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Abstract 

The Niemann-Pick C2 protein (NPC2) is a sterol transfer protein in late endosomes and lysosomes 

(LE/LYSs). How its capacity to transport cholesterol between membranes is linked to endo-

lysosomal membrane trafficking is not known. Using quantitative fluorescence imaging combined 

with soft X-ray tomography (SXT); we show that NPC2 mediated sterol efflux is accompanied by 

large changes in distribution, size and ultrastructure of endocytic organelles. We observed clearance 

of intra-luminal lipid deposits, a decrease in number of autophagosomes, formation of membrane 

contact sites (MCSs) to the endoplasmic reticulum and extensive tubulation of LE/LYSs in three-

dimensional SXT reconstructions of NPC2 treated human fibroblasts. The cells could recycle the 

cholesterol analog dehydroergosterol (DHE) from LE/LYSs slowly also in the absence of NPC2 

protein but internalized NPC2 synchronized and accelerated this process significantly. Most 

fluorescent NPC2 was retained in LE/LYSs while DHE was selectively removed from these 

organelles, at least partially by non-vesicular exchange with other membranes. During sterol efflux 

LE/LYSs were reallocated to the cell periphery, where they could fuse with newly formed 

endosomes. Surface shedding of micro-vesicles was found, suggesting a pathway for cellular sterol 

release. We conclude that NPC2 mediated sterol efflux from LE/LYSs controls membrane traffic 

through the endo-lysosomal pathway.  
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Introduction 

 

Late endosomes and lysosomes (LE/LYSs) play a central role in uptake and processing of nutrients, 

but these organelles are also increasingly recognized as sensors of the cellular nutrient status 
1
. 

Cholesterol, an essential cellular lipid 
2
 is delivered to cells mostly via uptake of low density 

lipoproteins which become processed in LE/LYSs to provide cholesterol for other cellular 

destinations. Two proteins, NPC1 and NPC2 are critically involved in export of cholesterol from 

LE/LYSs. According to a well-established model, the small soluble sterol-binding protein NPC2 

picks up cholesterol inside LE/LYSs and delivers it to NPC1 for export from these compartments 

3,4
. Importantly, lack of both, NPC1 and NPC2 leads to Niemann Pick type C (NPC) disease, in 

which cholesterol and sphingolipids accumulate in LE/LYSs of liver spleen and neuronal cells to a 

varying degree
5-7

. The tissue-specific accumulation of cholesterol versus various sphingolipid 

species caused some disagreement of the initially accumulating metabolite in NPC disease 
8
. Both, 

NPC1 and NPC2 can bind cholesterol and other sterols and NPC2 accelerates sterol exchange 

between liposomes in a concentration-dependent manner under conditions found in LE/LYSs 
4,9-14

. 

Despite this wealth of biochemical in-vitro data, the molecular mechanisms underlying the function 

of both proteins in cholesterol transport in living cells are not clear.  

There is increasing appreciation of the role played by the intracellular positioning of 

LE/LYSs in the function of these organelles. For example, there is evidence for a direct 

involvement of lysosome positioning in the nutrient status of the cell
15

. Cholesterol enrichment in 

LE/LYSs due to defective rab7 GTPase or NPC1 can cause dynein-dependent perinuclear 

accumulation and reduced mobility of LE/LYSs 
16-19

. In fact, the ion composition of LE/LYSs is 

tightly regulated and directly affects ligand receptor sorting and cargo degradation 
20

. We found 

recently, that fluorescent NPC2 mobilizes cholesterol visualized using filipin  from NPC2 deficient 

fibroblasts (NPC2 -/- cells), and that this process is accompanied by increasing mobility and 
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dispersion of LE/LYSs 
21

. Filipin staining, however, does not allow one to distinguish different 

pools of sterols, as all sterols bearing a free 3’hydroxy group bind filipin 
22

. One can overcome this 

limitation by using fluorescent analogs of cholesterol, which can be specifically inserted into the 

plasma membrane (PM) to follow their intracellular trafficking over time using quantitative 

fluorescence microscopy 
22

. Here, intrinsically fluorescent cholesterol analogs like 

dehydroergosterol (DHE) should be preferentially used instead of dye-tagged cholesterol analogs, 

as the latter are often poor mimics of cholesterol in membranes, while the dye moiety can interfere 

with sterol binding to enzymes and transfer proteins 
23

. DHE and other intrinsically fluorescent 

sterols do not bear attached fluorescent moieties and can be recognized by various sterol 

transporters including Oxysterol-binding proteins, StARD3, StARD4, NPC1 and NPC2 
9,24-29

. In a 

recent study, we found that PM-derived DHE and isotope-labeled cholesterol becomes trapped in 

LE/LYSs in NPC2 -/- cells 
30

. Internalized NPC2 could rescue transport of this sterol between PM 

and LE/LYSs, partly by increasing non-vesicular DHE export from the storage organelles. The 

molecular mechanisms underlying re-mobilization of PM-derived sterol from LE/LYSs by NPC2 

are poorly understood. Also, it is not clear how this process is orchestrated with the spatial 

distribution of these organelles and whether NPC2 mediated sterol efflux affects membrane 

trafficking through the lysosomal pathway in general. 

In order to address these questions, we have performed a detailed quantitative imaging 

study to monitor NPC2 mediated efflux of PM-derived sterol from LE/LYSs of NPC2-/- fibroblasts. 

We show that DHE trapped in LE/LYSs can slowly efflux from patient fibroblasts also in the 

absence of functional NPC2. Internalized NPC2 accelerates and synchronizes this efflux process 

and co-localizes extensively with DHE during efflux. Sterol efflux was accompanied by 

reallocation of LE/LYSs from the perinuclear region to the cell periphery and extensive tubulation 

of these organelles, as shown by both, live-cell fluorescence microscopy and soft X-ray tomography 
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(SXT). The latter is an emerging technique, which provides 3D images of fully hydrated cryo-

frozen cells with a 3D resolution down to 36 nm (Rayleigh) 
31,32

. SXT is therefore extremely useful 

to study the ultrastructure and spatial arrangement of LE/LYSs. We use SXT to provide 

ultrastructural information on endosomes, their size and spatial relationship to other organelles 

during cholesterol efflux. We found that NPC2 has a profound impact on the ultrastructure, location 

and dynamics of LE/LYSs. Due to its excellent preservation and detection of membranes, SXT 

allowed us also to detect delicate cellular structures, like shedding micro-vesicles at the PM, which 

might be implicated in sterol release. Our study combines different optical imaging modalities to 

provide a mechanistic link between the observed in vitro function of NPC2 and the cellular 

phenotype of NPC2 disease. 

 

Results  

 

Kinetics of sterol efflux and ultrastructure of endo-lysosomes are controlled by NPC2  

We studied first the dynamics of cellular egress of accumulated sterol in disease cells after removal 

of sterol sources from the culture medium. When NPC2-/- fibroblasts were incubated in the 

continuous presence of DHE/BSA for 48 h, the fraction of fluorescent sterol in the LE/LYSs rises to 

about 50% of total cell-associated DHE 
30

. NPC2 removed this excess sterol to levels found in 

fibroblasts from healthy subjects (Fig. 1A and B). When these cells were subsequently incubated in 

medium having LPDS but no sterol or NPC2, some DHE was released from the cell after a 

prolonged delay phase (Fig. 1B, black symbols). When Alexa488-NPC2 was present during the 

incubation in LPDS (Protocol A, Fig. S1), the delay was much shorter (approx. 8 h) followed by a 

pronounced drop of DHE in the lysosomal storage compartments (Fig. 1B, dark red symbols). At 

the end of the 96 h incubation period, the fraction of intracellular DHE was ~0.38 in disease cells 

not treated with Alexa488-NPC2, while it was ~0.28 in disease cells treated with NPC2. Under 
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exactly the same conditions, the intracellular DHE fraction was ~0.18 in control fibroblasts 

incubated in LPDS without Alexa488-NPC2 (Fig. 1B, blue symbol). Remobilization of trapped 

sterol after removal of the sterol source was slow in cells incubated just in medium with LPDS 

compared to cells incubated in the presence of Alexa488-NPC2. Sterol efflux could not be followed 

for longer than four days without compromising cell function.  

The observed delay in sterol efflux in disease cells in the absence of NPC2 indicates 

initial hindrance and temporal heterogeneity of sterol release. Such temporal delays are often 

observed in drug dissolution studies from heterogeneous, i.e., not well-mixed compartments 
33

. To 

test this and to quantify sterol efflux rates, we made use of a stochastic compartment model in 

which one calculates the probability that a particle ‘survives’ in a compartment until a given time. 

We used a compartment model based on the Weibull distribution and fitted this model to the time-

dependent fractional fluorescence of DHE in LE/LYSs of NPC2-/- cells incubated in the presence 

or absence of NPC2 (see Appendix). The data was gathered from three biological replicates with six 

to eight technical replicates (i.e. imaged fields with 2-4 cells each) for each time point. We found 

that the efflux kinetics of DHE in NPC2-/- fibroblasts in the presence and in the absence of 

Alexa488-NPC2 can be exactly fitted by the Weibull model function (red and grey line in Fig. 1B). 

For this analysis, the DHE fraction in the LE/LYSs of control cells (blue symbol in Fig. 1B) was 

used as background term to equation (2), see Appendix. Accordingly, the amplitude of the decay, 

S0, describes the sterol efflux back to normal levels found in control cells under the same loading 

conditions. The estimated time constants from fitting the model to the data were τ = 86.96 h for 

cells incubated in the presence of NPC2 and τ = 135.14 h in the absence of NPC2. The values for 

the stretching parameter, which describes the width of the decay function, were µ = 1.324 and µ = 

2.577 for cells incubated in LPDS in the presence and absence of Alexa488-NPC2, respectively. 

Using these estimated parameters, we can predict that sterol efflux proceeds beyond four days and 
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will be complete after about ten days irrespective of the presence of Alexa488-NPC2 (Fig. 1C). 

This information could not be inferred from the experiment alone, since the disease fibroblasts 

showed signs of stress when cultured in LPDS without NPC2 for longer than five to six days (not 

shown). The stochastic efflux of sterol is based on an intracellular retention time distribution (or 

probability density function; pdf) of sterol molecules 
33

. In contrast to a simple exponential-type 

efflux, where efflux would be equally likely throughout the experiment, the likelihood for a sterol 

molecule to leave the cell according to the Weibull model is different at the start and at the end of 

the efflux experiment (see Appendix), which is often defined as a ‘memory’ of the pdf 
33

. Using the 

estimated parameters from the fit of equation (2) to the sterol efflux data, we can calculate the pdf 

for the sterol efflux in the presence and absence of Alexa488-NPC2 according to equation (3) and 

find that the pdf for sterol efflux is narrowed and skewed to shorter times in the presence of NPC2 

compared to that for sterol efflux from cell just incubated in LPDS (Fig. 1D). In addition, the rate 

coefficient is growing steadily over time for the efflux in NPC2-treated cells, while it levels of in 

cells incubated in LPDS without NPC2 (Fig. S2). From that, we can conclude that internalized 

fluorescent NPC2 significantly reduces the retention time and in parallel synchronizes the sterol 

efflux process within and between the cells.  

To gain a better understanding of how NPC2 may function at the sub-cellular level, 

we used soft X-ray tomography (SXT) of NPC2-/- cells prior to and after incubation with NPC2. 

This optical microscopy technique attains increased resolution compared to classical light 

microscopy by using X-rays with λ=2.3-4.4 nm (equivalent to an energy of 280-540 eV) 
34

. In that 

range, water does not absorb, while inner shell electrons of carbon, being very abundant in cells and 

tissues, get excited leading to absorption contrast. In SXT, the specimen is cryo-frozen and tilted 

while projection images are taken over a large range of tilt angles. Contrast is generated according 

to Lambert-Beer’s law, meaning that the extent of ‘darkness’ in an image is linearly related to the 
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amount of absorbed light. Especially, the carbon-rich lipids appear dark and give high contrast 
31,35

. 

In addition, the cryo-preservation process used in SXT maintains the cell in a near-native state with 

full hydration, preventing artefacts of altered endosome morphology, often observed in EM after 

chemical fixation 
36

. Thus, SXT is a quantitative imaging technique, and after reconstruction of the 

3D volume covering an entire cell thickness of about 10 µm from the projection series, 

ultrastructural details not resolvable by classical light microscopy can be determined. We have 

imaged NPC2-deficient fibroblasts by SXT, prior to and after ‘treatment’ with 100 or 200 nM 

reconstituted NPC2. In the absence of NPC2, many multi-lamellar or –vesicular endosomes were 

found by SXT (Fig. 1E, green arrows). Many of the large vesicles harbored dark internal structures 

with a diameter of ~50 nm, suggesting that they contain remaining lipid-rich intraluminal structures 

(Fig. 1E; red arrows and Fig. S3). In addition, vesicles with the characteristic double-membrane 

shape of autophagosomes were observed (Fig. 1E: blue arrows). These results suggest that NPC2-/- 

fibroblasts are in a state of starvation despite the lipid storage phenotype. Efflux of DHE in cells 

incubated with NPC2 was accompanied by a dramatic change in the ultrastructure of LE/LYSs with 

fewer autophagosomes, disappearance of the dark intra-luminal lipid deposits and generally more 

transparent membrane structures (Fig. 1F). These results demonstrate that internalized NPC2 has a 

profound effect on the ultrastructure of endo-lysosomes, suggesting that this protein controls not 

only sterol export from LE/LYSs but also the participation of these organelles in endocytic 

trafficking processes in general. 

 

Sterol export by internalized NPC2 requires membrane traffic between endo-lysosomes 

To further investigate the sub-cellular function of NPC2, we used fluorescence microscopy to and 

determined colocalization of NPC2 (Alexa488-NPC2) with cholesterol (DHE). We found that these 

two molecules were extensively colocalized in small peripheral vesicles (Fig. 2A) that became 
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increasingly scattered in the course of sterol chase-out. In addition, DHE was sometimes found in 

elongated vesicles and tubules with Alexa488-NPC2 confined to the drop-shaped end of a tube (Fig. 

2A, especially lowest panels named ‘96h’ boxes (1) and (2), respectively). Importantly, the 

peripheral vesicles and to a smaller extent the perinuclear LE/LYSs containing DHE and Alexa488-

NPC2  could be labeled with Rh-dextran delivered to the cells at the end of the incubation with 

Alexa488-NPC2 (compare first three columns in Fig. 2A; ‘Rh-Dex’), suggesting that remobilized 

LE/LYSs are fusion-competent for incoming cargo. Thus, these organelles are not a ‘dead end’ of 

the degradative pathway but highly involved in membrane trafficking processes.  The peripheral 

vesicles containing DHE and Alexa488-NPC2 seem to intermingle also with the early endocytic 

recycling pathway, since they could be labeled with Alexa647-Tf given to the cells after the long 

incubation with Alexa488-NPC2 (see fourth column in Fig. 2A; ‘Alexa647-Tf’). In cells, which had 

been pre-incubated with NPC2 small elongated endosomes were confirmed by SXT in the cell 

periphery at a distance less than one micron to the PM (Fig. 2B). Elongated endosomes and tubules 

with a diameter less than 100 nm have been previously described in mouse embryonic fibroblasts 

during co-uptake of cholera toxin and dextran, suggesting that they are actively involved in 

membrane traffic with the PM 
37

. SXT also revealed that peripheral LE/LYSs were often found to 

be enwrapped by transparent membrane sheets, likely resembling the ER. In fact, tubule-forming 

endosomes with internal lipid deposits surrounded by lamellar membranes of the ER were 

repeatedly observed (Fig. 3 and Supplementary video 1). Such membrane contact sites (MCSs) will 

likely assist the tubule formation and thereby endocytic sorting process 
38

, while they also could be 

places of sterol exchange between LE/LYSs and the ER 
39

. In addition, also autophagosomes with 

the characteristic double membrane shape were found to be enwrapped by ER-like membranes 

(Supplementary video 1; green arrows). The number of autophagosomes per 100 µm
2
 was 

determined from SXT reconstructions of two representative cells for each condition and found to be 
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6.52 in NPC2+/+ cells, 26.26 in NPC2-/- cells incubated without and 12.58 for NPC2-/- cells 

incubated with NPC2. Thus, clearance of autophagosomes seems to accompany the sterol efflux 

mediated by NPC2. We conclude that mobilization of excess sterol from LE/LYSs requires NPC2 

and makes LE/LYSs fusion competent, able to relocate to the cell periphery and to form membrane 

tubules and MCSs with the ER.  

Since the function and intracellular dynamics of endocytic organelles in general, and 

of LE/LYSs in particular, are intimately linked to the size of these organelles 
40

, we sought to find 

how this is affected in NPC2-/- cells. Apart from cargo content, populations of endosomes can be 

distinguished based on their size, and enlarged late endocytic compartments have been described in 

various lysosomal storage disorders or upon disruption of the endocytic trafficking machinery 
41,42

. 

LEs and LYSs continuously fuse forming larger hybrid organelles, from which smaller new LYSs 

are re-formed 
43

. Since SXT provides the fully hydrated 3D volume at much higher spatial 

resolution than obtainable by fluorescence microscopy, we used tomograms reconstructed from 

SXT data to measure the size of endo-lysosomes in NPC2+/+ and in NPC2-/- cells, incubated in the 

presence and absence of NPC2. We measured the diameter of all vesicles with approximately round 

shape at their equatorial plane from tomographic reconstructions in the cell between nucleus and 

periphery of several cells (see Materials and Methods). The advantage of using SXT compared to 

electron microscopy (EM) for this is, that one can find the equatorial plane for each endosome 

separately in SXT, avoiding tedious and error-prone corrections for off-set positions, as needed for 

analysis of EM sections 
42

. Endo-lysosomes were significantly larger in NPC2-/- cells than in 

NPC2+/+ cells, and this increased vesicle size could be reverted by treating NPC2-/- cells with the 

NPC2 protein (Fig. 4). We found a left-skewed size distribution under all conditions, which could 

be well-described by a log-normal distribution (not shown). The mean vesicle diameter was ≈ 0.5 

µm in NPC2+/+ cells and in NPC2-/- cells treated with NPC2, but was close to 0. 7 µm in NPC2-/- 
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cells incubated without NPC2 (Fig. 4A and B). Similar values and size distributions have been 

determined previously for LE/LYSs by EM 
42

. By SXT, we observed a variety of vesicle forms, as 

depicted in Fig. 4C. Multi-vesicular endosomes had the largest size of up to ~ 1.5 µm in diameter 

containing transparent and spherical intraluminal vesicles (ILVs) with a diameter of about 70-100 

nm (Fig. 4B and C). By SXT we were able to detect also small vesicles with a diameter centered 

around 180 nm, which match the size previously described for LEs and LYSs, while larger vesicles 

might resemble hybrid organelles generated by fusion of both organelle types 
44,45

. The increased 

size of endo-lysosomes in NPC2-/- cells incubated in the absence of NPC2 suggests a defect in re-

formation of LYSs from hybrid organelles generated by fusion of LEs and LYSs as suggested 

previously using sucrose loaded LE/LYSs 
46

.  

 

Intraluminal NPC2 decreases the DHE intensity in LE/LYSs and allocates them to the PM  

To determine, whether fluorescent NPC2 acts from inside LE/LYSs when stimulating sterol efflux, 

we loaded cells first with DHE for 24 h and subsequently allowed for uptake of 200 nM Alexa546-

NPC2 for another 24 h. Such cells were next washed and incubated further in medium with LPDS 

during which sterol efflux was monitored and quantified (Protocol B, Fig. S1). We developed an 

image analysis protocol to detect and segment not only LE/LYSs vesicles in the red channel (i.e. 

Alexa546-NPC2) but also in the UV channel (i.e. DHE) (Fig. S4). This was necessary, as DHE 

vesicles have to be identified in the presence of DHE fluorescence in the PM which gives a bright 

background distribution (see Supplemental information, Fig. S4 to S7). When quantifying 

fluorescence on a vesicle basis using this new image analysis protocol, we observed a continuous 

drop in DHE intensity per endo-lysosomal vesicle, while the intensity of fluorescent NPC2 

decreased only a little (Fig. 5). These results demonstrate that NPC2 indeed acts from inside 

LE/LYSs where it mediates the selective removal of sterol from the organelles. This same approach 
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has been used previously to show that cyclodextrin removes sterols from inside LE/LYSs in NPC1 

and NPC2 defective fibroblasts including those used here 
47

. 

Using spatial statistical analysis of the determined endosome positions
21

, we observed 

that LE/LYSs enriched in DHE were initially clustered but reallocated to the cell periphery during 

NPC2 mediated sterol efflux (Fig.6A-D). This result is in accordance with earlier studies reporting a 

direct effect of the endo-lysosomal cholesterol content on the spatial location of these organelles 

16,17
. We determined co-localization of DHE and Alexa546-NPC2 in an object-based manner, i.e., 

separately for each detected LE/LYS in both fluorescence channels throughout the whole cell; we 

found that ~50-55% of the DHE containing vesicles were co-localized with NPC2 containing 

vesicles at all time points of efflux (Fig. 6E and F). On the other hand, the percentage of NPC2 

containing vesicles which also have significant amounts of DHE increased from ~22% at 0 hours to 

~30% at 72 hours. Thus, Alexa546-NPC2 is also found in vesicles with low sterol content, while 

more than half of the DHE-rich vesicles found throughout all cells contain fluorescent NPC2. DHE 

and Alexa546-NPC2 co-localized increasingly in vesicles confined to a narrow region of about 3 

µm from the PM in the course of sterol efflux (insets in Fig. 7A and quantifications in Fig. 7B-C). 

Thus, sterol-rich, NPC2 containing vesicles continue to reallocate to the PM also after removal of 

NPC2 from the culture medium. At the same time, the number of vesicles containing DHE 

remained constant (Fig. S8A, B). To explain that observation, one could assume that sterol release 

takes place from individual vesicles by lysosomal exocytosis accompanied by compensating sterol 

endocytosis generating new vesicles containing some DHE derived from the PM by endocytosis. In 

this model, the overall number of sterol-containing vesicles could remain constant, such as we 

observed. However, such a scenario would also predict that we find an increasing number of 

vesicles close to the PM containing DHE but not Alexa546-NPC2, since NPC2 cannot be re-

internalized once in the medium. This, however, was not observed, since the number of vesicles 
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containing Alexa546-NPC2 remained also constant (Fig. S8C, D). Thus, complete fusion of sterol-

rich LE/LYSs with the PM for sterol release is an unlikely scenario in our experiments.  

 

Direct observation of vesicle shedding at the PM by soft X-ray tomography  

NPC2 is required for maintenance of normal sterol transport between LE/LYSs and the PM 
4
, and 

internalization of NPC2 rescues the abnormal sterol storage phenotype in LE/LYSs of NPC2-/- cells 

(Fig. 1, 5 and 7). We verified in independent experiments, that the vesicular structures found by 

SXT overlap with the fluorescence signal of Alexa546-NPC2, though structural details cannot be 

resolved in our setup (Fig. S9). Thus, most of the vesicles observed by SXT in NPC2-/- cells treated 

with fluorescent NPC2 should contain this protein. But how is sterol released from cells once it 

arrives at the PM? One possibility is the direct excretion of intraluminal lipid content from 

endosomes upon their transient fusion with the PM, and we found indeed ultrastructural evidence 

for such events by SXT (Fig. S10). Another possibility is the exo-vesiculation of the PM followed 

by release of PM derived vesicles – also called ectosomes - into the medium. Shedding of micro-

vesicles from the PM has been proposed to be a potential mechanism by which cells communicate, 

and such vesicles were found to be enriched in cholesterol 
48,49

. However, micro-vesicles are very 

small and unless enriched by a suitably fluorescent marker, hard to detect by fluorescence 

microscopy. Furthermore, simply detecting small vesicles in the culture medium would be by itself 

not sufficient, as exosomes derived from exocytosis of ILVs of multi-vesicular endosomes would 

have a similar size and morphology as ectosomes.  

We therefore searched for capturing vesicle formation events directly at the PM 

fibroblasts by SXT. We found examples of vesiculation of the PM in control fibroblasts (Fig. 8A) 

and in NPC2-/- fibroblasts treated with Alexa546-NPC2 (Fig. 8B), but not in disease cells incubated 

in the absence of NPC2. Forming vesicles were between 100 and 200 nm in diameter, which is a 
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characteristic value for shedding ectosomes 
49

. During vesicle budding the neck of the forming 

vesicle was either very narrow and of high contrast with a pear-shaped vesicle attached (Fig. 8A) or 

broad and of rather low contrast compared to the forming vesicle (Fig. 8C). Narrow necks with 

dilating vesicles on the exoplasmic site could indicate that some energy barrier caused by shear 

stress of the protrusion must be overcome, for example by relief of PM-cytoskeleton attachment
50

. 

Exoplasmic shedding of micro-vesicles looked different from classical endo- or exocytosis, which 

we also repeatedly observed in the SXT reconstructions (Fig. 8B). Next to the side of micro-vesicle 

shedding we observed cytoplasmic small vesicles (Fig. 8B). Such vesicles have been proposed to 

deliver material for shedding to the PM 
49

. A reconstruction of the 3D stack of the vesicle formation 

event of Fig. 8C is shown after segmentation in Fig. 8D. Together, shedding of small vesicles or 

ectosomes from the PM into the exoplasmic medium likely resembles another route of selective 

sterol release during NPC2 mediated sterol efflux.  

 

Discussion 

Cellular cholesterol homeostasis depends critically on sterol flux through LE/LYSs, but the 

pathways and molecular mechanisms of sterol trafficking between these organelles and other 

membranes are poorly defined 
51,52

. In Niemann-Pick type C2 disease, cholesterol and other lipids 

build up due to lack of a small sterol-transfer protein, NPC2, in the lumen of LE/LYSs. Here, we 

have used NPC2-deficient fibroblasts as a model system to study the spatiotemporal orchestration 

of export of the close cholesterol analog DHE from LE/LYSs by quantitative fluorescence 

microscopy and to determine the ultrastructure of lipid carriers during efflux by SXT.  

Using this combined microscopy approach, we found that NPC2-/- cells accumulate 

large amounts of DHE and harbor aberrant multi-vesicular endosomes and an increased number of 

autophagosomes in the peri-nuclear region (Fig. 1 and 4). Increased autophagy despite excess 
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accumulation of cholesterol has been previously described for NPC2 deficient cells 
53

. Removal of 

the external sterol source by incubating cells in medium without NPC2 caused release of some of 

the excess DHE, and fitting of the efflux time course to a stochastic compartment model allowed us 

to conclude that this process eventually could remove the majority of trapped DHE (Fig. 1A-D). 

Similar results have been reported in NPC1-deficient fibroblasts suggesting that the capacity of 

disease cells to get rid of endo-lysosomally trapped sterol is strongly compromised but not totally 

blocked 
7,54,55

. It is likely that albumin in the LPDS containing medium acts as sterol acceptor in the 

absence of NPC2 in our experiments 
56

. Internalized bovine NPC2 removes the excess sterol from 

LE/LYSs over several days, and this process takes place with increasing speed and synchronization, 

as concluded from the stochastic model fitted to the kinetic efflux data (Fig. 1 and S2). The 

increasing pace of sterol efflux in the presence of NPC2 was characterized by an increasing rate 

coefficient for the stochastic compartment model (Fig. S2) and was accompanied by an augmenting 

co-localization of DHE with Alexa488-NPC2 (see Fig. 2). Internalized fluorescent NPC2 co-

localizes not only with DHE but also with incoming endocytic cargo, as shown for Rh-dextran and 

Alexa647-Tf (Fig. 2).  

Fluorescent NPC2 and DHE co-localize increasingly close to the PM during efflux, 

and such vesicles are frequently elongated or tubulated and enwrapped by ER membranes (Fig. 2 

and 3). Sterol efflux continues after removing NPC2 from the medium, showing that the protein 

indeed acts from inside LE/LYSs to remobilize the PM-derived trapped DHE (Fig. 5). Supporting 

that notion, we measured a selective release of DHE over fluorescent NPC2 on a per-vesicle basis 

suggesting that NPC2 is largely retained in LE/LYSs during sterol efflux. Previously, we reported 

that LE/LYSs containing Alexa546-NPC2 became increasingly mobile and moved preferentially by 

active transport in the course of lysosomal cholesterol mobilization 
21

. Increased motility, 

repositioning and tubulation of LE/LYSs have been recently reported as being intimately linked to 
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restoration of LE/LYS function in lysosomal storage diseases 
57,58

. Also, NPC2 has been previously 

implicated in membrane fission during reformation of LYSs from endo-lysosomal hybrid 

organelles, and this process is known to be accompanied by extensive tubulation of the involved 

organelles 
46

. Tubulated endo-lysosomes are characteristic for termination of autophagy in response 

to starvation, when clearance of autophagosomes has ended and LYSs reform 
59

.  

What are the intracellular trafficking events underlying NPC2 mediated sterol efflux 

from cells? NPC2 must act from inside LE/LYSs as we found selective sterol release from 

LE/LYSs over days after removing the protein from the medium (Fig. 5 to 7). Based on our data 

and the given in-vitro function of NPC2 as a sterol transfer protein, we propose a model in which 

non-vesicular sterol exchange between ILVs and the limiting membrane of LE/LYSs are enhanced 

by NPC2 which is followed by sterol export to the ER and other organelles via MCSs (Fig. 9; Step 

1). NPC2 inside LE/LYSs could supply sterol from ILVs to the limiting membrane of LE/LYSs in 

such a sterol transfer process, which is supported by a several-fold enhancement of bi-directional 

exchange of cholesterol and DHE between liposomes by NPC2 
12,14,60

. Supply of sterol from ILVs 

to the limiting membrane of LE/LYSs is also strongly supported by our recent study, in which we 

found by fluorescence recovery after photobleaching (FRAP) an approximately 2.7-fold higher 

amplitude of fluorescence recovery of DHE in NPC2-/- cells incubated in the presence of NPC2 

compared to those left without NPC2 
30

. We observed in additional FRAP experiments that after 

photobleaching, DHE’s fluorescence can recover in discrete, almost immobile vesicles, independent 

of the vesicle position in the bleached region (Fig. S11 and Supplementary video 2). Recovery of 

DHE fluorescence across the whole ROI measured as radial intensity profile was on average 

constant (not shown) in contrast to diffusion-limited recovery, which would give a Gaussian profile 

evolving in time 
61,62

. Thus, FRAP of DHE is in line with fast cytoplasmic sterol diffusion and rate-

limiting sterol exchange (binding/unbinding) with LE/LYSs. Thus, while in most perinuclear endo-
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lysosomes DHE’s fluorescence recovers only a little during the experiment, rapid sterol exchange 

from some vesicles is possible. This underlines the importance of a sterol export system on the 

cytosolic site, and the extensive contact between LE/LYSs and ER membranes observed by SXT 

provides a possible path by which sterol could be transferred to other organelles after being made 

available for export by intraluminal NPC2 (Fig. 3 and 9). The relief in sterol load reinstalls the 

fusion competence of LE/LYSs resulting in clearance of autophagosomes and further sterol-rich 

LE/LYSs followed by reformation of LYSs from hybrid organelles (Fig. 9; Step 2 and 3). Indeed, 

NPC2 has been implicated in the latter process by controlling membrane fission from enlarged 

hybrid organelles 
46

. Supporting such a process, we observed tubule formation from LE/LYSs (Fig. 

3) and a reduction of endo-lysosome size in NPC2-/- cells after internalization of NPC2 (Fig. 4). 

After some normalization of membrane sterol content, the LE/LYSs should regain their ability to 

exchange rab proteins, like rab7 and its effector RILP, thereby initiating their centripetal transport 

and tubule formation, e.g. via kinesin motors 
17

 
18,63

. In fact, kinesin motors have been shown to 

mediate tubule formation mainly from large LE/LYSs as this required less pulling force compared 

to nanotube formation from smaller vesicles in in-vitro experiments 
64

. Tubule-containing endocytic 

compartments are also often observed during autophagic reformation of LYSs 
65

, and one can 

speculate that this process takes place during NPC2 mediated cholesterol efflux as well, as we 

observed tubulation of LE/LYSs and clearance of autophagic vacuoles in NPC2-/- cells treated with 

NPC2 (see Fig. 2, 3 and 9). We observed previously an increased contribution of active transport to 

the mobility of NPC2 containing vesicles over the course of cholesterol efflux 
21

. This active 

transport will shift the steady state distribution of LE/LYSs towards the PM thereby accelerating 

further sterol exchange and cellular release (Fig. 9; Step 4) 
21

. The initially hindered but 

accelerating sterol efflux kinetics (Fig. 1) could well be a consequence of such regained mobility, 

fusion competence and sterol exchange capability of LE/LYSs. Once allocated to the PM, further 
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non-vesicular sterol exchange might take place between LE/LYSs containing NPC2 and the PM 

until eventual sterol gradients are balanced 
66

. This could restore the membrane fusion machinery 

on the endosomes which is known to be inhibited by excessive cholesterol load 
67

. We found that 

the vesicle associated DHE intensity decreases much more than that of fluorescent NPC2 (see Fig. 5 

and 7). In addition, the number of LE/LYSs remains stable in the course of sterol efflux (Fig. S8). 

Thus, lysosomal exocytosis with complete fusion of LE/LYSs is not a likely mechanism for sterol 

release. Instead, we suggest that sterol is released from LE/LYSs by their transient fusion with the 

PM in a kiss-and-run fashion, eventually secreting their ILVs as exosomes (Fig. 9; Step 5). This 

scenario is supported by our SXT experiments, where we found multi-vesicular endosomes in close 

contact or even merging with the PM (Fig. S10). ILVs are the precursors of exosomes and are rich 

in cholesterol, ceramide and LBPA
68,69

. Secretion of exosomes has been observed to ameliorate the 

cholesterol storage phenotype in glia cells deficient for functional NPC1 or NPC2 
70,71

. Kiss-and-

run mediated sterol efflux has also recently been suggested for LDL-derived fluorescent BODIPY-

cholesterol in A431 cells 
72

. Close apposition of some endosomes with the PM, as observed by 

fluorescence (Fig. 7) and SXT (Fig. S10) supports such a scenario. In parallel to that mechanism, 

DHE could exchange in a non-vesicular way between LE/LYSs and the PM followed by shedding 

of small vesicles or ectosomes to the extracellular space (Fig. 9; Step 6). Indeed, we observed 

membrane vesiculation events by SXT in direct support of such a mechanism (Fig. 8) 
48

.  

In summary, our multi-modal optical imaging study allows us to suggest a model for 

sterol export from LE/LYSs by NPC2 (Fig. 9). We propose that NPC2 selectively enhances non-

vesicular sterol export from LE/LYSs by supplying sterol from ILVs to the limiting membrane of 

LE/LYSs for further export via NPC1 or other endo-lysosomal membrane proteins 
30

. Clearance of 

autophagosomes, active centripetal transport of LE/LYSs and restoration of their fusion competence 

are suggested to be consequences of this NPC2 mediated selective sterol export. Shedding of 
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ectosomes from the PM as well as stimulated release of ILVs from multi-vesicular endosomes are 

likely mechanisms for the final steps in sterol efflux. Further studies are warranted to determine the 

molecular players, which orchestrate sterol flux through endo-lysosomes together with NPC2 in 

living cells.   

 

Materials and Methods  

 

Reagents 

Fetal bovine serum and DMEM were from GIBCO BRL (Life Technologies, Paisley, Scotland).  

Other chemicals including human lipoprotein depleted serum (LPDS) and DHE were from SIGMA 

Chemical (St. Louis, MO). Rhodamine-labeled dextran (Rh-dextran; 70kD), succinimidyl esters of 

Alexa488, Alexa546 and Alexa647 as well as C6-nitrobenzoxadiazole (NBD)-Ceramide (C6-NBD-

Cer) and Alexa488-tagged bovine serum albumin (Alexa488-BSA) were purchased from 

Invitrogen/Molecular Probes (Inc. USA). Buffer medium contained 150 mM NaCl, 5 mM KCl, 1 

mM CaCl2, 1 mM MgCl2, 5 mM glucose and 20 mM HEPES (pH 7.4) as described 
73

. Transferrin 

(Tf) was iron loaded as previously described 
74

. Succinimidyl ester of Alexa647 dye (emission in 

infrared) was then conjugated to the iron-loaded Tf following the manufacturer’s instructions. 

NPC2 was purified from bovine milk and conjugated with succimidyl esters of Alexa488 (emission 

in green) or of Alexa546 dye (emission in red) as described previously 
21

.  

 

Cell culture 

NPC2 deficient human skin fibroblasts were from Coriell Institute #GM18455 (a male patient 

affected by two point mutations at the NPC2 locus resulting in a nonsense mutation at codon 20 in 

allele 1 and in a missense mutation at codon 47 of allele 2, respectively), while human skin 
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fibroblasts from control subjects (Coriell Institute #GM08680) were from a male healthy donor 
30

. 

Both cell types were grown at 37
o
C in an atmosphere of 5% CO2 until 90% confluence in complete 

DMEM culture medium supplemented with 1% glutamine, 1% penicillin and 20% FBS for diseased 

cells or 10% FBS for control cells. The cells were placed on microscopy dishes and allowed to 

settle for another 48 hours before the experiments. 

 

Sterol efflux experiments 

Sterol efflux under continuous presence of fluorescent NPC2. Cells were incubated with the 

DHE/BSA solution in medium containing LPDS containing for 48 h, washed and incubated with 

100 nM Alexa488-NPC2 for 8-96h in medium with LPDS (Protocol A, Fig. S1). During the last 4h, 

0.5 mg/ml Rh-dextran and during the last 30 min of incubation additionally 5 µg/ml Alexa647-Tf 

were added to the medium. Cells were subsequently washed and imaged as described below. In 

parallel experiments, cells were after labeling with DHE from a DHE/BSA complex incubated in 

culture medium with LPDS but no NPC2 (Protocol C, Fig. S1). Cells were washed and imaged in 

buffer medium, as described below.  

Sterol efflux after removal of fluorescent NPC2 from the medium. Cells were incubated with the 

DHE/BSA solution in medium containing LPDS containing for 24 h, washed and incubated with 

200 nM Alexa488-NPC2 for 24 h in medium with LPDS, washed and incubated for up to 72h in 

medium with LPDS (Protocol B, Fig. S1). 

 

Fluorescence microscopy  

Wide field epifluorescence microscopy was carried out on a Leica DMIRBE microscope with a 63 

x 1.4 NA oil immersion objective (Leica Lasertechnik GmbH) controlled by a Lambda SC smart 

shutter (Sutter Instrument Company). Images were acquired with an Andor Ixon
EM

 blue EMCCD 
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camera driven by the Solis software supplied with the camera. DHE was imaged in the UV using a 

specially designed filter cube obtained from Chroma Technology Corp. with 335-nm (20-nm 

bandpass) excitation filter, 365-nm dichromatic mirror and 405-nm (40-nm bandpass) emission 

filter. Rh-dextran and Alexa546-NPC2 were imaged using a standard rhodamine filter set [535-nm, 

(50-nm bandpass) excitation filter, 565-nm longpass dichromatic filter and 610-nm (75-nm 

bandpass) emission filter], while Alexa488-NPC2 was imaged using a standard fluorescein filter set 

[470-nm, (20-nm bandpass) excitation filter, 510-nm longpass dichromatic filter and 537-nm (23-

nm bandpass) emission filter]. Alexa647-Tf was detected with an infrared filter cube [620-nm, (20-

nm bandpass) excitation filter, 660-nm dichromatic mirror, and 700 nm (75-nm bandpass) emission 

filter]. For detecting co-localization of DHE with organelle markers, a correction for chromatic 

aberration was performed as described 
75

.  

Fluorescence recovery after photobleaching (FRAP) experiments. Cells were labeled with 

DHE/BSA for 24 h as described above, washed and incubated with 100 nM Alexa546-NPC2 for 

another 24h, washed and placed on the stage of the wide field microscope. Images were taken in the 

UV channel (the DHE prebleach image) and in the red channel (for Alexa546-NPC2) by taking 

chromatic aberration into account, as described 
75,76

. The bleached region was determined by 

closing the field aperture in the microscope optical train thereby narrowing the field of view to a 

circular region of radius 15 µm. Another reference image was taken in the red channel to determine 

position and size of the region of interest (ROI) for the bleach before the same ROI was bleached in 

the DHE channel for five sec by continuous illumination from the mercury arc lamp 
76

. 

Subsequently the field aperture was opened, a 50% neutral density filter was inserted and images 

were acquired in the DHE channel every 20 sec. A short acquisition time (typically 5-10 msec) was 

chosen to minimize photobleaching during recording of fluorescence recovery sequences. Based on 

the red channel image of Rh-dextran, the focus was set to the LE/LYSs while taking the chromatic 
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shift between the UV- and red channel into account. For FRAP in the PM, the ROI was moved to 

the cell periphery to avoid bleaching underlying organelles.  

 

Image analysis of fluorescence microscopy data 

Quantification of sterol efflux and sorting from internalized fluorescent NPC2s. For quantification 

of cellular DHE or Alexa546-NPC2 by digital image analysis, images were always first 

background-corrected as described using either MatLab (The MathWorks) or the open-source 

image analysis software ImageJ (developed at the U.S. National Institutes of Health and available 

on the Internet at http://rsb.info.nih.gov/ij) 
77-79

. Before quantification, the digital (i.e. pixel) 

resolution of the images was enhanced using an image interpolation routine in MatLab. More 

precisely, images features such as edges were enhanced with a sharpening filter. Then the image 

pixel size was increased by a cubic interpolation.  . This made it easier and more reliable to detect 

and segment particle-like structures in the images, especially in the case of DHE (see 

Supplementary Information, section S2). Image segmentation for intensity quantification per vesicle 

was performed by particle detection followed by seed-based watershed segmentation using self-

written or pre-assembled routines in MatLab. Distance-to-membrane calculations, co-localization 

and RDF analyses were performed using SpatTrack 
21

. 

Quantification of fluorescence recovery of DHE. A macro was written within ImageJ, which 

automatically performs a background subtraction, measures the integrated intensity in the bleached 

area and in the whole cell, as outlined manually, and calculates the ratio of DHE fluorescence in the 

bleached region divided by the total cellular DHE intensity, as described previously 
30

. This 

procedure efficiently accounted for any photobleaching during image acquisition, as we showed in 

experiments 
76

 and simulations 
80

. Subsequently, the resulting fractional recovery was normalized to 

the initial postbleach intensity (i.e., the first data point in the recovery curve) and fitted to a mono-
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exponential recovery function for each vesicle separately in ImageJ. For estimation of the intensity 

profile across the ROI during recovery, the Radial profile plot plugin developed by Paul Baggethun 

was used in ImageJ (https://imagej.nih.gov/ij/plugins/radial-profile.html). For visualizing the 

recovery, as shown in Fig. S11 in the Supplementary Information section, our previously developed 

ImageJ Macro was used which measures the pixel-wise intensity and normalizes each image to the 

average intensity in the pre-bleach image 
30

. This macro generates a new stack in which the 

recovering DHE fluorescence in the bleached ROI was not obscured by photobleaching during 

image acquisition and is used for visualization purposes but not for quantification.  

 

Object-based co-localization and spatial pattern analysis of LE/LYS 

Co-localization between DHE and Alexa546-NPC2 was calculated in an object-based manner using 

the PDBCA subroutine in SpatTrack, as recently described 
21

. The radial distribution function 

(RDF) was calculated for DHE-containing LE/LYSs in direct comparison to a random particle 

distribution, exactly as recently described for LE/LYSs containing Alexa546-NPC2 
21

. In addition, 

we calculated the ratio of co-localized vesicles to all vesicles of that type (i.e., DHE or Alexa546-

NPC2) as a function of distance to the membrane. That is, for each distance increment the number 

of e.g. DHE containing vesicles being co-localized with NPC2 containing vesicles is normalized 

with respect to the total number of DHE containing vesicles at that distance. Since there are 

different numbers of DHE and NPC2 containing vesicles as a function of distance to the PM, this 

analysis was performed for both types of vesicles.   

 

Cell preparation for soft X-ray tomography  

Healthy and NPC2 deficient human fibroblasts were grown to a confluency of 90%, trypsinized and 

split onto Poly-D-Lysine coated R 2/2 grids (QUANTIFOIL, 100 Holey Carbon Films, Grids: HZB-
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2 Au) fixed to the bottom of 12 well plates. Cells were allowed to settle for another 48-72 h before 

further treatment and fixed with 4% PFA.  Prior to fixation NPC2 lacking fibroblasts were 

incubated with 100 nM or 200 nM NPC2-Alexa546 protein in media containing LPDS for 72 h and 

healthy fibroblasts were incubated with 0.5 mg/mL Rh-dextran in complete growth medium 

overnight, at 37
o
C in an atmosphere of 5% CO2.  

The cells were kept in PBS until cryo-plunge freezing with liquid ethane and subsequently storage 

in liquid nitrogen. The imaging was performed at liquid nitrogen temperature to prevent 

recrystallization of the frozen liquid. Prior to the plunge freezing a small volume of ~270 nm gold 

shelf beads were added to the samples, to serve as fiducial markers for tomographic reconstruction.  

 

Soft X-ray tomography  

SXT was performed at the electron storage ring BESSY II operated by the Helmholtz-Zentrum 

Berlin. The SXT data was collected at the full-field transmission X-ray microscope (TXM), with an 

x-ray energy of 510 eV and a 25 nm zone plate.  Cells were kept at liquid nitrogen temperature 

during imaging, and imaged over a tilt range of 120-125
o 
with 1

o
 step size. The image pixel size was 

9.8 nm. For collecting the corresponding fluorescence signal, a widefield microscope connected to 

the X-ray microscope, with an Zeiss LD EC Epiplan Neofluar 100/0.75 DIC was used 
81

.  

 

SXT image processing and analysis  

The B-soft
82

 and Tomo3D
83

 software were used to align SXT projections and to reconstruct the 

three-dimensional SXT data, respectively. The segmentation and subsequent rendering were 

performed in the free available software Ilastik (http://ilastik.org/index.html) 
84

. Before 

segmentation, the tomography images were pre-processed in ImageJ with a median filter. 

Montages, sum z-projections and measurements of vesicle sizes were all performed with the use of 
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ImageJ. The statistics software package R (http://www.r-project.org) was used for further analysis 

of vesicle sizes. The datasets of the endosome sizes in NPC2-/- cells incubated without NPC2 

(n=134 vesicles, N=3 cells), in NPC2-/- cells incubated for 72 h with NPC2 (n=120, N=3) and in 

control fibroblasts (n=86, N=1) were transformed to log normal distributions for which ANOVA 

and Tukey HSD tests were performed. The artistic reconstruction of observed features was created 

in Microsoft Paint 3D.   

Acknowledgements  

Financial support from the Novo Nordisk and Villum foundations to DW, Denmark is gratefully 

acknowledged. This work was also supported by the VILLUM Center for Bioanalytical Sciences at 

the University of Southern Denmark. We thank HZB for the allocation of synchrotron radiation 

beamtime at the undulator beamline U41-TXM at the BESSY II electron storage ring, Berlin. 

 

Author contributions 

AD, MLVJ and MS carried out fluorescence experiments, AD, MS, PG, SW, JM, DW and GS 

carried out SXT experiments and provided SXT instrumentation, respectively. GKN and CWH 

purified and provided NPC2 protein. AD, FWL and DW analyzed fluorescence data, SK, AD and 

DW analyzed SXT data, DW wrote the manuscript with help and feedback from the other authors.   

 

Competing interest statement 

The authors declare that they have no competing interests. 

 

Data availability statement  

Experimental microscopy data and program code for image analysis routines will be made available 

by the authors upon request. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 6, 2018. ; https://doi.org/10.1101/462481doi: bioRxiv preprint 

http://www.r-project.org/
https://doi.org/10.1101/462481
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 
 

References 

1 Settembre, C., Fraldi, A., Medina, D. L. & Ballabio, A. Signals from the lysosome: a control 

centre for cellular clearance and energy metabolism. Nature reviews. Molecular cell biology 

14, 283-296, doi:10.1038/nrm3565 (2013). 

2 Maxfield, F. R. & van Meer, G. Cholesterol, the central lipid of mammalian cells. Current 

opinion in cell biology 22, 422-429, doi:10.1016/j.ceb.2010.05.004 (2010). 

3 Infante, R. E. et al. NPC2 facilitates bidirectional transfer of cholesterol between NPC1 and 

lipid bilayers, a step in cholesterol egress from lysosomes. Proc. Natl. Acad. Sci. U. S. A. 

105, 15287-15292 (2008). 

4 Kwon, H. J. et al. Structure of N-terminal domain of NPC1 reveals distinct subdomains for 

binding and transfer of cholesterol. Cell 137, 1213-1224 (2009). 

5 Lloyd-Evans, E. et al. Niemann-Pick disease type C1 is a sphingosine storage disease that 

causes deregulation of lysosomal calcium. Nat. Med. 14, 1247-1255 (2008). 

6 Kruth, H. S. et al. Type C Niemann-Pick disease. Abnormal metabolism of low density 

lipoprotein in homozygous and heterozygous fibroblasts. J. Biol. Chem. 261, 16769-16774 

(1986). 

7 Pentchev, P. G. et al. A defect in cholesterol esterification in Niemann-Pick disease (type C) 

patients. Proceedings of the National Academy of Sciences of the United States of America 

82, 8247-8251 (1985). 

8 Lloyd-Evans, E. & Platt, F. M. Lipids on trial: the search for the offending metabolite in 

Niemann Pick type C disease. Traffic 11, 419-428 (2010). 

9 Liou, H. L. et al. NPC2, the protein deficient in Niemann-Pick C2 disease, consists of 

multiple glycoforms that bind a variety of sterols. J. Biol. Chem. 281, 36710-36723 (2006). 

10 Poongavanam, V., Kongsted, J. & Wüstner, D. Computational analysis of sterol ligand 

specificity of the Niemann Pick C2 protein. Biochemistry In press. (2016). 

11 Infante, R. E. et al. Purified NPC1 protein. I. Binding of cholesterol and oxysterols to a 

1278-amino acid membrane protein. J. Biol. Chem. 283, 1052-1063 (2008). 

12 Cheruku, S. R., Xu, Z., Dutia, R., Lobel, P. & Storch, J. Mechanism of cholesterol transfer 

from the Niemann-Pick type C2 protein to model membranes supports a role in lysosomal 

cholesterol transport. J. Biol. Chem. 281, 31594-31604 (2006). 

13 McCauliff, L. A. et al. Multiple Surface Regions on the Niemann-Pick C2 Protein Facilitate 

Intracellular Cholesterol Transport. J. Biol. Chem. 290, 27321-27331 (2015). 

14 Xu, Z., Farver, W., Kodukula, S. & Storch, J. Regulation of sterol transport between 

membranes and NPC2. Biochmistry 47, 11134-11143 (2008). 

15 Korolchuk, V. I. et al. Lysosomal positioning coordinates cellular nutrient responses. Nature 

cell biology 13, 453-460, doi:10.1038/ncb2204 (2011). 

16 Bucci, C., Thomsen, P., Nicoziani, P., McCarthy, J. & van Deurs, B. Rab7: A key to 

lysosome biogenesis. Mol. Biol. Cell 11, 467-480 (2000). 

17 Rocha, N. et al. Cholesterol sensor ORP1L contacts the ER protein VAP to control Rab7-

RILP-p150 Glued and late endosome positioning. J. Cell Biol. 185, 1209-1225 (2009). 

18 Ganley, I. G. & Pfeffer, S. R. Cholesterol accumulation sequesters Rab9 and disrupts late 

endosome function in NPC1-deficient cells. J. Biol. Chem. 281, 17890-17899 (2006). 

19 Neufeld, E. B. et al. The Niemann-Pick C1 protein resides in a vesicular compartment 

linked to retrograde transport of multiple lysosomal cargo. J. Biol. Chem. 274, 9627-9635 

(1999). 

20 Luzio, J. P., Bright, N. A. & Pryor, P. R. The role of calcium and other ions in sorting and 

delivery in the late endocytic pathway. Biochem. Soc. Trans. 35, 1088-1091 (2007). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 6, 2018. ; https://doi.org/10.1101/462481doi: bioRxiv preprint 

https://doi.org/10.1101/462481
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 
 

21 Lund, F. W. et al. SpatTrack, an imaging toolbox for analysis of endosome motility and 

distribution. Traffic 15, 1406-1429. (2014). 

22 Maxfield, F. R. & Wüstner, D. Analysis of cholesterol trafficking with fluorescent probes. 

Methods Cell Biol. 108, 367-393 (2012). 

23 Solanko, K. A., Modzel, M., Solanko, L. M. & Wüstner, D. Fluorescent sterols and 

cholesteryl esters as probes for intracellular cholesterol transport. Lipid Insights 8, 95 

(2016). 

24 Iaea, D. B., Dikiy, I., Kiburu, I., Eliezer, D. & Maxfield, F. R. STARD4 Membrane 

Interactions and Sterol Binding. Biochemistry 54, 4623-4636, 

doi:10.1021/acs.biochem.5b00618 (2015). 

25 Mesmin, B. et al. A four-step cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P 

exchange by the ER-Golgi tether OSBP. Cell 155, 830-843, doi:10.1016/j.cell.2013.09.056 

(2013). 

26 Mesmin, B. et al. STARD4 abundance regulates sterol transport and sensing. Mol. Biol. Cell 

22, 4004-4015 (2011). 

27 Wilhelm, L. P. et al. STARD3 mediates endoplasmic reticulum-to-endosome cholesterol 

transport at membrane contact sites. The EMBO journal 36, 1412-1433, 

doi:10.15252/embj.201695917 (2017). 

28 Liu, R., Lu, P., Chu, J. W. & Sharom, F. J. Characterization of fluorescent sterol binding to 

purified human NPC1. J. Biol. Chem. 284, 1840-1852 (2009). 

29 Friedland, N., Liou, H-L., Lobel, P., and Stock, A.M. Structure of a cholesterol-binding 

protein deficient in Niemann-Pick type C2 disease. Proc. Natl. Acad. Sci. U. S. A. 100, 

2512-2517 (2003). 

30 Berzina, Z. et al. Niemann-Pick C2 protein regulates sterol transport between plasma 

membrane and late endosomes in human fibroblasts. Chemistry and physics of lipids 213, 

48-61, doi:10.1016/j.chemphyslip.2018.03.006 (2018). 

31 McDermott, G., Le Gros, M. A., Knoechel, C. G., Uchida, M. & Larabell, C. A. Soft X-ray 

tomography and cryogenic light microscopy: the cool combination in cellular imaging. 

Trends in cell biology 19, 587-595, doi:10.1016/j.tcb.2009.08.005 (2009). 

32 Schneider, G. et al. Three-dimensional cellular ultrastructure resolved by X-ray microscopy. 

Nature methods 7, 985-987, doi:10.1038/nmeth.1533 (2010). 

33 Macheras, P. & Iliadis, A. in Interdisciplinary Applied Mathematics Vol. 30  (eds S.S. 

Antman, J.E. Marsden, L. Sirovich, & S. Wiggins) (Springer, New Yrok, 2006). 

34 Kirz, J., Jacobsen, C. & Howells, M. Soft-X-Ray Microscopes and Their Biological 

Applications. Quarterly reviews of biophysics 28, 33-130, doi:Doi 

10.1017/S0033583500003139 (1995). 

35 Varsano, N. et al. Development of Correlative Cryo-soft X-ray Tomography and Stochastic 

Reconstruction Microscopy. A Study of Cholesterol Crystal Early Formation in Cells. 

Journal of the American Chemical Society 138, 14931-14940, doi:10.1021/jacs.6b07584 

(2016). 

36 Duke, E. M. et al. Imaging endosomes and autophagosomes in whole mammalian cells 

using correlative cryo-fluorescence and cryo-soft X-ray microscopy (cryo-CLXM). 

Ultramicroscopy 143, 77-87, doi:10.1016/j.ultramic.2013.10.006 (2014). 

37 Kirkham, M. et al. Ultrastructural identification of uncoated caveolin-independent early 

endocytic vehicles. The Journal of cell biology 168, 465-476, doi:10.1083/jcb.200407078 

(2005). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 6, 2018. ; https://doi.org/10.1101/462481doi: bioRxiv preprint 

https://doi.org/10.1101/462481
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 
 

38 Friedman, J. R., DiBenedetto, J. R., West, M., Rowland, A. A. & Voeltz, G. K. Endoplasmic 

reticulum-endosome contact increases as endosomes traffic and mature. Mol. Biol. Cell 24, 

1030-1040 (2013). 

39 Eden, E. R. et al. Annexin A1 Tethers Membrane Contact Sites that Mediate ER to 

Endosome Cholesterol Transport. Developmental cell 37, 473-483, 

doi:10.1016/j.devcel.2016.05.005 (2016). 

40 Bandyopadhyay, D., Cyphersmith, A., Zapata, J. A., Kim, Y. J. & Payne, C. K. Lysosome 

transport as a function of lysosome diameter. PloS one 9, e86847, 

doi:10.1371/journal.pone.0086847 (2014). 

41 te Vruchte, D. et al. Relative acidic compartment volume as a lysosomal storage disorder-

associated biomarker. The Journal of clinical investigation 124, 1320-1328, 

doi:10.1172/JCI72835 (2014). 

42 Vanlandingham, P. A. & Ceresa, B. P. Rab7 regulates late endocytic trafficking downstream 

of multivesicular body biogenesis and cargo sequestration. The Journal of biological 

chemistry 284, 12110-12124, doi:10.1074/jbc.M809277200 (2009). 

43 Luzio, J. P., Hackmann, Y., Dieckmann, N. M. & Griffiths, G. M. The biogenesis of 

lysosomes and lysosome-related organelles. Cold Spring Harbor perspectives in biology 6, 

a016840, doi:10.1101/cshperspect.a016840 (2014). 

44 Mullock, B. M., Bright, N. A., Fearon, C. W., Gray, S. R. & Luzio, J. P. Fusion of 

lysosomes with late endosomes produces a hybrid organelle of intermediate density and is 

NSF dependent. The Journal of cell biology 140, 591-601 (1998). 

45 Sobo, K. et al. Late endosomal cholesterol accumulation leads to impaired intra-endosomal 

trafficking. PloS one 2, e851, doi:10.1371/journal.pone.0000851 (2007). 

46 Goldman, S. D. & Krise, J. P. Niemann-Pick C1 functions independently of Niemann-Pick 

C2 in the initial stage of retrograde transport of membrane-impermeable lysosomal cargo. J. 

Biol. Chem. 285, 4983-4994 (2010). 

47 Rosenbaum, A. I., Zhang, G., Warren, J. D. & FR., M. Endocytosis of beta-cyclodextrins is 

responsible for cholesterol reduction in Niemann-Pick type C mutant cells. Proceedings of 

the National Academy of Sciences of the United States of America 107, 5477-5482 (2010). 

48 Pfrieger, F. W. & Vitale, N. Cholesterol and the journey of extracellular vesicles. Journal of 

lipid research, doi:10.1194/jlr.R084210 (2018). 

49 Cocucci, E., Racchetti, G. & Meldolesi, J. Shedding microvesicles: artefacts no more. 

Trends in cell biology 19, 43-51, doi:10.1016/j.tcb.2008.11.003 (2009). 

50 Hagerstrand, H., Kralj-Iglic, V., Bobrowska-Hagerstrand, M. & Iglic, A. Membrane 

skeleton detachment in spherical and cylindrical microexovesicles. Bulletin of mathematical 

biology 61, 1019-1030 (1999). 

51 Luo, J., Jiang, L., Yang, H. & Song, B. L. Routes and mechanisms of post-endosomal 

cholesterol trafficking: A story that never ends. Traffic 18, 209-217, doi:10.1111/tra.12471 

(2017). 

52 Stefan, C. J. et al. Membrane dynamics and organelle biogenesis-lipid pipelines and 

vesicular carriers. BMC biology 15, 102, doi:10.1186/s12915-017-0432-0 (2017). 

53 Pacheco, C. D., Kunkel, R. & Lieberman, A. P. Autophagy in Niemann-Pick C disease is 

dependent upon Beclin-1 and responsive to lipid trafficking defects. Human molecular 

genetics 16, 1495-1503, doi:10.1093/hmg/ddm100 (2007). 

54 Thomas, G. H., Tuck-Muller, C. M., Miller, C. S. & Reynolds, L. W. Correction of 

sphingomyelinase deficiency in Niemann-Pick type C fibroblasts by removal of lipoprotein 

fraction from culture media. Journal of inherited metabolic disease 12, 139-151 (1989). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 6, 2018. ; https://doi.org/10.1101/462481doi: bioRxiv preprint 

https://doi.org/10.1101/462481
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 
 

55 Lange, Y., Ye, J., Rigney, M. & Steck, T. Cholesterol movement in Niemann-Pick type C 

cells and in cells treated with amphiphiles. The Journal of biological chemistry 275, 17468-

17475 (2000). 

56 Sankaranarayanan, S. et al. Serum albumin acts as a shuttle to enhance cholesterol efflux 

from cells. Journal of lipid research 54, 671-676, doi:10.1194/jlr.M031336 (2013). 

57 Medina, D. L. et al. Transcriptional activation of lysosomal exocytosis promotes cellular 

clearance. Developmental cell 21, 421-430, doi:10.1016/j.devcel.2011.07.016 (2011). 

58 Li, X. et al. A molecular mechanism to regulate lysosome motility for lysosome positioning 

and tubulation. Nature cell biology 18, 404-417, doi:10.1038/ncb3324 (2016). 

59 Yu, L. et al. Termination of autophagy and reformation of lysosomes regulated by mTOR. 

Nature 465, 942-946, doi:10.1038/nature09076 (2010). 

60 Babalola, J. O. et al. Development of an assay for the intermembrane transfer of cholesterol 

by Niemann-Pick C2 protein. Biol. Chem. 388, 617-626 (2007). 

61 Sprague, B. L. & McNally, J. G. FRAP analysis of binding: proper and fitting. Trends in cell 

biology 15, 84-91, doi:10.1016/j.tcb.2004.12.001 (2005). 

62 Wüstner, D. et al. Quantitative fluorescence loss in photobleaching for analysis of protein 

transport and aggregation. BMC Bioinformatics. 13:296 (2012). 

63 Choudhury, A., Sharma, D. K., Marks, D. L. & Pagano, R. E. Elevated endosomal 

cholesterol levels in niemann-pick cells inhibit rab4 and perturb membrane recycling. Mol. 

Biol. Cell 15, 4500-4511 (2004). 

64 Su, Q. P. et al. Vesicle Size Regulates Nanotube Formation in the Cell. Sci Rep 6, 24002, 

doi:10.1038/srep24002 (2016). 

65 Chen, Y. & Yu, L. Recent progress in autophagic lysosome reformation. Traffic 18, 358-

361, doi:10.1111/tra.12484 (2017). 

66 Menon, A. K. Sterol gradients in cells. Current opinion in cell biology 53, 37-43, 

doi:10.1016/j.ceb.2018.04.012 (2018). 

67 Fraldi, A. et al. Lysosomal fusion and SNARE function are impaired by cholesterol 

accumulation in lysosomal storage disorders. The EMBO journal 29, 3607-3620, 

doi:10.1038/emboj.2010.237 (2010). 

68 Gallala, H. D., Breiden, B. & Sandhoff, K. Regulation of the NPC2 protein-mediated 

cholesterol trafficking by membrane lipids. J. Neurochem. 116, 702-707 (2011). 

69 Raposo, G. & Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. 

J. Cell Biol. 200, 373-383 (2013). 

70 Strauss, K. et al. Exosome secretion ameliorates lysosomal storage of cholesterol in 

Niemann-Pick type C disease. The Journal of biological chemistry 285, 26279-26288, 

doi:10.1074/jbc.M110.134775 (2010). 

71 Mutka, A.-L. et al. Secretion of sterols and the NPC2 protein from primary astrocytes. J. 

Biol. Chem. 47, 48654-48662 (2004). 

72 Kanerva, K. et al. LDL cholesterol recycles to the plasma membrane via a Rab8a-

Myosin5b-actin-dependent membrane transport route. Dev. Cell 27, 249-262 (2013). 

73 Hao, M. et al. Vesicular and non-vesicular sterol transport in living cells. The endocytic 

recycling compartment is a major sterol storage organelle. J. Biol. Chem. 277, 609-617 

(2002). 

74 Yamashiro, D. J., Tycko, B., Fluss, S.R., and F.R. Maxfield. Segregation of transferrin to a 

mildly acidic (pH 6.5) para-Golgi compartment in the recycling pathway. Cell 37, 789-800 

(1984). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 6, 2018. ; https://doi.org/10.1101/462481doi: bioRxiv preprint 

https://doi.org/10.1101/462481
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 
 

75 Wüstner, D. & Færgeman, N. J. Chromatic aberration correction and deconvolution for UV 

sensitive imaging of fluorescent sterols in cytoplasmic lipid droplets. Cytometry. Part A : 

the journal of the International Society for Analytical Cytology 73, 727-744 (2008). 

76 Wüstner, D., Herrmann, A., Hao, M. & Maxfield, F. R. Rapid nonvesicular transport of 

sterol between the plasma membrane domains of polarized hepatic cells. J. Biol. Chem. 277, 

30325-30336 (2002). 

77 Bolte, S. & Cordelieres, F. P. A guided tour into subcellular colocalization analysis in light 

microscopy. Journal of microscopy 224, 213-232, doi:10.1111/j.1365-2818.2006.01706.x 

(2006). 

78 Ghosh, R. N., and F.R. Maxfield. Evidence for nonvectorial, retrograde transferrin 

trafficking in the early endosomes of HEp2 cells. J. Cell Biol. 128, 549-561 (1995). 

79 Mukherjee, S., Soe, T. T. & Maxfield, F. R. Endocytic sorting of lipid analogues differing 

solely in the chemistry of their hydrophobic tails. J. Cell Biol. 144, 1271-1284 (1999). 

80 Solanko, L. M. et al. Membrane orientation and lateral diffusion of BODIPY-cholesterol as 

a function of probe structure.  . Biophys. J. 105, 2082-2092 (2013). 

81 Schneider, G., Guttmann, P., Rehbein, S., Werner, S. & Follath, R. Cryo X-ray microscope 

with flat sample geometry for correlative fluorescence and nanoscale tomographic imaging. 

Journal of structural biology 177, 212-223, doi:10.1016/j.jsb.2011.12.023 (2012). 

82 Heymann, J. B., Cardone, G., Winkler, D. C. & Steven, A. C. Computational resources for 

cryo-electron tomography in Bsoft. Journal of structural biology 161, 232-242, 

doi:10.1016/j.jsb.2007.08.002 (2008). 

83 Agulleiro, J. I. & Fernandez, J. J. Fast tomographic reconstruction on multicore computers. 

Bioinformatics 27, 582-583, doi:10.1093/bioinformatics/btq692 (2011). 

84 Haubold, C. et al. Segmenting and Tracking Multiple Dividing Targets Using ilastik. Adv 

Anat Embryol Cel 219, 199-229, doi:10.1007/978-3-319-28549-8_8 (2016). 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 6, 2018. ; https://doi.org/10.1101/462481doi: bioRxiv preprint 

https://doi.org/10.1101/462481
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 
 

 

Figure 1. Efflux of DHE from disease fibroblasts in the presence and absence of NPC2 

NPC2-/- cells were loaded with DHE for 48 h, washed and incubated in medium containing LPDS, 

either in the absence (-NPC2) or presence of 100 nM Alexa488-NPC2 (+ NPC2) for the indicated 

times (Protocol A, Fig. S1). A, intensity images of DHE pseudo-colored with high intensities in 

yellow/white and low intensities in blue. Most right panel shows control fibroblasts loaded with 

DHE/BSA for 48 h for comparison. Bar, 10 µm. B-D, quantification of DHE in LE/LYSs of cells 

incubated without (black symbols) or with NPC2 protein (red symbols) is shown in (B). The data 

was fitted to a Weibull function (grey and red lines in B). Simulation of this function with the fit 

parameters shows that DHE efflux takes place without NPC2 protein (C) but NPC2 strongly 

reduces the sterol retention time (D). E, F selected sum projections of SXT reconstructions along 

the optical axis covering a thickness of 0.24 µm each for NPC2-/- cells incubated in the absence 

(E) or presence of 100 nM NPC2 (F). Multi-vesicular bodies (green arrows), autophagosomes 

(blue arrows) and LE/LYSs with dark lipid deposits (red arrows) are indicated. Bar, 0.5 µm. 
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Figure 2. LE/LYSs containing Alexa488-NPC2 co-localize with DHE and endocytic markers 

A, NPC2 deficient fibroblasts were incubated with DHE/BSA for 48 h, washed and incubated in 

culture medium containing LPDS, either in the absence (-NPC2) or presence of 100 nM Alexa488-

NPC2 (+ NPC2) for the indicated times (Protocol A, Fig. S1). NPC2-/- cells were co-labeled with 

Rh-dextran for the last 24 h in the presence of Alexa488-NPC2, and after washing with Alexa647-

Tf for 30 min. Arrows indicate co-localization. Bar, 1 µm. B, NPC2-/- fibroblasts were incubated 

in the presence of LPDS with 100 nM Alexa546-NPC2 for 48 h under sterile conditions, washed, 

fixed with 4% PFA and kept in buffer before cryo-plunge freezing. Cells were imaged at the TXM 

at BESSY II, as described in Materials and Methods. A montage of selected frames of a 

reconstruction of a tomogram series highlighting two examples of tubular vesicles close to the PM 

(dark curved line) is shown. The width of the panels in B is 1 µm. 
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Figure 3. SXT of tubule-forming endo-lysosomes in contact to the ER.  

NPC2-/- fibroblasts were incubated in the presence of LPDS with 100 nM Alexa546-NPC2 for 48 h 

under sterile conditions, washed, fixed with 4% PFA and kept in buffer before cryo-plungefreezing. 

Cells were imaged at the TXM at BESSY II, as described in Materials and Methods. A, montage of 

selected frames of a reconstruction of a tomogram series showing a multivesicular endosome 

forming a tubule (green arrows) on the upper left part and a membrane contact site to another 

organelle, likely the ER at the upper central, right (yellow arrows) and lower central part (orange 

arrows). This endosome also harbors internal lipid deposits appearing as dark spots (red arrows). B, 

sum projection of the corresponding 5 frames of each row in panel A along the optical axis. C, 

shape outline of the observed features showing the endosome in green, the intra-endosomal lipid 

deposits in red and the enwrapping membranes as they emerge in the 3D-stack in yellow. Bar, 0.5 

µm. 
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Figure 4. Sterol efflux by internalized NPC2 is accompanied by a reduction of vesicle size  

NPC2-deficient fibroblasts were incubated with 100 nM Alexa546-NPC2 in medium containing 

LPDS for 48 h under sterile conditions, washed, fixed with 4% PFA, kept in buffer before cryo-

plunge freezing. Cells were imaged at the TXM at BESSY II, as described in Materials and 

Methods. Figure 4. A, Histograms of endosome sizes (um) in NPC2 lacking (n=134, N=3), 72 h 

NPC2 loaded (n=120, N=3) and control fibroblasts (n=86, N=1). B, Boxplot showing the quartiles, 

minimum, maximum, outliers and median for NPC2 lacking (mean= 0.6923164, median 

=0.6181722), 72 h NPC2 loaded (mean = 0.533629, median = 0.512) and control (mean 

=0.4979454, median=0.43375) fibroblasts. The datasets of the endosome sizes were transformed to 

log normal distributions for which ANOVA and Tukey HSD tests were performed. These tests 

showed significant differences between NPC2 lacking and NPC2 rescued cells (p=3.6∙10
-6

), and 

between NPC2 lacking and control fibroblasts (p=1.0∙10
-8

), while no significant difference were 

found between the endosome sizes of control and NPC2 rescued cells (p=5.2636∙10
-2

). C, 

Representative vesicles types in NPC2 lacking, NPC2 rescued and control fibroblasts. Size 

estimation of endo-lysosomes vere derived as mean of horizontal (yellow line) and vertical (white 

line) measurements. Bar, 0.5 µm.  
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Figure 5. DHE is preferentially released from individual LE/LYSs during sterol efflux 

NPC2 deficient fibroblasts were incubated with DHE/BSA for 24 h, washed, incubated with 100 

nM Alexa546-NPC2 in culture medium containing LPDS for 24 h, followed by a chase in the 

absence of NPC2 for up to 72 h (Protocol B, Fig. S1). The average intensities of the DHE vesicles 

(A) was determined from ~7000 vesicles per time point while the average vesicle intensity for 

Alexa546-NPC2 (B) was determined from ~15000 vesicles. Data is shown as mean ± standard 

error.  Note, that the intensity values are in arbitrary units, such that the numerical values cannot be 

directly compared between both panels. 
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Figure 6. Spatial pattern and co-localization analysis of DHE and NPC2  

NPC2 deficient fibroblasts were incubated with DHE/BSA for 24 h, washed, incubated with 100 

nM Alexa546-NPC2 in culture medium containing LPDS for 24 h, followed by a chase in the 

absence of NPC2 for up to 72 h (Protocol B, Fig. S1). DHE and Alexa546-NPC2 were imaged on a 

wide field microscope, and images were analyzed using SpatTrack (see Materials and Methods). A, 

B, centroid positions of DHE containing vesicles (A) and the same number of randomly placed 

particles (B) within the cell geometry, as derived by segmenting DHE stained cell images. C, D, 

number of DHE containing vesicles as a function of distance to PM (C) or of inter-particle radius 

(D, RDF) for different chase times after internalization of Alexa546-NPC2. E, F, particle-based co-

localization analysis of DHE and Alexa546-NPC2 containing vesicles for the same chase times.   
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Figure 7. DHE co-localizes with Alexa546-NPC2 in peripheral LE/LYSs during sterol efflux 

NPC2 deficient fibroblasts were incubated with DHE/BSA for 24 h, washed, incubated with 100 

nM Alexa546-NPC2 in culture medium containing LPDS for 24 h, followed by a chase in the 

absence of NPC2 for up to 72 h (Protocol B, Fig. S1). A, example images after chase for 24 h 

(upper row) and 72 h (lower row) in medium containing LPDS but no NPC2 protein. The boxes and 

insets indicate regions, in which clear co-localization of DHE and Alexa546-NPC2, especially close 

to the PM is found. B, C, particle-based co-localization analysis for DHE vs. Alexa546-NPC2 (B) 

and vice versa (C) as function of distance to the PM, found in segmented cell images based on 

DHE’s fluorescence in the PM. Colors indicate mean co-localization quantified from three 

experiments with 4-8 image fields with 1-3 cells per field and 250-400 vesicles per cell for 0h 

(blue), 24 h (red), 48h (green) and 72h (violet) chase in the absence of NPC2 in the medium.  
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Figure 8. SXT of vesicle formation at the exoplasmic and cytoplasmic sites of the PM.  

Control (A) or disease fibroblasts (B-D) were washed, fixed with 4% PFA, kept in buffer before 

cryo-plunge freezing and imaged at the TXM at BESSY II, as described in Materials and Methods. 

NPC2-/- cells were pre-incubated in the presence of LPDS with 100 nM Alexa546-NPC2 for 48 h 

under sterile conditions. A-C, montage of selected frames of a reconstruction of a tomogram series 

showing the ultrastructure of micro-vesicles at the extracellular site of the PM (A, C) as well as an 

inward (endocytosis) or outward (exocytosis) budding vesicle (B). D, surface rendering of the 

shedding microvesicle at the exoplasmic site from panel C. Bar, 0.15 µm.   
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Figure 9. Model describing NPC2’s function in sterol export from LE/LYSs 

Prior to addition of NPC2 LE/LYSs with many internal lipid deposits (dark blue spheres) and ILVs 

as well as autophagosomes accumulate in the perinuclear region. Internalized NPC2 (orange) 

shuttles sterol monomers (small light blue spheres) from ILVs to the limiting membrane of LEs for 

export to other organelles. This causes dispersion and tubulation of LEs which also form MCSs to 

the ER (green; Step 1). Upon relief of excessive cholesterol load, LEs fuse with LYSs and 

autophagosomes resulting in further clearance of lipid deposits (Step 2). From tubulated endo-

lysosomes reformed LYSs emerge (Step 3). ‘Secretory’ LEs translocate to the cell periphery (Step 

4) and release their sterol content into the extracellular medium via transient fusion with the PM as 

exosomes (light-blue rings; Step 5). Sterol release could also take place by non-vesicular sterol 

transfer from peripheral LE/LYSs to the PM, possibly via ER-PM contact zones (Step 6). The latter 

process could be followed by extracellular shedding of micro-vesicles to relieve the sterol load in 

the PM. The ‘secretory’ LEs are characterized by their fusion competence to receive cargo from 

early endosomes (Step 7). See text for further discussion. 
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Appendix 

 

Kinetic analysis of sterol efflux from LE/LYSs using a stochastic compartment model 

Sterol efflux is modelled by a stochastic irreversible continuous-time one-compartment model with 

time-dependent hazard rate. The survival probability is a measure for the likelihood of sterol 

molecules to ‘survive’ in the LE/LYSs until time, t. Mathematically, it reads for the Weibull 

distribution 
33

:  

  )/(exp)( ttS        (1) 

Here, τ is the time constant of the decay and µ is the stretching exponent describing the 

heterogeneity of the observed process. To fit this model to our data, we multiply with the initial 

sterol amount in internal compartments (i.e., mostly LE/LYSs and some early and recycling 

endosomes), called S0, and add the sterol fraction in LE/LYSs of healthy fibroblasts as background 

term, B, in the fitting procedure. Thus, we fit the experimental data to: 

  BtStSExp   )/(exp)( 0      (2) 

The pdf of this Weibull model is a measure for the likelihood of sterol to leave the cells and reads: 

 






 )/(exp
1

),,( 1 tttpdf 







    (3) 

The rate coefficient also called a hazard rate is the negative of the time-derivative of the logarithm 

of the survival probability 
33

. It is given for the Weibull distribution by: 

𝑘(𝑡) = µ ∙ (1 𝜏⁄ )µ ∙ 𝑡µ−1      (3) 

It is plotted as function of time for the estimated parameter values in Fig. S2. 
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