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Abstract 
 
Lysosome-Associated Protein Transmembrane 4B (LAPTM4B) is a four-membrane 

spanning ceramide interacting protein that regulates mTORC1 signaling. Here, we show that 

LAPTM4B is sorted into intraluminal vesicles of multivesicular endosomes and subsequently 

released in small extracellular vesicles (sEVs) isolated from cell culture medium and from 

human urine. Efficient sorting of LAPTM4B into ILV membranes depends on its third 

transmembrane domain containing a sphingolipid interaction motif (SLim). Unbiased 

lipidomic analyses reveal that LAPTM4B controls the sphingolipid composition of sEVs, with 

cells lacking LAPTM4B or expressing a SLim-deficient mutant secreting sEVs strongly 

enriched in glycosphingolipids. This altered sphingolipid profile is accompanied by a distinct 

SLim-dependent co-modulation of several ether lipid species. The altered lipid composition 

of sEVs lacking LAPTM4B is accompanied by increased stability of membrane nanodomains 

in sEVs. Our results identify LAPTM4B as a determinant of the glycosphingolipid profile and 

membrane properties of sEVs.  

 

Keywords: Extracellular vesicles, sphingolipids, ether lipids, glycosphingolipids, lipid 

composition, membrane nanodomains 

 
 
 
Introduction 
Extracellular vesicles (EVs) are small membrane delimited particles that are released from 

cells and mediate intercellular communication. Lipids are key structural components involved 
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in the formation and release of EVs1,2. EVs can also accommodate signaling lipids which 

contribute to their biological activity in recipient cells3. The most investigated types of EVs 

are exosomes that derive from late endosomal compartments. The formation of exosomes is 

initiated by inward budding of the delimiting endosomal membrane to generate 

multivesicular endosomes (MVEs) containing intraluminal vesicles (ILVs). MVEs that fuse 

with the plasma membrane release their internal vesicles as exosomes into the extracellular 

space1. The lipid composition of exosomes likely resembles that of the cellular compartment 

from which they originate, and is distinct from the cellular lipidome 1,4. In particular, 

cholesterol (Chol), ceramide (Cer), sphingomyelin (SM), and phosphatidylserine (PS) are 

highly enriched in exosomal membranes4,5.However, the degree of enrichment varies 

between different cell types4. A critical step in the initial phase of ILV biogenesis is the 

sorting of molecular cargo, including lipids, in a controlled manner. This process is driven by 

multiple mechanisms. While it is widely accepted that the ESCRT (endosomal sorting 

complex required for transport) machinery is important for ILV formation, vesicles can also 

form in the absence of key ESCRT proteins6. These alternative mechanisms may be 

controlled by lipids, tetraspanins or heat shock proteins7–11. Lipid pathways linked to EV 

biogenesis include the generation of ceramide by neutral sphingomyelinase 2 (nSMase2), 

the formation of phosphatidic acid by phospholipase D2 (PLD2) 9,12 or hexadecyl-glycerol, 

the precursor of ether-phospholipids 13. Especially, nSMase2-mediated generation of 

ceramide has been shown to directly trigger ILV budding into MVEs9, although this 

mechanism can only be observed in certain cell systems10,14–17. The lipid-related 

mechanisms have been mostly studied in the context of regulating EV abundance, whereas 

factors controlling the EV lipid composition per se are unknown. The development and use 

of advanced analytical tools has broadened our knowledge regarding the lipid profile of EVs 

in recent years4,5. Especially, shot-gun lipidomics has been utilized to identify unique EV lipid 

signatures as potential biomarkers of prostate cancer patients18. 

 

We recently showed that Lysosome associated protein transmembrane 4B (LAPTM4B) 

contains a functional sphingolipid interaction motif (SLim) in its third transmembrane 

domain19. LAPTM4B has been linked to poor prognosis in various types of cancers, and 

regulates mTORC1 signaling and autophagy 19–22. Here, we show that sorting of LAPTM4B 

into ILVs of MVEs depends on its SLim. We report for the first time that LAPTM4B is 

secreted from human cells in sEVs in vitro and in vivo. Notably, LAPTM4B regulates the 

glycosphingolipid and ether lipid composition of sEVs in a SLim-controlled manner, thereby 

modulating EV membrane properties.  
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Materials and Methods 

Cell culture and cell treatments  
The human epidermoid carcinoma cell line A431 (ATCC, Cat#CRL-1555) and the human 

bone osteosarcoma epithelial cell line U2OS (ATCC, Cat#HTB-96) were maintained in 

Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum (FBS), 

penicillin/streptomycin (each 100 U/mL) and L-glutamine (2mM) at 37°C in 5% CO2. Plasmid 

transfections were carried out by X-tremeGENE HP DNA Transfection Reagent (Roche, 

Cat#06366546001) or Lipofectamine LTX with PLUS reagent (Invitrogen, Cat#15338030), 

according to the manufacturer’s instructions. For enlargement of endo-/lysosomal 

compartments, cells were treated with 1μM Vacuolin-1 for 4 h at 37°C. All cell lines were 

tested negative for mycoplasma contaminations using PCR.  

Plasmids  
LAPTM4B-24-3xFlag and mutant LAPTM4B-24-ATM3-3xFlag plasmids were generated as 

described previously19,23. LAMP1-mGFP was kindly provided by Esteban Dell'Angelica24 

(Addgene plasmid # 34831).  

Generation of stable cell lines  
LAPTM4B knockout A431 cells (designated name in this study: KO) were generated as 

described previously19. Briefly, A431 cells were co-transfected (using Lipofectamine) with 

Cas9 nickcase and two matching pairs of sgRNA-expressing plasmids. Transfected cells 

were subjected to puromycin selection for 48 h and subsequently cultured without selection 

for 4 additional days. Single clones were isolated and verified by sequencing. For the 

generation of endogenously-tagged LAPTM4B-sfGFP stable cells, superfold-GFP25 and a 

2XGGGGS linker were inserted at the C-terminus endogenous LAPTM4B by CRISPR/Cas9-

mediated genome editing26,27. A homology-directed repair (HDR) template was generated by 

overlap PCR. A431 cells were co-transfected with the HDR template and a vector encoding 

Cas9, sgRNA targeting the C-terminal genomic locus of LAPTM4B, and a puromycin 

selection marker. Transfected cells were subjected to selection for 48 h, single clones were 

isolated, and verified by sequencing. For the generation of A431 stable cell lines expressing 

LAPTM4B-24 (short isoform of WT LAPTM4B; designated name in this study: L4B) or 

LAPTM4B-24-ATM3 (short isoform of LAPTM4B ceramide-binding deficient mutant; 

designated name in this study: ATM3) were described previously19,23. Briefly, A431 

LAPTM4B knockout cells (KO) were transfected with pEFIRES-P plasmids containing either 

L4B-3xFlag or ATM3-3xFlag and cells were subjected to puromycin selection (1μg/mL) until 

a resistant cell pool was formed.  
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Immunofluorescence staining and confocal microscopy  
Cells were seeded on glass coverslips 48h prior fixation. Cells were fixed with 4% 

paraformaldehyde in PBS for 20 min at room temperature, quenched with 50 mM NH4Cl for 

10 min at room temperature, permeabilized with 0.1% Triton X-100 in PBS for 5 min at room 

temperature, blocked with 10% fetal bovine serum in PBS for 30 minutes at 37°C and 

subsequently probed with primary antibodies (Anti-GFP, 1:5,000 (ab290, Abcam); anti-

CD63, 1:200 (BD556019, clone H5C6, BD Biosciences), anti-Lamp1, 1:400 (sc-20011,Clone 

H4A3, SCBT); anti-LBPA 1:1,000 (#MABT837, clone 6C4, Sigma)) for 45 min at 37°C. Cells 

were washed with PBS and labeled with secondary antibodies accordingly. Finally, cell 

nuclei were counterstained with DAPI, coverslips were rinsed in H2Odd and mounted on 

microscope slides using Mowiol/DABCO (Calbiochem, Cat#475904/ Sigma, Cat#D-2522). 

Images were captured with a Leica TCS SP8X microscope.  

To quantify the amount of L4B or ATM3 within the limiting membrane of Vacuolin-1-enlarged 

endosomes, z-sections of individual endosomes were taken. LAMP1-mGFP was used as 

limiting membrane marker and reference to obtain the central z-section of an endosome 

image stack. In addition, the LAMP1-mGFP-positive central z-section of each endosome 

was used to measure the diameter of the endosome. Fluorescence intensities of the proteins 

of interest were measured within the limiting membrane (lumen area only) of each analyzed 

endosome and quantified using Image J (version 1.50b).   

Immunoelectron microscopy of cells  
For electron microscopical immunolabeling, stable cell lines (L4B and ATM3) were fixed with 

2% formaldehyde, 0.01 M periodate and 0.075 M lysine-HCl in 0.075 M phosphate buffer for 

2 h at room temperature28, permeabilized with 0.01% saponin for 8 min, labeled with anti-

DDDK tag antibody (Abcam, ab21536; 1:50 dilution) for 1 h, then incubated with 1.4 nm 

diameter nano-gold-conjugated Fab fragments against rabbit immunoglobulin G 

(Nanoprobes; 1:60 dilution) for 1 h, post-fixed with 1% glutaraldehyde and quenched with 50 

nM glycine. Nano-gold particles were then intensified using the HQ Silver Enhancement kit 

(Nanoprobes, cat.no. 2012) followed by gold toning in subsequent incubations in 2% sodium 

acetate, 0.05% HAuCL4 and 0.3% Na2S2O3ˑ5H2O29. After washing, the cells were processed 

for Epon embedding. Ultrathin sections were cut parallel to the coverslip, post-stained with 

uranyl acetate and lead citrate and systematically photographed at 15000X with a Jeol JEM-

1400 electron microscope equipped with a Gatan Orius SC 1000B bottom mounted CCD 

camera to give a total of 30 multivesicular bodies for each specimen. The results from 2 

separate experiments yielding about 900 intralumenal vesicles/cell type were analyzed. 

Statistical analysis was performed with the Chi Square test.  
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Isolation of extracellular vesicles  
The isolation of EVs from cell culture-conditioned medium was carried out with modifications 

as described previously30–33. The EV release and isolation protocol, used in this study, has 

been optimized for A431 cells as following. Cells were seeded in complete cell culture 

medium (70% confluency). After 24 h, cells were washed 3 times with PBS and 

subsequently cultured for another 48 h in serum-free medium to obtain EV-conditioned 

medium. The entire 48h-EV-conditioned medium was collected and centrifuged at 300 x g 

for 10 min and 2,500 x g for 25 min at 4°C to remove cell debris and apoptotic bodies. All 

ultracentrifugation steps were carried out in either a Beckman Optima LE-80K ultracentrifuge 

or a table top OptimaMAX ultracentrifuge. The supernatant was transferred to polycarbonate 

centrifuge bottles (Beckman Coulter Cat#355618) and centrifuged at 10,000 x g for 40 min 

at 4°C using a Type 70Ti rotor (fixed-angle) to obtain a 10K microvesicle-enriched EV 

population (designated as P10 EV, or large EV, lEV). The resulting supernatant was 

transferred to fresh centrifuge bottles and ultracentrifuged at 110,000 x g for 2 hours at 4°C 

using a 70Ti rotor to obtain a 110K exosome-enriched EV population (designated as P110 

EV, or small EV, sEV). Both, P10 and P110 pellets have been resuspended in DPBS, 

transferred to small polycarbonate centrifuge tubes (Beckman, Cat#349622) and re-pelleted 

by ultracentrifugation at 10,000 x g for 22 min (P10 EV) and 110,000 x g for 40 min (P110 

EV) at 4°C using a TLA100.3 rotor. Final EV pellets were carefully resuspended in DPBS, 

transferred to low-binding 1.5 mL tubes, snap-frozen in liquid nitrogen, and stored at -80°C. 

For control samples, the serum-free medium was subjected to the entire EV isolation 

procedure.  

Transmission electron microscopy of extracellular vesicles  
Extracellular vesicles were prepared for electron microscopy as described previously34. 

Briefly, EVs were loaded on carbon- and pioloform-coated glow discharged copper grids 

(mesh 200). Samples were fixed with 2% PFA in 0.1 M NaPO4 buffer (pH 7.0), stained with 

2% neutral uranyl acetate and embedded in a uranyl acetate/methylcellulose mixture 

(1.8/0.4%). EVs were viewed by transmission EM using Jeol JEM-1400 (Jeol Ltd., Tokyo, 

Japan) operating at 80kV. Images were taken with a Gatan Orius SC 1000B CCD-camera 

(Gatan Inc., USA) with 4008 x 2672 px image size and no binning.  

Nanoparticle tracking analysis  
The concentration and size distributions of EVs were measured by nanoparticle tracking 

(NTA) using a LM14 view unit (Malvern Instruments Ltd, Malvern, UK) equipped with a blue 

laser (405 nm, 70mW) and a sCMOS camera (Hamamatsu Photonics, Hamamatsu, Japan). 

Each EV replicate sample was measured under constant equipment settings using camera 
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level 14. 5 videos each 90 sec acquisition time were recorded for each replicate. All data 

were recorded and analyzed using NanoSight software version NTA 3.0 (NanoSight, 

Amesbury, UK).  

Trichloroacetic acid precipitations of secreted proteins  
Secreted proteins were precipitated by using tricholoracetic acid (TCA) from serum-free EV-

conditioned media as follows. Equal volumes of EV-conditioned medium were incubated 

with 0.02% sodium dexoycholate for 15 min at room temperature. Samples were 

subsequently incubated with 15% trichloroacetic acid for 1 hour at 4°C. Precipitated proteins 

were pelleted by centrifugation for 10 min at 16,000 x g at 4°C and washed once with ice-

cold acetone. Finally, precipitated protein pellets were air-dried, and resuspended in 1x non-

reducing sample loading buffer.  

Western blotting  
Cells were washed with PBS and lysed with ice-cold lysis buffer (50 mM HEPES, 25 mM 

NaCl, 5 mM EDTA, 1% NP-40, pH 7.4) containing protease inhibitor cocktail (Sigma, 

Cat#I3786). Cell lysates were cleared by centrifugation at 16,000 x g for 10 min at 4°C. For 

Western blotting of EVs, EV pellets of P10 or P110 fractions were directly lysed in equal 

volumes of lysis buffer. Equal amount of EVs isolated from equal input volumes of culture-

conditioned medium or equal volumes (of initial media input) of TCA-precipitated proteins 

were resolved by 12% Mini-Protein TGX Stain-Free gels (BioRad Cat#161-0185) and 

transferred onto LF-PVDF membrane (BioRad, Cat#170-4274). Membranes were blocked 

with 5% milk in TBS containing 0.1% Tween-20 for 1 h at room temperature, and 

subsequently probed with primary antibodies (Anti-LAPTM4B, Atlas Antibodies, 

Cat#AMAb91356 1:1000; anti-Flag M2, Sigma-Aldrich, Cat#F1804, 1:2000; anti-CD63, 

1:1000 (BD556019, clone H5C6, BD Biosciences); anti-CD81, 1:1000 (sc-23962, clone 5A6, 

SCBT); anti-GAPDH, 1:10 000 (G9545, Sigma) over night at 4°C. After washing with TBS 

0.1% Tween-20, membranes were incubated with HRP-conjugated secondary antibodies for 

45 min at room temperature. Finally, membranes were washed, incubated with ECL Clarity 

(BioRad, Cat#170-5060) or ECL Clarity Max substrate (BioRad, Cat#170-5062), and imaged 

with a ChemiDoc MP Imgang System (BioRad). Band intensities were analyzed using Image 

Lab software (version 6.0; BioRad) or Image J software (version 1.50b; 

https://imagej.nih.gov/ij/) and normalized to total protein content quantified with Stain-Free 

technology (BioRad).  

Lipidomic analysis of cells and extracellular vesicles by ESI-MS/MS  
Mass spectrometry-based lipid analysis was performed by Lipotype GmbH (Dresden, 

Germany) as described35. Lipidomes were generated from cells (3-4 replicates) and their 
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corresponding secreted P10 (2-3 replicates) and P110 EV (2-3 replicates) populations of 

WT, KO, L4B, and ATM3 cell lines. The following lipid nomenclature has been used in this 

study. Lipid categories including GL, glycerolipids; GP, glycerophospholipids; LGP, lyso-

glycerophospholipids; SL; sphingolipids; and ST, sterols. Lipid classes including CE, 

cholesterol ester; Cer, ceramide; Chol, cholesterol; CL; DAG, diacylglycerol; HexCer, 

hexosylceramide; PA, phosphatidic acid; PC, phosphatidylcholine; PE, 

phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, 

phosphatidylserine; and their respective lysospecies LPA; LPC; LPE; LPG; LPI; LPS; and 

their ether derivates: PC O-; LPC O-; PE O-; LPE O-; SM, sphingomyelin; TAG, 

triacylglycerol. The glycosphingolipids glucosylceramides (GlcCer) and galactosylceramides 

(GalCer) are grouped as hexosylceramides (HexCer). Lipid species were annotated as 

follows: [lipid class][sum of carbon atoms in the fatty acids]:[sum of double bonds in the fatty 

acids];[sum of hydroxyl groups in the long chain base and the fatty acid moiety] (for 

example: Cer34:2;1). If available, individual fatty acid composition following the same 

annotation is given in brackets (for example: (18:1;0-24:2;0). For lipid extraction, lipids were 

extracted using a two-step chloroform/methanol procedure36. Samples were spiked with 

internal lipid standard mixture containing: CL, 16:1/15:0/15:0/15:0; Cer, 18:1;2/17:0; DAG 

17:0/17:0; HexCer 18:1;2/12:0; LPA, lyso-phosphatidate 17:0; LPC, 12:0; LPE, 17:1; LPG, 

17:1; LPI, 17:1; LPS, 17:1; PA, 17:0/17:0; PC, 17:0/17:0; PE, 17:0/17:0; PG, 17:0/17:0; PI, 

16:0/16:0; PS, 17:0/17:0; CE, 20:0; SM, 18:1;2/12:0;0; TAG, 17:0/17:0/17:0 and Chol. After 

extraction, the organic phase was transferred to an infusion plate and dried in a speed 

vacuum concentrator. First-step dry extract was resuspended in 7.5 mM ammonium acetate 

in chloroform/methanol/propanol (1:2:4, V:V:V) and second-step dry extract in 33% ethanol 

solution of methylamine in chloroform/methanol (0.003:5:1; V:V:V). All liquid handling steps 

were performed using Hamilton Robotics STARlet robotic platform with the Anti Droplet 

Control feature for organic solvents pipetting. MS data acquisition. Samples were analyzed 

by direct infusion on a QExactive mass spectrometer (Thermo Scientific) equipped with a 

TriVersa NanoMate ion source (Advion Biosciences). Samples were analyzed in both 

positive and negative ion modes with a resolution of Rm/z=200=280000 for MS and 

Rm/z=200=17500 for MSMS experiments, in a single acquisition. MSMS was triggered by 

an inclusion list encompassing corresponding MS mass ranges scanned in 1 Da 

increments37. Both MS and MSMS data were combined to monitor CE, DAG and TAG ions 

as ammonium adducts; PC, PC O-, as acetate adducts; and CL, PA, PE, PE O-, PG, PI and 

PS as deprotonated anions. MS only was used to monitor LPA, LPE, LPE O-, LPI and LPS 

as deprotonated anions; Cer, HexCer, SM, LPC and LPC O- as acetate adducts and 

cholesterol as ammonium adduct of an acetylated derivative38. Data analysis and post-
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processing. Data were analyzed with in-house developed lipid identification software based 

on LipidXplorer35,39. Data post-processing and normalization were performed using an in-

house developed data management system. Only lipid identifications with a signal-to- noise 

ratio >5, and a signal intensity 5-fold higher than in corresponding blank samples were 

considered for further data analysis.  

Time-resolved fluorescence analysis of extracellular vesicle membrane order  
The trans-parinaric acid (tPA) was synthesized as described40, and purified by crystallization 

from hexane41. It was stored at - 87 °C and contained 1 mol% butylated hydroxytoluene to 

prevent oxidation. The properties of the small EVs were probed by measuring the emission 

lifetime of tPA. The stability of the tPA excited state is very sensitive to the order of its local 

environment41–43; hence, its emission lifetime varies in fluid and highly ordered membrane 

domains44,45. For this an amount of tPA estimated to be 1 mol% of the total lipid in the 

“vesicles” was placed in a glass vial, after which the solvent (ethanol) was evaporated at 40 
oC under a constant flow of nitrogen. The collected “vesicles” were then applied on top of the 

try tPA. The samples were then diluted to give a final volume of 300 uL and a final lipid 

concentration around 13 μM. A FluoTime 100 spectrofluorometer with a TimeHarp260 pico 

time-correlated single-photon-counting module (PicoQuant, Berlin, Germany) was used for 

measurements. The tPA was excited with a 297 ± 10 nm LED laser source (PLS300, 

PicoQuant), and the emission was collected through a 435/40 nm single-band pass filter. 

Fluorescence decays were recorded at temperatures between ~5 and ~45 oC. The exact 

temperature of each measurement was checked with a thermometer in the cuvette. Data 

were analyzed using FluoFit Pro software obtained from PicoQuant.  

Globotriaosylceramide (Gb3) visualization 
To visualize Gb3 in cells, Shiga toxin staining was performed. Cells were seeded in 

coverslips, transfected with Ctrl, LAPTM4B, and LAPTM4A siRNA. Three days later, cells 

stained with XX uM Shiga toxin treat cells for XX min. Afterwards the rest Shiga toxin was 

wash away with PBS. Cells were fixed and imaged as described above.  

 Glycosphingolipid synthesis by [3H]sphingosine pulse 
3x106 wild type (WT) and LAPTM4B knockout (KO) A431 cells were seeded in quadruplicate 

in complete medium in 10cm dish, 48 h prior [3H]sphingosine-labeled lipids pulse - chase 

experiments. For the pulse - chase experiments, Firstly, prepare [3H]sphingosine-labeled 

lipids(final concentration 1ul/ml) in the premade serum-free DMEM containing 0.2% fatty 

acid free BSA. Secondly, pulse the cells with [3H]sphingosine-labeled lipids medium for 120 

min. Finally, wash dish twice with PBS and once with MQ ddH2O, remove all the liquids and 

let the dish air dry at room temperature. Complex glycolipids were separated using a elution 
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buffer containing chloroform:methanol:acetic acid:water to a ratio of 25:20:4:1. Simple 

glycolipids were separated using a elution buffer containing 

chloroform:methanol:acetone:acetic acid:water to a ratio of 10:2:4:2:1. All components of the 

elution buffers were HPLC-grade chemicals. After separation of the radioactively labeled 

lipids on the HPTLC plates, the plates were thoroughly dried and then placed against a [3H] 

screen for 2 weeks to visualize the labeled lipids. The resulting bands were then scanned 

and analyzed.  

Statistical analysis of data  
Data are presented as the mean ± standard error of mean (SEM) from at least three 

independent experiments. Statistical significance was calculated using the Student’s t-test 

for pairwise comparisons or Chi-square test. The level of statistical significance was set at 

0.05. * p≤0.05; ** p≤0.005; *** p≤0.0005.  

Results 

LAPTM4B sorting into intraluminal vesicles is controlled by its sphingolipid 
interaction motif 
We set out to gain a deeper understanding of how the SL interaction motif (SLim) of 

LAPTM4B modulates organellar sphingolipid homeostasis. We first determined the 

subcellular localization of endogenous LAPTM4B in epidermoid carcinoma A431 cells used 

in our previous studies of LAPTM4B 19,20. LAPTM4B was C-terminally tagged at the genomic 

locus with a superfold green fluorescent protein (sfGFP) by CRISPR/Cas9-mediated 

homology-directed repair. LAPTM4B-sfGFP was observed in punctate endosomal structures 

in the perinuclear area of the cell (Figure 1A) and colocalized with lysobisphosphatidic acid 

(LBPA), a negatively charged endosomal lipid involved in the formation of ILVs destined for 

secretion as exosomes46. Surprisingly, despite being classified as a lysosomal protein47, 

endogenous LAPTM4B-sfGFP showed only partial overlap with the late endosomal and 

lysosomal markers CD63 and LAMP1 (Figure 1A).  

Next, we utilized immuno-EM to investigate whether SLim regulates the localization of 

LAPTM4B in multivesicular endosomes (MVEs). To this end, we re-expressed wild type 

LAPTM4B (L4B) or a SLim-deficient mutant LAPTM4B (ATM3) which is unable to directly 

interact with ceramide on a LAPTM4B knockout background (Figure 1B)19. L4B was mainly 

found in intraluminal vesicles of MVEs (Figure 1C, Supplemental Figure 1B). As ceramide 

has been reported to play a role in ILV budding9, we measured whether the SLim in 

LAPTM4B affects its sorting in MVEs. L4B- and ATM3-positive ILVs were classified 

according to their position within the MVE lumen as either central ILVs or peripheral ILVs 

(Figure 1C - D). Remarkably, ATM3-positive ILVs were more frequently found in close 
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proximity to the delimiting membrane compared to L4B-positive ILVs (Figure 1D). To further 

address the requirement of the SLim in sorting LAPTM4B to ILVs, we assessed L4B and 

ATM3 localization in Vacuolin-1-enlarged endosomal compartments by confocal microscopy 

(Figure 1E-G). LAMP1-sfGFP was expressed to specifically mark the delimiting membrane 

of late endosomes24. The LAMP1-sfGFP organelles were of similar size in L4B and ATM3 

expressing cells after treatment with Vacuolin-1 (Figure 1F). Strikingly, there was ~75% less 

ATM3 in LAMP1-sfGFP-positive endosomes compared to WT L4B (Figure 1G), suggesting 

that the SLim is needed for efficient sorting of L4B into ILVs.  

 

LAPTM4B is secreted from cells 

As ILVs can be secreted from cells in form of exosomes, we tested whether the reduced 

sorting of ATM3 into ILVs is also reflected by its release from cells. Therefore, the amount of 

L4B and ATM3 was quantified from 24h and 48h conditioned cell culture medium. At the 24 

h time point, ATM3 secretion was ~60% lower than L4B (Figure 1H - I). At 48 h, similar 

amounts of L4B and ATM3 were detected in the medium, suggesting that an equilibrium of 

release and uptake had been reached. In contrast, secretion of the established exosome 

markers CD63 and CD8148, was similar from L4B and ATM3 expressing cells at both 

timepoints (Figure 1H - I). Together, these data suggest that efficient sorting of LAPTM4B 

into ILVs and the subsequent release into the medium requires a functional SLim.  

 
LAPTM4B associates with small extracellular vesicles 
Considering that LAPTM4B localizes to ILVs and is secreted from cells, we further tested 

whether LAPTM4B associates with a certain category of extracellular vesicles. EVs were 

isolated from conditioned medium of A431 WT cells (Figure 2A-B) and human prostate 

cancer PC-3 cells (Supplemental Figure 2A-B) by sequential ultracentrifugation. This 

isolation method allowed us to separate two major EV categories, large EVs (lEV) enriched 

in microvesicles and sEVs containing exosomes30. The majority of secreted LAPTM4B was 

detected in the sEV population in both cell lines, together with CD63 and CD8148 (Figure 2A 
- B; Supplemental Figure 2A - B). Importantly, LAPTM4B also associated with sEVs 

isolated from urine of healthy human subjects (Figure 2C). This is the first observation to 

demonstrate that LAPTM4B associates with sEVs likely representing classical exosomes 

that originate from endosomal compartments.  

We next assessed whether EV properties are affected by LAPTM4B. Transmission-EM 

demonstrated that EV preparations contained characteristic cup-shaped vesicles (Figure 
2D), and that KO-derived EVs were morphologically similar to WT EVs (Figure 2D). 

Nanoparticle tracking revealed that LAPTM4B depletion (Figure 2E - F) or expression of 

mutant ATM3 (Supplemental Figure 2E) did not significantly affect the number or size 
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distribution of the secreted EVs. Together, these data show that lack of functional LAPTM4B 

neither compromises the number nor the size of secreted large and sEVs.  

 

LAPTM4B differentially modulates the lipid composition of sEVs and their parental 
cells 
Lipids are major constituents of EVs and have a substantial effect on the biophysical 

properties of membrane bilayers. To gain further insight whether LAPTM4B controls lipid 

homeostasis, we performed lipidomic analyses of isolated sEVs and the parental A431 cells 

(Supplemental table 1 and 2). Altogehter, the lipid composition of WT, KO, rescue L4B, 

and mutant ATM3 cells and sEVs released by these cells, has been analyzed. Principal 

component analysis of cellular lipidomes showed a clear separation of WT and L4B rescue 

cells from KO and ATM3 cells (Figure 3A), suggesting a role of the SLim containing TM3 in 

regulating lipid homeostasis. By using shotgun lipidomics, a total of 671 and 736 lipid 

species were identified in WT and KO cells, respectively (Figure 3B). Similarly as in cells, 

the lipidomes of sEVs deriving from WT and KO cells were clearly separated in the PCA 

analysis (Figure 3C), and 610 lipid species were detected in WT sEVs compared to 614 in 

ATM3 sEVs (Figure 3D). Taken together, the total amount of lipid species in cells and sEVs 

were similar in samples from WT, KO, L4B and ATM3 cells (Supplemental Figure 3A - D). 

However, the PCA analysis suggests that there are specific LAPTM4B-regulated lipids in 

cells and EVs, and that these effects may be dependent on the SLim of LAPTM4B. 

 
Lipid profiles of cells and sEVs and the regulatory effect of LAPTM4B 
A comprehensive lipidomic analysis showed that the lipid profile of sEVs substantially 

differed from that of their parental cells (Supplemental table 1). Small EVs from WT were 

particularly enriched in phosphatidylserine (PS; 2.95x), cholesterol (Chol; 1.34x), 

sphingomyelin (SM; 1.3x), and ceramide (Cer; 1.85x) compared to cells (Supplemental 
table 1), similar to what has been previously reported4. Storage lipids, such as triacylglycerol 

(TAG) and cholesterol esters (CE) were virtually absent from sEVs, verifying the purity of our 

EV preparations (Supplemental table 1). 

Comparison of the lipid classes in WT vs KO cells revealed statistically significant, but 

quantitatively minor, changes in PE O-, SM, LPE O- and LPE (Figure 4A). The effect of 

LAPTM4B was more obvious on the lipid classes detected in sEVs (Figure 4B). Here, total 

PS was reduced by 15% and total HexCers increased by 28%, suggesting that LAPTM4B 

preferentially regulates the lipid composition of the MVEs from which the EVs originate.  

Considering that several recent studies have provided evidence for a role of the LAPTM-

family of proteins in sphingolipid metabolism20,49–51, we next performed a detailed analysis of 

the individual sphingolipid species (Figure 5; Supplemental Figure 4). Overall, the most 
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abundant sphingolipid species present in A431 cells contained either C16 or C24 fatty acid 

moieties on the sphingoid backbone (Figure 5; Supplemental Figure 4). SMs represented 

the most stable class of SLs in cells and sEVs, and LAPTM4B had only a moderate effect on 

certain species within this class (Supplemental Figure 4). LAPTM4B KO resulted in an 

increase in C16 and C24 ceramide species in primarily cells and to a smaller extend in sEVs 

(Figure 5A, 5C), confirming our previous findings with siRNA-mediated silencing of 

LAPTM4B20. Interestingly, LAPTM4B depletion resulted in a downregulation of deoxy-

Cer42:2;1 (Figure 5A), an atypical ceramide species generated via an alternative ceramide 

synthesis pathway in cells (Figure 5E). The most striking LAPTM4B-dependent change in 

cells and sEVs was a marked increase of all HexCer species (Figure 5B, 5D). Importantly, 

L4B but not ATM3 rescued the HexCer-accumulating phenotype, indicating a clear 

functional role of the SLim (Figure 5B, 5D).  

Knockout of LAPTM4A, another LAPTM family member, was recently found to inhibit cellular 

synthesis of Gb3, a downstream metabolite of HexCer, thereby protecting cells 

from enterohemorrhagic Escherichia coli (EHEC) infection49–51. Since Gb3 was not detected 

by the shotgun lipidomics approach, we performed targeted experiments to test whether 

LAPTM4B affects cellular Gb3. These revealed that Gb3 levels and synthesis were 

increased in LAPTM4B knockout cells, suggesting that LAPTM4A and LAPTM4B have 

opposing effects on cellular Gb3 (Supplemental Figure 5). Altogether, our data reveal a 

new role of LAPTM4B as potent regulator of sphingolipid content in the cell and in sEVs. 

 

Another intriguing finding was a significant SLim-dependent co-regulation of certain ether-

linked phospholipids (Figure 6). By comparing WT and resuce L4B with KO and mutant 

ATM3 cells, we observed a significant and SLim-controlled increase for certain ether-PC 

species and a concomitant reduction of ether-PE species (Figure 6A). In sEVs, released by 

the afore mentioned cell lines, an opposite regulation was observed (Figure 6B), with a 

reduction of ether-PC species, and an increase in ether-PE species.In particular, ether-PE 

species containing polyunsaturated fatty acids, including AA, EPA, and DHA, were enriched 

up to three-fold in sEVs from  LAPTM4B-deficient cells. Overall, these results reveal a 

LAPTM4B-controlled modulation of sphingolipids accompanied by a co-regulation of defined 

ether-lipids.  

 

LAPTM4B controls membrane order of sEVs  
Together with ceramide and cholesterol, glycosphingolipids have been shown to drive lipid 

nanodomain formation in biological membranes, thereby effecting membrane properties52. 

Therefore, we tested whether LAPTM4B might control membrane order in sEVs. We used 

trans-parinaric acid (tPA), currently one of the most-sensitive probes to measure membrane 
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order in biological membranes53. So far, tPA has been solely used to investigate membrane 

order in artificial membrane systems, such as liposomes54. Here, we use this probe to 

measure the order and the formation of nanodomains in membranes of cell-derived sEVs. 

The temperature-dependent average lifetime of the probe is used as a readout for 

measuring membrane order. The probe reported a similar average tPA lifetime for WT and 

KO sEVs membranes with a slight tendency of increased membrane order in KO sEVs 

(Figure 7A). Interestingly, measurement of the longest lifetime component (representing the 

smallest detectable domains)52 suggested that sEVs secreted from KO cells had more stable 

nanodomains compared to WT sEVs (Figure 7B). In summary, our data suggest that 

LAPTM4B regulates the lipid content and membrane order of sEVs.  

 

 

Discussion 
 

Exosomes acquire their signature lipid composition during their biogenesis in MVEs. While 

many studies have addressed the mechanisms of protein sorting into ILVs55, the factors 

controlling ILV/exosomal lipid content remain largely unknown. In the present study, we 

report a role for LAPTM4B in regulating the EV lipid composition. 

 

Previous studies by us and others have localized overexpressed LAPTM4B to lysosomes 

based on colocalization with markers CD63 or LAMP-1. Our current findings suggest that 

endogenous LAPTM4B colocalizes only partially with classical late endosomal/lysosomal 

protein markers, but surprisingly well with lysobisphosphatidic acid (LBPA). This atypical 

phospholipid is enriched in highly specialized internal membranes of late endosomal 

compartments that function in protein sorting and trafficking56 as well as in lipid 

degradation57, and exosome biogenesis46. Immuno-EM shows that the vast majority of 

LAPTM4B is present in ILVs of MVEs. Accordingly, we find LAPTM4B to be secreted from 

human cells in sEVs both in vitro and in vivo. 

 

We have previously shown that LAPTM4B regulates the subcellular distribution of 

ceramide20 .  The intracellular sites(s) of LAPTM4B action has not been fully resolved, but its 

dominant MVB localization suggests function in late endosomal organelles harboring 

ceramide as a result of sphingolipid catabolism. Here we show that a mutant LAPTM4B 

lacking the SLim19, is inefficiently sorted into ILVs and is consequently less secreted in the 

sEVs fraction. The critical role of the SLim for targeting LAPTM4B to ILVs is particularly 

interesting with regards to the reported role of ceramide in ILV formation9,58. In human breast 

cancer cells, pharmacological inhibition or silencing of nSMase2 resulted in an inhibition of 
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exosome secretion, but simultaneously enhanced budding of microvesicles from the plasma 

membrane16. In contrast, a similar nSMase2 inhibition/depletion approach did not affect the 

release of exosomes from PC-3 prostate cancer cells17. Thus, different MVE subpopulations 

may use distinct mechanisms for ILV/exosome biogenesis12.  

 

The ability of ceramide to laterally segregate into nanodomains and to induce negative 

membrane curvature suggests a potential role in inward budding of nascent ILVs59. The 

SLim in LAPTM4B could potentially sequester ceramide within the lipid bilayer and thereby 

promote its own vesiculation into ILV membranes. Although LAPTM4B knockout leads to an 

increase in cellular C16- and C24-ceramides in cells, it does not induce quantitative changes 

in EV secretion or ceramide content. Similarly, no changes in EV morphology or size 

distribution is observed. This implies that while LAPTM4B requires a SLim for ILV targeting, 

ceramide does not require LAPTM4B for sorting into MVBs.  

 

We found that LAPTM4B induces a robust and complex regulation of cellular and EV lipid 

content. The most substantial effect of LAPTM4B knockout on the lipidome was an increase 

in HexCer species both in cells and in sEVs. We further show that the SLim is necessary to 

suppress HexCer accumulation in cells and EVs. Moreover,  

 

Our finding that LAPTM4B controls glycosphingolipid homeostasis, is interesting considering 

that its paralog LAPTM4A, with 71% similarity, was recently reported to control Gb3 

synthesis49–51. Silencing of LAPTM4A reduced cellular Gb3 levels and Shiga toxin binding to 

the plasma membrane of A431 cells. The effect of LAPTM4A on Gb3 synthesis was shown 

to require an interaction between LAPTM4A and Gb3 synthase in the Golgi51. To our 

surprise, LAPTM4B depletion has the opposite effect, increasing cellular Gb3 and enhancing 

Shiga toxin binding (Supplementary Figure 5). LAPTM4B localizes to MVEs and effects the 

HexCer content of EVs, suggesting that it functions in endosomes. However, it is plausible 

that both proteins may function in the Golgi and in endosomes to maintain cellular 

glycosphingolipid homeostasis.  

 

Another intriguing finding is a SLim-dependent regulation of ether-PC and ether-PE species. 

The presence of ether-phospholipids in exosomes has been reported for certain cell types, 

including platelets, PC-3 cells or mast cells60. Ether-PLs have different physico-chemical 

properties compared to ester-PLs, and can pack into dense and rigid membrane 

structures61, and have proposed roles in regulating membrane trafficking and fusion62. There 

is emerging evidence for a coregulation of sphingolipids and etherlipids. Recent work by 

Jiménez-Rojo and colleagues reported a coordinated regulation of cellular ether-lipids and 
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sphingolipids, where the depletion of one class resulted in the increase of the other63. A co-

regulation of sphingolipids and ether-lipids has also been linked to human influenza virus 

infections64. Our lipidomic analysis of sEVs further shows a differential sorting of sphingolipid 

and ether lipid species in exosomes, revealing an additional layer of complexity in the 

coregulation of these lipid classes. 

Finally, sEV membranes were highly enriched in PUFA-containing ether-PE species. The 

most enriched ether-PE species in sEVs, PE O-0/18:1;0_22:6:0, is present in sEVs, but not 

detected from cells. PUFA-containing phospholipids serve as precursors for the synthesis of 

lipid signaling molecules such as eicosanoids65, and ether-lipids and their fatty acids have 

been demonstrated to feed into eicosanoid production66. The LAPTM4 family of proteins are 

emerging as regulators of sphingolipid homeostasis, and we have previously shown that 

LAPTM4B regulates the subcellular distribution of ceramide. The current study reveals that 

the impact of LAPTM4B goes beyond regulating a single lipid class. Rather, LAPTM4B 

controls the content of sphingolipids as well as co-modulates PUFA-containing ether lipids in 

cells and sEVs. This suggests that LAPTM4B can affect inflammatory properties of EVs. 

Considering that LAPTM4B has been associated with immune responses67 and linked to 

diseases associated with inflammatory signaling (e.g. several type of cancers68–70) and Lewy 

body Dementia71, future studies should address how LAPTM4B affects EV-mediated cell to 

cell signaling.  
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Figure 1 

 
 

Figure 1 – LAPTM4B sorting into ILVs is controlled by a sphingolipid interaction motif (SLim). 
(A) Cellular localization of endogenously sfGFP-tagged LAPTM4B with CD63, LAMP1, and LBPA in late 
endosomal/lysosmal compartments in A431 cells.  
(B) Schematic picture of cell lines stably expressing 3xFlag-tagged WT (L4B) or SLim-deficient LAPTM4B 
(ATM3) in a LAPTM4B knockout background in A431 cells. 
(C) Representative electron microscopy images of immunogold-labeled L4B-Flag and ATM3-Flag cells.  
(D) Left panel: Schematic drawing depicting the criteria we set for quantifying L4B- and ATM3-positive ILVs 
within the delimiting membrane of MVE. Right panel: ATM3-positive ILVs where more frequently found in the 
peripheral zone compared to L4B-positive ILVs as shown in the contingency table. ***p=0.000141. 
(E) Representative images showing the localization of L4B-Flag or ATM3-Flag within the lumen of vacuolin-1-
enlarged endosomes. LAMP1-sfGFP defines the delimiting membrane. 
(F) Vacuolin-1-enlarged LAMP1-sfGFP-positive endosomes sizes (diameter in !m) in L4B and ATM3 cells (n = 3 
independent experiments, mean ± SEM).  
(G) Quantification of (E) L4B-Flag or ATM3-Flag within the lumen of vacuolin-1-enlarged LAMP1-sfGFP-positive 
endosomes (n = 3 independent experiments, mean ± SEM, *p=0.03).   
(H) Secreted L4B, ATM3, CD63 and CD81 was quantified by Western blotting of TCA-precipitated 24h- and 48h-
conditioned media. A representative image of cellular and secreted proteins is shown.  
(I) Quantification of secreted L4B and ATM3 shown in (H) (n = 3 independent experiments; mean ± SEM, 
***p=0.0002). 
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Figure 2 
 

 
 
 

 
Figure 2 – LAPTM4B associates with small extracellular vesicles in vitro and in vivo.  
(A) Large (lEV) and small (sEV) extracellular vesicle populations were isolated from serum-free 48h-conditioned 
medium by sequential ultracentrifugation. A representative image of a quantitative Western blot analysis of 
endogenous LAPTM4B, CD63, CD81 and GAPDH in large EV and small EV populations and cells is shown. 
(B) Quantification of LAPTM4B, CD63 and CD81 protein distribution in large and small EV populations (n ≥ 3 
independent experiments; mean ± SEM).  
(C) Large and sEVs populations were isolated from human urine of 4 different healthy subjects. Quantitative 
Western blot of LAPTM4B and CD63 in large and sEVs is shown.  
(D) Representative transmission electron micrographs of large and sEVs isolated from 48-conditioned medium of 
WT and KO cells are shown. Scale bar = 200 nm. 
(E) Size distribution of WT and KO large (lEV) and small (sEV) EVs was determined by NTA (n = 3 independent 
experiments; mean ± SEM). 
(F) Particle number of WT and KO large (lEV) and small (sEV) EVs was measured by NTA (n = 3 independent 
experiments; mean ± SEM).  
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Figure 3 
 

 
 

Figure 3 – Shotgun-lipidomic analysis of WT, KO, rescue L4B and mutant ATM3 sEVs and their 
parental cells  
(A) Principle component analysis of cellular WT, KO, rescue L4B and mutant ATM3 lipidomes. Replicates of 3 
independent experiments are shown.  
(B) Lipid class and species diversity among lipid categories is shown for cellular lipids in WT and KO cells (n = 3 
independent experiments). 
(C) Principle component analysis of sEVs in WT, KO, rescue L4B and mutant ATM3 lipidomes. Replicates of 2-3 
independent experiments are shown.  
(D) Lipid class and species diversity among lipid categories is shown for sEVs released by WT and KO cell (n = 
2-3 independent experiments). 
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Figure 4 
 

 
 
 
Figure 4 – Lipid class composition of WT and LAPTM4B knockout cells and sEVs. 
(A) Concentrations of lipid classes of WT and KO cells are shown in mol% of total lipids (n = 3 independent 
experiments; mean ± SEM; PE O- (*p=0.024); SM (*p=0.048); LPE O- (*p=0.009); LPE (*p=0.026)). 
(B) Concentrations of lipid classes of WT and KO sEVs are shown in mol% of total lipids (n = 3 independent 
experiments; mean ± SEM; PS (**p=0.002); HexCer (**p=0.003)).  
CE, cholesterol ester; Cer, ceramide; Chol, cholesterol; CL; DAG, diacylglyerol; HexCer, hexosylceramide; PA, 
phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, 
phosphatidylinositol; PS, phosphatidylserine; and their respective lysospecies LPA; LPC; LPE; LPG; LPI; LPS; 
and their ether derivates: PC O-; LPC O-; PE O-; LPE O-; SM, sphingomyelin; TAG, triacylglycerol 
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Figure 5 
 

 
      E.  

 
 

Figure 5 – LAPTM4B regulates the sphingolipid content of cells and sEVs. 
(A) Concentration of most abundant Cer species detected in WT, KO, rescue L4B and mutant ATM3 cells are 
shown in mol% of total lipids. (n ≥ 3 independent experiments; mean ± SEM; Cer34:1;1 (*p=0.009); Cer42:2;1 
(*p=0.031); Cer32:1;2 (*p=0.021); Cer34:1;2 (**p=0.004/*p=0.033); Cer42:1;2 (**p=0.004/*p=0.031); Cer42:2;2 
(*p=0.009)).  
(B) Concentration of most abundant HexCer species detected in WT, KO, rescue L4B and mutant ATM3 cells are 
shown in mol% of total lipids. (n ≥ 3 independent experiments; mean ± SEM; Cer34:1;2 (*p=0.007/*p=0.01); 
Cer42:1;3 (*p=0.044/*p=0.04); Cer42:2;2 (**p=0.003)). 
(C) Concentration of most abundant Cer species detected in WT, KO, rescue L4B and mutant ATM3 sEVs are 
shown in mol% of total lipids. (n = 3 independent experiments for WT and KO; n = 2 independent experiments for 
L4B and ATM3; mean ± SEM; Cer32:1;2 (*p=0.037); Cer42:1;2 (*p=0.049)). 
(D) Concentration of most abundant HexCer species detected in WT, KO, rescue L4B and mutant ATM3 sEVs 
are shown in mol% of total lipids. (n = 3 independent experiments for WT and KO; n = 2 independent 
experiments for L4B and ATM3; mean ± SEM; Cer34:1;2 (**p=0.004); Cer42:1;2 (*p=0.034); Cer42:1;3 
(**p=0.001); Cer42:2;2 (*p=0.043)). 
(E) Schematic representation of sphingolipid synthesis pathways. Canonical and alternative SL synthesis in 
mammalian cells is depicted. Chemical structures of the SL metabolites, ceramide (A), dihydroceramide (B), 
Deoxyceramide (C), Glucosylceramide (D), and Galactosylceramide (E) are shown.   
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Figure 6 
 

                 A.                                          B  

 
 
Figure 6 – LAPTM4B-SLim-dependent modulation of ester and ether lipid species in cells and 
sEVs. 
(A) Changes of cellular ester and ether lipid species from WT to KO and rescue L4B to mutant ATM3 cells are 
shown as ratios of their mean mol% values. All species listed underlie a significant regulation by the SLim in 
LAPTM4B. 
(B) Changes of sEVs ester and ether lipid species from WT to KO and rescue L4B to mutant ATM3 cells are 
shown as ratios of their mean mol% values. All species listed underlie a significant regulation by the SLim in 
LAPTM4B.  
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Figure 7 
 

                    A.                                                    B.  

 
 
 

Figure 7 – LAPTM4B effects the stability of membrane nanodomains in sEVs. 
(A) Membrane order and (B) nanodomain stability of sEVs membranes was measured by time-resolved 
fluorescence analysis using trans-parinaric acid (tPA) (n = 3 independent experiments, mean ± SEM).  
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Supplemental Figure 1 
 
 

 
 

Supplemental Figure 1 – Effect of LAPTM4B knockout on late endosomes/lysosomes and 
LAPTM4B localization in MVEs.  
(A) Cellular localization of CD63, LAMP1, and LBPA in late endosomal/lysosomal compartments of LAPTM4B 
knockout A431 cells. 
(B) Electron microscopy images of immunogold-labeled L4B-Flag localizing to intraluminal vesicles in 
multivesicular endosomes.  
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Supplemental Figure 2 
 
 

 
 

Supplemental Figure 2 – LAPTM4B associates with sEVs in PC-3 prostate cancer cells and 
LAPTM4B-SLim does not affect EV size and numbers. 
(A) Large (lEV) and small (sEV) extracellular vesicle populations were isolated from serum-free 48h-conditioned 
medium of PC-3 prostate cancer cells by sequential ultracentrifugation. A representative image of a quantitative 
Western blot analysis of endogenous LAPTM4B, CD63, CD81 and GAPDH in large EV and small EV populations 
and cells is shown. 
(B) Quantification of LAPTM4B, CD63 and CD81 protein distribution in large and small EV populations (n ≥ 3 
independent experiments; mean ± SEM). 
(C) Secreted L4B was directly detected by Western blotting of TCA-precipitated urine proteins of 4 healthy 
human subjects. A representative image is shown.  
(D) Size distribution of L4B and ATM3 large (lEV) and small (sEV) EVs was determined by NTA (n = 3 
independent experiments; mean ± SEM). 
(E) Particle number of L4B and ATM3 large (lEV) and small (sEV) EVs was measured by NTA (n = 3 
independent experiments; mean ± SEM).  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 29 

Supplemental Figure 3 
 
 

 
Supplemental Figure 3 – The effect of LAPTM4B depletion and SLim on total lipid abundance 
in cells and sEVs.  
(A) Total amount of lipids of major lipid categories of WT and KO cells is shown in nmol per 1x 106 cells (n = 3 
independent experiments; mean ± SEM).  
(B) Total amount of lipids of major lipid categories of WT and KO sEVs is shown in nmol per 1x 106 cells (n = 3 
independent experiments; mean ± SEM). GL (*p=0.02) 
(C) Total amount of lipids of major lipid categories of L4B and ATM3 cells is shown in nmol per 1x 106 cells (n = 3 
independent experiments; mean ± SEM).  
(B) Total amount of lipids of major lipid categories of L4B and ATM3 sEVs is shown in nmol per 1x 106 cells (n = 
3 independent experiments; mean ± SEM). 
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Supplemental Figure 4 
 
 

 
 

Supplemental Figure 4 - LAPTM4B regulates the sphingolipid content of cells and sEVs. 
(A) Concentration of most abundant SM species detected in WT, KO, rescue L4B and mutant ATM3 cells are 
shown in mol% of total lipids. (n ≥ 3 independent experiments; mean ± SEM; SM32:0;2 (***p=0.0001); SM34:0;2 
(***p=0.0003); SM34:1;2 (*p=0.007); SM42:1;2 (*p=0.008); SM42:2;2 (*p=0.009)). 
(B) Concentration of most abundant SM species detected in WT, KO, rescue L4B and mutant ATM3 cells are 
shown in mol% of total lipids. (n ≥ 3 independent experiments; mean ± SEM; SM34:0;2 (*p=0.008); SM34:1;2 
(p=0.016)). 
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Supplemental Figure 5 
 

 
 

Supplemental Figure 5 - LAPTM4B knockout increases cellular globotriasylceramide levels.  
(A) Schematic representation of the sphingosine salvage pathway depicting sphingolipid metabolites (bold) and 
enzymes (italic) involved in the synthesis of globotriasylceramide (Gb3).  
(B) Representative TLC showing cellular glycosphingolipids in A431 cells treated with control of LAPTM4A 
siRNA, and WT A431, LAPTM4B knockout and L4B rescue cells 
(C) Shiga toxin was used to visualize Gb3 in A431 cells treated with control, LAPTM4A and LAPTM4B siRNA. 
(D) TLC showing radiolabeled sphingolipds in A431 WT and LAPTM4B knockout cells following a 2h pulse with 
[3H]-sphingosine. 
(E) Quantification of [3H]-sphingolipids from cells treated as in D. (n = 3 independent experiments; mean ± SEM). 
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Supplemental Table 1 

 

 
 
 

Supplemental Table 1 – Lipid class composition in sEVs and enrichment to their parental A431 
WT cells.  
*Fenr: Factor of enrichment from cells to sEVs  
n.a. = not analyzed  
n.d. = not determined 
 
 
 
 

 

Supplemental Table 2 
(excel file containing lipidomics data of cells and sEVs; values of all analyzed lipid species 

are shown in mol% of total lipids) 


