3_TMED10-DCC R. Hedge (MRC, UK) Zavodszky and Hegde, 2019

Str-KDEL_SBP-EGFP-GPI F. Perez (Intitut Curie) Boncompain et al., 2012

pmScarlet-i_Giantin-C1 Addgene (#58050) Bindels et al., 2017
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pcDNA3.1_CALR21-mCherry-KDEL This study Amen and Kaganovich, 2021

pcDNA3_TMED10 R209S;R210S-HA This study N/A

pcDNA3_TMED10 K213E-HA This study N/A

pcDNA3_TMED10 R209S;R210S;K213E-HA This study N/A

pcDNA6.3_TMED2-V5 This study N/A

peGFP-CERT This study N/A

pcDNA6.2_HA-PPM1L This study N/A

pcDNA3_SAC1-HA This study N/A

Software and algorithms

Fiji ImageJ Fiji Schindelin et al., 2012

LAS-X Leica N/A

GraphPad Prism 9 GraphPad Software, Inc. N/A

Cytoscape v3.7 Cytoscape Team Bindea et al., 2013

edgeR v(3.30.3) R Core Team Robinson et al., 2010

FlowJo v10 BD Biosciences N/A
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RESOURCE AVAILABILITY

Lead contact
Please contact F. Gisou van der Goot (gisou.vandergoot@epfl.ch) for further information and to request materials used in this study.

Materials availability
TMED10 cytosolic tail mutants, TMED2-V5, GFP-CERT, HA-PPM1L, SAC1-HA and pSEAP2_secALP were generated for this study.

Lethal Factor (LF) and protective antigen (PA) were home purified. These materials can be requested by contacting the lead contact.

Data and code availability
d The RNA-seq data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus (Edgar et al., 2002)

and are accessible through GEO Series accession number. Lipidomics data can be accessed at Lipidomes (EPFL) and the

mass Spectrometry proteomics data are submitted to ProteomeXchange via the PRIDE partner repository (Perez-Riverol

et al., 2022). Original western blot images have been deposited at Mendeley Data. key resources table Accession numbers/

DOI of these publicly available datasets are listed in the key resources table. Microscopy data reported in this paper will be

shared by the lead contact upon request.

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and tissue culture
RPE1, HeLa, and HeLa-MZ, HeLa-M and HeLa-M VAP KO cells were used in this study. RPE1 were grown in DMEMGlutaMAX sup-

plemented with 10% FBS and 2 mM antibiotics (P/S: penicillin and streptomycin). HeLa, HeLa-MZ, HeLa-M and HeLa-M VAP KO

cells were grown in MEM supplemented with 10% FBS, 2 mM L-glutamine, and 1X MEM Non-Essential Amino Acid Solution and

2 mM antibiotics (P/S). Cells were grown under controlled conditions (37
�
C; 95% air, 5% CO2). Experiments were conducted using

RPE1 cells, except indicated otherwise.

Cell lines were authenticated by Microsynth (Balgach, Switzerland). For HeLa and HeLa-MZ cell lines, the analyses showed 100%

identity to the DNA profile of the cell line HeLa (ATCC: CCL2, RRID: CVCL_0030). RPE1 cells matched 100% to the DNA profile of the

cell line hTERT RPE-1 (ATCC: CRL-4000, RRID: CVCL_4388). HeLa-M control and VAP KO cells were a kind gift from Prof. Pietro De

Camilli (Yale, USA). The VAP knockouts were confirmed by PCR genotyping and sequencing (Dong et al., 2016).

METHOD DETAILS

Gene silencing and overexpression
Genes were silenced using siRNAs obtained from Qiagen (see Table S3 for sequences). Silencing was performed for 72–96 h using

Lipofectamine RNAiMAX or INTERFERrin following the manufacturer’s protocol. Silencing efficiency was checked via Western blot
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and/or qPCR. TMED10-HA constructs were a kind gift from Prof. Ramanujan Hedge, MRC laboratory, UK. All point mutations were

generated using QuikChange XL kit. Plasmids were expressed in RPE1 or HeLa cells for 24–48 h using TransIT-LT1 or ROTI-Fect

transfection reagents or Neon Electroporation following the manufacturer’s protocol.

Screening
The siRNA screen consisted of the four 384-well plates used in the Endocytome screens (Liberali et al., 2014) and one extra 384-well

plate with genes that code for surface proteins. The extra plate was designed using cell surfacemass spectrometry data in RPE1, the

cell surface protein atlas (Bausch-Fluck et al., 2015) and known surface GPI-anchored proteins. Plates were ordered with pools of

three Ambion Silencer Select siRNAs per gene (Thermo Fisher Scientific). The screen used reverse transfection of siRNAs in which all

wells had 250 nM siRNA concentration in 10 mL of Opti-MEM (Gibco; Thermo Fisher Scientific). Lipofectamine2000 (Thermo Fisher

Scientific) transfection reagent was added in at 0.05 mL in 5 mL of Opti-MEM per well. Cells were plated into a transfection mix at 800

per well in 50 mL of complete media. After 72 h of growth, cells were treated with anthrax toxin (0.5 mg/mL PA and 0.1 mg/mL LF) in

minimal media (Glasgowminimal essential media (Sigma-Aldrich G6148) buffered with 10 mMHEPES) and incubated at 4 �C for 1 h.

Wells were washed twice with complete media and plates were shifted to 37 �C for 1.5 h. After which, wells were fixed with 4%PFA in

PBS for 15min, quenchedwith 50mMNH4Cl in PBS for 10min, permeabilized with 0.1%TritonX in PBS for 5min, with 2 PBSwashes

between all steps. Next, cells were blocked with 0.5% BSA in PBS for 30 min and primary antibodies (rabbit anti-MEK2N 1:100 and

mouse anti-EEA1 1:200) were applied in blocking buffer for 1 h, after which secondary antibodies (Alexa488 anti-rabbit and Alexa-568

anti-mouse both at 1:600) were applied in blocking buffer for 45min. Finally, DAPI was applied at 0.4 mg/mL final in PBS for 10min and

CellTrace (Alexa 647 at 1:5000) in carbonate buffer was applied for 5min.Wells were washedwith PBS twice between steps and kept

in PBS for imaging. Imaging was done using the Yokogawa CV7000S using the 20X objective and imaging the full well. Z-stack sums

for each image were stitched together for the full well image.

Screen segmentation and quantification
The wells/siRNAs of the screens were quantified using CellProfiler (Kamentsky et al., 2011). Briefly, the images were separated into

the four channels: DAPI, MEK2N, CellTrace, and EEA1. For the toxin entry, looking at MEK2 cleavage and therefore, disappearance

of MEK2N, the quantification was done as follows. The cells were selected using the nuclei in the DAPI channel. Then, the cells were

segmented using the CellTrace channel. To only quantify the cytoplasm, a mask for the cell was done excluding the nucleus. Finally,

the median intensity of both MEK2N and CellTrace of each cell was calculated, and from that, the mean intensity of both MEK2N and

CellTrace of all the cells in each well was computed. For each well, and therefore siRNA, both mean intensities were converted to

16bit. The MEK2N (0-1) and CellTrace (0.01-1) for each well were normalized per plate and the MEK2N value was divided by

CellTrace to have a ratio of remaining MEK2. Finally, the Z-score was calculated of this ratio for each siRNA per plate. As there

were duplicates in the screen, some later analyses used the average of the two Z-scores as the value for that well and siRNA. For

the EEA1 screen, the images in the EEA1 channel were thresholded to remove the highest and lowest 0.05% pixels. The total perim-

eter of that channel was quantified, and then normalized by dividing by the square of the log base 10 of the cell number of each well.

This value was then Z-score normalized per plate. As with the Toxin Entry screen, averages of the two Z-scores for the EEA1 screen

were computed for later analyses. For both screens, a few siRNAswere removed that either weremissing images or had less than 100

cells in their wells.

SDS-PAGE and western blots
Cells were normally lysed in immunoprecipitation buffer (IPB: 0.5% Nonidet P-40, 500 mM Tris pH 7.4, 20 mM EDTA, 10 mM NaF,

2 mM benzamidin, and protease inhibitor cocktail) and spun at 5,000 3 g for 3 min to eliminate the DNA. Exceptionally, cells trans-

fected with the PC-sensors were lysed in PBS supplemented with 1%Triton X-100, 1mMEDTA, and 1 PI tab, and spun at 21,0003 g

for 10 min. DNA-free lysates were quantified using Bicinchoninic acid (BCA) protein assay and denatured by addition of SDS sample

buffer with b-mercaptoethanol and incubation for 5–10 min at 95 �C. Samples were migrated on precast Novex 4–20% or 4–12%

polyacrylamide gels (Thermo Fisher Scientific), then transferred to Novex nitrocellulose membranes (Thermo Fisher Scientific) using

iBlot 2. Blocking and antibody steps were performed using 5%milk in PBST (PBSwith 0.5%Tween-20). Primary antibody steps were

incubated overnight at 4 �C, while the membranes were incubated with secondary antibodies for 1 h at room temperature, both with

gentle shaking. Three to five washes of PBST were performed before developing using the Fusion Solo-S (Viber-Smart Imaging) and

the Fusion Solo chemiluminescence imaging system.

Anthrax toxin entry assays
Cells at 80–90% confluence were washed two times with minimal media Glasgow minimal essential media buffered with 10 mM

HEPES at 4 �C and then incubated with toxin (anthrax toxin: 500 ng/mL PA and 50 ng/mL LF) for 30 min to 1 h at 4 �C. For cleaved
(or pre-nicked) toxin, PA was incubated for 10 min with 100 mg/mL trypsin then stopped with 1 mg/mL of trypsin inhibitor for 1 min,

and added to minimal media as for the uncleaved toxin. After the toxin incubation, cells were washed three times with minimal media

and moved to 37 �C. The cells were lysed at the appropriate times shown in the experiments (0–2.5 h for experiments with anthrax

toxin showing MEK cleavage; 0–90 min for experiments showing PA cleavage). For acid pulse treatment, lysates were treated with a

10% addition of isotonic buffer (145 mM NaCl, 20 mM MES-Tris pH 4.5) for 10 min at RT. Samples were run on gels as described

abovewith GAPDH as loading controls. For comparison purposes, quantified valueswere normalized to time 0 (forMEK experiments)
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or within each experiment (for PA experiments). The molecular weight of the SDS-resistant PAoligo is not defined as it is above the top

marker in SDS/PAGE. Experiments were repeated at least three times and representative blots are shown in the figures.

Cell surface protein pull-down
Surface biotinylation assays were performed as described previously (Sergeeva and van der Goot, 2019). Briefly, cells were shifted to

ice and incubated for 30 min with cold biotinylation solution diluted in PBS (0.17-mg/mL final concentration), then quenched three

times with cold 100 mM NH4Cl. Cells were lysed as normally and about 5% of the DNA-cleared lysate was taken as a TCE control.

The rest of the lysate was incubated with prewashed streptavidin-coupled beads (Sigma S1638) overnight at 4 �C. Finally, beads
were washed and proteins were eluted from beads as above. GAPDH was used as an intracellular control. Experiments were

repeated at least three times and representative blots are shown in the figures.

Lipid extraction
Total lipid extracts were prepared using a standard MTBE protocol for total lipid analysis by mass spectrometry. Briefly, cell pellet

was resuspended in 100 mL H2O. 360 mL methanol and 1.2 mL of MTBE were added and samples were placed for 10 min on a vortex

at 4 �C followed by incubation for 1 h at room temperature on a shaker. Phase separation was induced by addition of 200 mL of H2O.

After 10 min at room temperature, samples were centrifuged at 1000x g for 10 min. The upper (organic) phase was transferred into a

glass tube and the lower phase was re-extracted with 400 mL artificial upper phase [MTBE/methanol/H2O (10:3:1.5, v/v/v)]. The com-

bined organic phases were dried in a vacuum concentrator. The dried lipid pellet was then extracted using 300 mL water-saturated

n-butanol and 150 mL H2O. The organic phase was collected, and the aqueous phase was re-extracted twice with 300 mL water-satu-

rated n-butanol. The organic phases were pooled and dried in a vacuum concentrator.

LC-MS untargeted lipidomics
The LC-MS analysis was performed using a Vanquish UHPLC system (Thermo Fisher Scientific) combined with an Orbitrap Fusion�
Lumos� Tribrid� mass spectrometer (Thermo Fisher Scientific). Lipid separation was performed by reversed phase chromatog-

raphy employing an Accucore C18, 2.6 mm, 150 x 2 mm (Thermo Fisher Scientific) analytical column at a column temperature of

35 �C. As mobile phase A an acetonitrile/water (50/50, v/v) solution containing 10 mM ammonium formate and 0.1 % formic acid

was used. Mobile phase B consisted of acetonitrile/isopropanol/water (10/88/2, v/v/v) containing 10 mM ammonium formate and

0.1% formic acid. The flow rate was set to 400 mL/min. A gradient of mobile phase B was applied to ensure optimal separation of

the analysed lipid species. The mass spectrometer was operated in ESI-positive and -negative mode, capillary voltage 3500 V (pos-

itive) and 3000 V (negative), vaporize temperature 320 �C, ion transfer tube temperature 285 �C, sheath gas 60 arbitrary units, aux gas
20 arbitrary units and sweep gas 1 arbitrary unit. The Orbitrap MS scan mode at 120000 mass resolution was employed for lipid

detection. The scan range was set to 250-1200 m/z for both positive and negative ionization mode, the AGC target was set to

2.0e5 and the intensity threshold to 5.0e3. The data analysis was performed using the TraceFinder software (ThermoFisher

Scientific).

Sphingosine pulse and chase
RPE1 cells were pulse-labelled in serum-free 2% fatty-acid-free BSA in DMEM, at a final concentration of 1 mCi/mL [3H]-sphingosine,

for 2 h. Cells were chased in complete medium for the indicated times, harvested and processed for lipid extraction. Lipids were

spotted onto silica-gel high performance-TLC (HPTLC) plates (Merck, Germany) (Capasso et al., 2017), and resolved with a mixture

of chloroform: methanol: water (65:25:4 v/v/v). To visualise the unlabelled standards (i.e., Cer, GlcCer, LacCer, Gb3, SM and GM3)

the TLC plates were placed in a sealed tank saturated with iodine vapour, while the radiolabelled lipids were analysed using a RITA�
TLC Analyser (Raytest, Germany), and quantified using GINA� (Raytest, Germany) software analysis.

Detergent resistant membrane (DRMs)
DRMswere prepared fromRPE1 cells as described previously usingOptiPrep (Alere Technologies #1114542) gradients as previously

published (Abrami et al., 2003; Sergeeva and van der Goot, 2019). Briefly, cells were lysed on ice in TNE buffer (25 mM TrisHCl, pH

7.4; 150 mM NaCl; 5 mM EDTA) supplemented with 1% Triton X-100 and applied to the bottom of a gradient consisting of three

layers: 60% OptiPrep with sample, 30% OptiPrep in TNE and 50% TNE. After a 2-h run at 55,000 rpm in a Thermo Fisher Scientific

S55-S rotor, six equal fractions were carefully collected from the top. Fractions were run on SDS/PAGE for western blots or used for

mass spectrometry. Experiments were repeated at least three times and representative blots are shown in the figures.

Mass spectrometry
SDS-PAGE gel slices were washed twice in 50% ethanol and 50 mM ammonium bicarbonate for 20 min and dried by vacuum centri-

fugation. Samples reduction was performed with 10 mM dithioerythritol for 1 h at 56 �C. A washing-drying step as described above

was repeated before performing sample alkylation with 55mM Iodoacetamide for 45min at 37 �C in the dark. Samples were washed-

dried again and digested overnight at 37 �C usingMass Spectrometry grade trypsin at a concentration of 12.5 ng/mL in 50mMammo-

nium bicarbonate and 10 mM calcium chloride. Resulting peptides were extracted in 70% ethanol, 5% formic acid twice for 20 min

with permanent shaking. Samples were further dried by vacuum centrifugation and stored at -20 �C. Peptides were desalted on SDB-

RPS StageTips (Rappsilber et al., 2007) and dried by vacuum centrifugation. For TMT labelling, peptides were first reconstituted in
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8 mL HEPES 100 mM (pH 8.5) containing 10 ng trypsin-digested Chicken Ovalbumin. Labeling was performed by adding 3 mL of TMT

solution (20 mg/mL in pure acetonitrile) and incubating samples at room temperature for 1.5 h. Reactions were quenched with hydrox-

ylamine to a final concentration of 0.4% (v/v) for 15 min. TMT-labelled samples were then pooled at a 1:1 ratio across all samples and

dried by vacuum centrifugation. Samples were then fractionated into 12 fractions using an Agilent OFF-GEL 3100 system. Resulting

fractions were desalted on SDB-RPS StageTips and dried by vacuum centrifugation. Each individual fraction was resuspended in

10 mL of 2% acetonitrile, 0.1% formic acid and nano-flow separations were performed on a Dionex Ultimate 3000 RSLC nano

UPLC system on-line connected with a Lumos Fusion Orbitrap Mass Spectrometer. A capillary precolumn (Acclaim Pepmap C18,

3 mm-100 Å, 2 cm x 75 mm ID) was used for sample trapping and cleaning. Analytical separations were performed at 250 nL/min

over 150 min. biphasic gradient on a 50cm long in-house packed capillary column (75mm ID; ReproSil-Pur C18-AQ 1.9mm; Dr.

Maisch). Acquisitions were performed through Top Speed Data-Dependent acquisition mode using a 3 seconds cycle time. First

MS scans were acquired at a resolution of 120,000 (at 200 m/z) and the most intense parent ions were selected and fragmented

by High energy Collision Dissociation (HCD) with a Normalized Collision Energy (NCE) of 37.5% using an isolation window of 0.7

m/z. Fragmented ions were acquired with a resolution 50,000 (at 200 m/z) and selected ions were then excluded for the following

120 s.

Raw data were processed using SEQUEST, Mascot, MS Amanda (Dorfer et al., 2014) and MS Fragger (Kong et al., 2017) in Pro-

teome Discoverer v.2.4 against a concatenated database consisting of the Uniprot Human Reference Proteome (Uniprot Release:

2019_06) and common contaminants including chicken Ovalbumin (Uniprot Accession Number: P01012). Enzyme specificity was

set to Trypsin and a minimum of six amino acids was required for peptide identification. Up to two missed cleavages were allowed.

A 1% FDR cut-off was applied both at peptide and protein identification levels. For the database search, carbamidomethylation (C),

TMT tags (K and Peptide N termini) were set as fixed modifications, while oxidation (M) was considered as a variable one. Resulting

text files were processed through in-house written R scripts (version 3.6.3) (Schindelin et al., 2012). The unnormalized abundances

calculated by Proteome Discoverer were transformed in log2 and subtracted to obtain ratios. The Z-scores of the ratio of ratios [F2

(siTMED2/10/siCtl) / Input (siTMED2/10/siCtl)] were calculated.

Immunofluorescence
HeLa or RPE1 cells were plated at about 50% confluency after transfection. Cells were washed with PBS, fixed in 4% paraformal-

dehyde (PFA), washed thoroughly with PBS, quenched with 50 mMNH4Cl, and washed again with PBS. When applicable, cells were

permeabilized with 0.1% Triton X-100 in PBS for 5 min. After, cells were washed and blocked with 1%BSA in PBS. Primary and sec-

ondary antibody incubations were done in the same buffer. Where applicable, D4-mCherry at 9.5 mg/mL was applied for 1 h; Filipin III

at 50 mg/mL for 15 min. Finally, coverslips were mounted in Prolong Glass Antifade Mountant. Images were acquired using either

confocal LSM710 (Carl Zeiss AG) or Leica-SP8 (Leica Biosystems) with 63X objective and a pinhole size of 1 AU and at least 2

line-averaging. Images were processed using Fiji ImageJ (Schindelin et al., 2012).

Lysenin staining
Cells were starved in FBS freme medium for overnight before incubation with Lysenin-GFP for 30 min at 4

�
C. Cells were then fixed in

PFA for 10 min and imaged as explained above.

PtdIns(4)P staining
Cells were quenched with 50 mM NH4Cl and fixed in 2 % PFA for 15 min and permeabilized with 2 mM digitonin in buffer A (20 mM

PIPES pH 6.68, 135 mM NaCl and 27 mM KCl). Cells were then blocked with 5 % FBS in buffer A and stained with mouse anti-

PtdIns(4)P in the same solution. After secondary antibody staining, cells were fixed again in with 2 % PFA for 10 min. Cells were

then washed with PBS and imaged as above.

Automated fluorescence microscopy and quantification
Cells were plated at 2x104 cells per well and silenced for 72hwith either siCtl and siTMED2/10 followingmanufacturer’s instructions in

Ibidi 96-well mplates. Cells were fixed with 3% PFA and permeabilized with 0.05% saponin. Cells were then stained with primary an-

tibodies followed by incubation with (when required) secondary antibodies tagged with alexa-fluor (488 or 568) with Hoechst. Images

were acquired with either 40X or 60X plan Apo.

MetaXpress Custom Module editor software from Molecular Devices was used to extract different parameters such as signal in-

tensity or objects, as in previous publications (Larios et al., 2020; Moreau et al., 2019). Cell mask was created using Hoechst to create

the master object (cell). Golgi was segmented using either GM130 or GOLPH3. These masks were then applied on the fluorescent

images to extract relevant measurements. When indicated, a perinuclear mask (4-mm-diameter region immediately outside the nu-

cleus) to quantify cholesterol (filipin) signals inside and outside this perinuclear area was used. The final masks were applied to all

original fluorescent images and measurements per cell and averages per well were extracted. For GM130-positive objects, all ob-

jects per cell were analysed. The same analysis pipeline was applied to all images.

BrdU staining and flow cytometry assay
Control and silenced RPE1 cells were stained using FITC BrdU Flow Kit at 50% confluency. Briefly, cells were treated (or not for un-

stained control) with 10 ml BrdU per 1mL of themedium for 45min at 37
�
C. Cells were then washed, trypsinised and fixed in 100 mL of
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BD Cytofix/Cytoperm buffer for 20 min at RT, washed with BD Perm/Wash buffer and permeabilized in 100ml of BD Cytoperm Per-

meabilization Buffer Plus and incubated for 10 min on ice. After washing, cells were fixed again in BD Cytofix/Cytoperm buffer for

5 min at RT, washed, resuspended in 100 ul DNAse solution for 60 min at 37
�
C and washed again. Cells were then stained with

50 mL anti-BrdU antibody for 20 min at RT followed by washing. Finally, cells were resuspended in 20 mL 7-AAD solution for

5 min. All washing steps were performed using BD Perm/Wash buffer. Cells were diluted in 1 mL PBS and analyzed using BD

LSR II SORP. BrdU was excited at 488 nm and emission was collected at 525 ± 50 nm. 7-AAD was excited with 561 nm laser

and 660 ± 20 nm emission filter was used. A total of 50,000 events were collected per condition. Data were analyzed using

FlowJo v10.

In situ proximity ligation assay
In situ proximity ligation (PLA) assay were performed usingmaterials and guidelines provided with DuoLink PLA kit. Briefly, cells were

fixed and permeabilized as mentioned above. Cells were blocked in DuoLink blocking solution and incubated with rabbit anti-OSBP

and mouse anti-VAPA antibodies. Cells were next incubated with anti-mouse PLUS and anti-rabbit MINUS secondary probes fol-

lowed by ligation and amplification with specific reagents. Cells were imaged using a laser-scanning-confocal microscope. Images

were processed using Fiji ImageJ and PLA spots were quantified using TrackMate (Schindelin et al., 2012).

Quantitative real-time PCR
RNAwas extracted fromRPE1 cells using theQiagenRNAeasy kit andQIAshredder. RNA concentrationwasmeasured and 500 ng of

total RNA was used for cDNA synthesis using iScript. A 1:5 dilution of cDNA was used to perform quantitative real-time PCR using

Applied Biosystems SYBR Green Master Mix on 7900 HT Fast QPCR System (Applied Biosystems) or QuantStudio 6 Pro Real-Time

PCR System (Thermo Fisher Scientific) with SDS 2.4 Software. Primers (see Table S4 for sequences) were validated with standard

curves over 4 dilutions. The data (always in triplicate) were normalized using multiple housekeeping genes. For real-time quantitative

PCR, data was processed using R (R Core Team, 2019).

RNA sequencing
RNA quality was controlled on the TapeStation 4200 (Agilent), confirming that all were of good quality (scores >9.6). Libraries for

mRNA-seq were prepared with the Stranded mRNA Ligation method (Illumina) starting from 1ug RNA, according to manufacturer’s

instructions. Libraries, all bearing unique dual indexes, were subsequently loaded at 1.44 pM on a NextSeq 500 high output flow cell

(Illumina) and sequenced according tomanufacturer instructions, yielding pairs of 80 nucleotides reads. Reads were trimmed of their

adapters with bcl2fastq v2.20 (Illumina) and quality-controlled with fastQC v0.11.9.

Paired-end sequencing reads were aligned using STAR (version 2.7.9a) to the Human reference genome GRCh38 (gencode v36,

Ensembl 102). Quantification of uniquely mapped reads to the genes was performed with HTSeq counts (Part of the ’HTSeq’ frame-

work, version 0.12.4) with the following parameters -s reverse -m intersection-nonempty -r pos -t exon -i gene_id -q. Counts pre-pro-

cessing and differential analysis was done in R (version 4.0), using edgeR (v. 3.30.3) and DESeq2 package (v. 1.28.1) (Robinson et al.,

2010). A total of 11’995 protein-coding genes with a cpm value greater than 1 in at least 2 samples were considered for the rest of the

analysis.

Coimmunoprecipitations
Coimmunoprecipitations were performed as described previously (B€urgi et al., 2020; Sergeeva and van der Goot, 2019). Briefly,

RPE1 or HeLa cells were lysed normally as described above. A tenth of the lysate was taken as TCE control and the rest was added

to washed Protein G-coupled Sepharose beads for preclearing (30 min). The lysates were then added to freshly washed Protein G

beads containing antibody for an overnight incubation at 4 �C. Proteins were eluted off the beads and divided for Western blots for

direct immunoprecipitation and coimmunoprecipitation. Experiments were repeated at least three times and representative blots are

shown in the figures.

Retention using selective hooks
Control and silenced cells were transfected with plasmid encoding for streptavidin-KDEL hook and streptavidin binding peptide

(SBP)-EGFP-GPI for 24 h prior to imaging. To release the cargo from the ER-hook, 40 mMD-Biotin containing media was introduced

(Boncompain et al., 2012). Cells were imaged live at 60 sec intervals for 45 min using Visitron Spinning Disk confocal microscope

(Visitron).

Alkaline phosphatase activity assay
Alkaline phosphatase activity was determined using Alkaline Phosphatase Assay Kit (Abcam) according to manufacturer’s protocol.

Briefly, control and silenced cells were transfected with pSEAP2-secALP plasmid for 24 h. Media was collected at 0 h, 1 h, 2 h and 3 h

timepoints. 80 mL of sample was incubated with 50 mL of 5 mM p-Nitrophenyl Phosphate (pNPP) solution for 60 min at RT. In parallel,

fresh standards of 0-20 mmol pNPP were treated with 10 ul of ALP enzyme. The reaction was stopped by adding 20 mL stop solution.

Samples were analyzed for absorbance at 405 nm to determine the levels of dephosphorylated product p-Nitrophenyl (pNP). Values

were calculated based on the standard curve and were normalized to zero for the time point 0 h.
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Live/dead cell count
After 72 h of transfection, siCtl or siTMED2/10 cells were trypsinized and counted for further 72 h at 24 h intervals usingCountess-cell-

counter (Life technologies). Trypan Blue was used to calculate live/dead ratio.

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot quantifications were done using Fiji (Schindelin et al., 2012). Figures were generated and statistics were performed as

described in the figure legends using GraphPad Prism or R statistical computing environment (R Core Team, 2019). Throughout the

study, indicated significance asterisks are as follows: *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, while unmarked com-

parisons with control are not significant. All error bars are SEMs. For all areas under curve (AUC) t-testing compared with the control,

specific P values are reported on each graph. The pathway analysis figure wasmade using the ClueGo application of Cytoscape v3.7

(Bindea et al., 2013).
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