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Abstract 
 

Despite its bad reputation in the mass media, cholesterol is an indispensable constituent 
of cellular membranes and vertebrate life. It is, however, also potentially lethal as it may 
accumulate in the arterial intima causing atherosclerosis or elsewhere in the body due to 
inherited conditions. Studying cholesterol in cells, and research on how the cell biology of 
cholesterol affects on system level is essential for a better understanding of the disease 
states associated with cholesterol and for the development of new therapies for these 
conditions. On its way to the cell, exogenous cholesterol traverses through endosomes, 
transport vesicles involved in internalizing material to cells, and needs to be transported 
out of this compartment. This endosomal pool of cholesterol is important for under-
standing both the common disorders of metabolism and the more rare hereditary disord-
ers of cholesterol metabolism.  

 

The study of cholesterol in cells has been hampered by the lack of bright fluorescent ste-
rol analogs that would resemble cholesterol enough to be used in cellular studies. In the 
first study of my thesis, we present a new sterol analog, Boron-Dipyrromethene (BODI-
PY)-cholesterol for visualizing sterols in living cells and organism. This fluorescent cho-
lesterol derivative is shown to behave similarly to cholesterol both by atomic scale com-
puter simulations and biochemical experiments. We characterize its localization inside 
different types of living cells and show that it can be used to study sterol trafficking in 
living organisms. 

 

Two sterol binding proteins associated with the endosomal membrane; the Niemann-Pick 
type C disease protein 1 (NPC1) and the Oxysterol Binding Protein Related Protein 1 
long isoform (ORP1L) are the subjects of the rest of this study. Sensing cholesterol on 
endosomes, transporting lipids away from this compartment and the effects these lipids 
play on cellular metabolism are considered.  

 

In the second study we characterize how the NPC1 protein affects lipid metabolism. We 
show that this cholesterol binding protein affects synthesis of triglycerides and that genet-
ic polymorphisms or a genetic defect in the NPC1 gene affect triglyceride on the whole 
body level. These effects take place via regulation of carbon fluxes to different lipid 
classes in cells.  

 

In the third part we characterize the effects of another endosomal sterol binding protein, 
ORP1L on the function and motility of endosomes. Specifically we elucidate how a muta-
tion in the ability of ORP1L to bind sterols affects its behavior in cells, and how a change 
in ORP1L levels in cells affects the localization, degradative capacity and motility of endo-
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somes. In addition we show that manipulation of ORP1L affect cholesterol balance also 
in macrophages, a cell type important for the development of atherosclerosis.  
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Review of the Literature 
 

1. Cholesterol in Cells 
 

The most important role of cholesterol is as a structural building block and a functional 
unit of cellular membranes. In addition, cholesterol is needed as a precursor for the syn-
thesis of steroid hormones, bile acids and vitamin D. Cholesterol is a very rigid, planar 
molecule (Figure 1.) and therefore brings rigidity, impermeability, viscosity and stiffness to 
the membrane. These characteristics are especially important for the outer membrane of 
cells, the plasma membrane, which functions as a barrier between the cell and its sur-
roundings. The plasma membrane also contains more cholesterol than other cellular 
membranes (Lange, 1991).  

 

Figure 1. Structure of cholesterol 

 
 

Cellular cholesterol levels are determined by cholesterol intake (from lipoprotein par-
ticles), cholesterol synthesis and cholesterol efflux. A lot of cholesterol is absorbed from 
the diet, but all nucleated cells are also capable of synthesizing cholesterol for their own 
needs. The central nervous system, however, does not utilize dietary cholesterol as lipo-
proteins do not cross the blood brain barrier. The cells of the central nervous system are 
thought to synthesize all the cholesterol the brain needs (Dietschy, 2009). Cholesterol 
cannot be broken down by our cells, and must therefore be effluxed out of cells and ex-
creted out of the body when not needed.  
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1.1. Cholesterol in Cellular Membranes 

 

The basic structure of biological membranes consists of a phospholipid bilayer. When the 
membrane contains large amounts of cholesterol and sphingolipids, as in the case of the 
plasma membrane, the so called lipid rafts are formed. Rafts are nano scale clusters of 
these rigid lipids that form functional domains on the membrane (Simons and Ikonen, 
1997; Simons and Gerl, 2010). Rafts are believed to swim around the more fluid “sea” of 
the phospholipid membrane. Rafts are important at least in membrane trafficking (Romer 
et al., 2010)  and signaling (Suzuki et al., 2007). For a broader survey of lipid raft functions 
in cells, see a recent review (Simons and Gerl, 2010).  

 

In addition to the plasma membrane, cholesterol can be found in other cellular compart-
ments in varying degrees (reviewed in (Ikonen, 2008)). The endoplasmic reticulum (ER) 
only contains ~1% of total cellular cholesterol (Lange, 1991), but some endosomal com-
partments (Möbius et al., 2003) and the trans-side of the Golgi complex (Coxey et al., 
1993) contain significant amounts of cholesterol, the specific amounts depending on the 
metabolic state of the cells (Coxey et al., 1993). The ER, normally poor in cholesterol, 
contains the homeostatic machinery for maintaining intracellular cholesterol levels (see 
section 1.2. “Metabolic Homeostasis of Cholesterol”). Due to its low cholesterol content, 
even small changes in cholesterol levels can be sensed, enabling the cell to respond to 
small changes in sterol levels (Radhakrishnan et al., 2008). Mitochondria are the site for 
steroid hormone synthesis and some cholesterol oxidation reactions, so cholesterol is ac-
tively transported also to mitochondria, especially in steroidogenic cells (Kallen et al., 
1998).  

 

Lysosomes in a steady state are cholesterol-poor (Möbius et al., 2003). Some compart-
ments, like multivesicular endosomes and the recycling compartment do contain larger 
amounts of cholesterol (Hao et al., 2002; Möbius et al., 2003). How much cholesterol re-
sides in a given compartment also depends greatly on the cell type and its homeostatic 
state. 

 

1.2. Metabolic Homeostasis of Cholesterol 

 

At high concentrations, cholesterol forms cholesterol crystals, which are toxic to cells. 
High concentrations of cholesterol can also harm cells e.g. by causing ER stress (Feng et 
al., 2003). Too little cholesterol is, however, also detrimental to cells. This is demonstrated 
in inherited defects of cholesterol synthesis (reviewed in (Porter, 2002)) where function of 
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the plasma membrane, functions of many sterol associated proteins, synthesis of sterol 
derivatives and signaling pathways are perturbed. This has led to the evolution of tightly 
regulated cholesterol balancing systems, best characterized in fibroblasts and hepatocytes 
(Brown and Goldstein, 2009).  

 

When cellular cholesterol levels decrease, cells respond by increasing cholesterol synthesis 
and by taking up more cholesterol as lipoprotein particles. All cells can synthesize choles-
terol from acetate, but many peripheral cells also take up Low Density Lipoproteins 
(LDL) by receptor mediated endocytosis, and use cholesterol contained in these particles. 
When cholesterol concentration in cells decrease, a protein complex in the ER senses this 
change and activates transcription of genes involved in acquiring more cholesterol, i.e. 
genes of cholesterol synthesis and uptake (Figure 2). The core part of this machinery and 
the actual transcription factor is called the Sterol Regulatory Element Binding Protein 2 or 
SREBP2. When sterol levels are low, SREBP2 is transported to the Golgi where it is 
cleaved to yield an active transcription factor that enters the nucleus and activate genes 
that have the Sterol Regulatory Element in their promoter (Wang et al., 1994). SREBP2 
itself is not, however, sensitive to the surrounding sterol levels. Instead, the scaffolding 
protein of SREBP2, the SREBP Cleavage Activating Protein (SCAP) has a Sterol Sensing 
Domain (SSD) that is believed to convey the sterol sensitivity of the system (Nohturfft et 
al., 2000). When sterol levels in the ER are sufficient, SCAP binds to yet another protein, 
Insig, which blocks the exit of the SREBP-SCAP complex from the ER and hence inhi-
bits transcription of genes needed for increasing cholesterol levels (Yang et al., 2002). 
When sterol levels decrease, the conformation of SCAP changes and it no longer binds 
Insig. This frees the SREBP-SCAP complex to be transported to the Golgi, where 
SREBP2 is cleaved to an active transcription factor. Another form of SREBP, SREBP1C 
is involved in the regulation of neutral lipid synthesis, but has less effect on cholesterol 
balance (Liang et al., 2002) (Figure 2). 

 

If, on the other hand, cholesterol levels in the cell are too high, another transcription fac-
tor system is activated, leading to elimination of cholesterol from cells (Venkateswaran et 
al., 2000). The main components of this system are the Liver X Receptors (LXRs). These 
are activated by several different oxysterols (Janowski et al., 1999), i.e. oxidized derivatives 
of cholesterol that form when cholesterol levels increase. LXRs form heterodimers with a 
Retinoid X Receptor (RXR) to activate transcription (Willy et al., 1995). LXR target genes 
include several ATP Binding Cassette (ABC) transporters such as ABC-A1 and ABC-G1 
transporting cholesterol out of cells, but also many genes necessary for eliminating choles-
terol from the body, such as genes involved in bile acid synthesis and secretion (Figure 2). 
LXR activation thus leads to elimination of cholesterol at both cellular and whole body 
level. In addition, LXRs also activate fatty acid and triglyceride synthesis, but the signific-



 

ance of this somewhat paradoxical phenomenon has remained unclear. A more complete 
list of LXR targets and mechanism of function is presented in 

 

 

Figure 2. Transcriptional regulation of lipids

 

 

 

In addition to activating the LXR pathway, cells are
esterifying it with a fatty acid. These cholesteryl esters are generated by the ER resident 
protein Acyl-coenzyme A Cholesterol Acyltransferase
1970) and the esters are main
regulated by the transcriptional systems described above, but allosterically by cholesterol 
so that when abundant in the ER, cholesterol becomes
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hat paradoxical phenomenon has remained unclear. A more complete 
list of LXR targets and mechanism of function is presented in (Millatt et al., 2003)

Transcriptional regulation of lipids 

In addition to activating the LXR pathway, cells are also able to neutralize cholesterol by 
esterifying it with a fatty acid. These cholesteryl esters are generated by the ER resident 

coenzyme A Cholesterol Acyltransferase 1 (ACAT1) (Stokke and Norum, 
and the esters are mainly stored in cytoplasmic lipid droplets. This enzyme is not 

regulated by the transcriptional systems described above, but allosterically by cholesterol 
ndant in the ER, cholesterol becomes esterified (Chang et al., 1998)

 

hat paradoxical phenomenon has remained unclear. A more complete 
(Millatt et al., 2003).  

 

also able to neutralize cholesterol by 
esterifying it with a fatty acid. These cholesteryl esters are generated by the ER resident 

(Stokke and Norum, 
This enzyme is not 

regulated by the transcriptional systems described above, but allosterically by cholesterol 
(Chang et al., 1998). 
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2. Cholesterol Trafficking in Cells  
 

Due to its high hydrophobicity, cholesterol does not dissolve in water, and therefore can-
not travel freely through the cytosol by aqueous diffusion. Cholesterol transport in cells 
may occur through several different mechanisms. It can travel along with cellular mem-
brane trafficking, it can be transported by cytosolic carrier proteins or it can move from 
membrane to membrane via membrane contact sites (Ikonen, 2008). There is evidence to 
support the existence of all three routes, and it is probable that all of these routes contri-
bute to the distribution of cholesterol.  

 

Intracellular membrane trafficking is a major means to transfer cargo in cells. In this 
process vesicles bud off from one membrane compartment (e.g. ER), travel to the target 
membrane (e.g. the Golgi complex) and fuse with it. Cargo can travel along inside the 
vesicle or in/on the vesicle membrane. Many membrane trafficking routes have been cha-
racterized in detail. In general, membrane trafficking needs machineries for vesicle bud-
ding from the donor membrane (e.g. coat proteins such as clathrin) (Kirchhausen, 2000), 
transport machineries (e.g. molecular motors) to travel from the original membrane to the 
target (Ross et al., 2008) and fusion machineries (e.g. the Soluble NSF Attachment Protein 
Receptor (SNARE) proteins) to fuse with the target membrane (Jahn and Scheller, 2006). 
Long range movement of membranes takes place via microtubules. Molecular motors 
exhibit the ability to walk along the microtubules, but are restricted in their directionality. 
One family of proteins called dyneins is responsible for transport towards the microtubule 
minus ends (towards the centrosome). Another family of proteins, kinesins, are responsi-
ble for transport towards the microtubule plus ends (towards the cell periphery) as in the 
case for endosomes (Loubery et al., 2008). Both proteins also need several accessory pro-
teins, such as dynactin, to function in cells. Plus and minus end directed movement of 
organelles is known to be coregulated and different motors are known to exist simulta-
neously on the same organelles (Loubery et al., 2008; Ross et al., 2008). Cholesterol does 
travel passively along with intracellular membrane trafficking. The transport of cholesterol 
does, however, seem to also depend on membrane trafficking, at least when exiting from 
endosomes (Hölttä-Vuori et al., 2000).  

 

Another possible way for cholesterol to move inside cells is via cytosolic carrier proteins. 
Several families of cytosolic sterol binding proteins could potentially bind cholesterol on 
one membrane and hand over the cholesterol molecule to the target membrane. These 
families include the Oxysterol Binding Protein (OSBP) Related Proteins (ORP), the Star-
related lipid transfer domain containing proteins (STARTs) and the Sterol Carrier Pro-
teins (SCPs). Of these, the ORPs are described in more detail under “ORP Family of Pro-
teins” and START and SCP family of proteins are more extensively covered in a recent 
review (Lev, 2010).  
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The third mode to transfer cholesterol from membrane to membrane is via membrane 
contact sites. These are locations in cells where membranes of two organelles come close 
together, but do not fuse or necessarily touch physically (Levine and Loewen, 2006). The 
physical closeness of the membranes increases the probability for lipids to transfer from 
one membrane to another, and this process may be aided by proteins localized to the con-
tact sites. This cholesterol transport route, however, has the least experimental evidence 
to support it (Lev, 2010).  

 

2.2. Endosomal Cholesterol Trafficking 

 

One of the trafficking routes of cholesterol is the endocytic transport of LDL particles to 
lysosomes. Endosomes constitute a membrane transport pathway starting at the plasma 
membrane and ending in lysosomes, where cargo is degraded (Saftig and Klumperman, 
2009). Endocytic cargo is first transported to early/sorting endosomes, then further into 
late endosomes and finally to lysosomes. In this endosomal progression the pH of the 
organelles gradually decreases and the outer endosomal membrane buds inwards forming 
internal membranes (Saftig and Klumperman, 2009). On light microscopy level it is diffi-
cult to separate late endosomes from lysosomes as they contain a lot of the same markers. 
These markers include Lysosome Associated Membrane Proteins (Lamps) and many en-
docytosed fluorescent markers (such as small molecular weight dextran used in this thesis) 
which reside in both compartments. The term endolysosome is used in this thesis to refer 
to late endosomes and lysosomes together. LDL particle bound to the LDL receptor at 
the plasma membrane is transported along this pathway to endolysosomes where the 
LDL-derived cholesteryl esters are hydrolyzed, followed by efflux of cholesterol to other 
cellular membranes (Ikonen, 2008).  

 

The transport of cholesterol out of endolysosomes appears to be slow (Schoer et al., 
2000) and to some extent depend on membrane trafficking (Hölttä-Vuori et al., 2000). In 
contrast, the transport of cholesterol from the ER to the plasma membrane (Urbani and 
Simoni, 1990; Heino et al., 2000) and from the plasma membrane to ER and lipid droplets 
(Raychaudhuri et al., 2006; Jansen et al., 2010) has been shown to be mostly independent 
of vesicular trafficking. Many disorders of endosomal function such as Niemann-Pick 
diseases (described below), Gaucher disease (Vaccaro et al., 2010)  and Mucolipidosis type 
IV (Soyombo et al., 2006) lead to accumulation of free cholesterol in endosomes. Reasons 
to why sterol transport in/from endolysosomes is so different from other cellular mem-
branes may include the highly glycosylated limiting membrane of lysosomes. This rigid 
membrane functions to protect the lysosomal outer membrane from degradation, isolat-
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ing the outer membrane from the lysosomal lumen and possibly affecting cholesterol mo-
bility.  

  

2.2.1. NPC Family of Proteins 
 

Niemann-Pick type C (NPC) disease (Online Mendelian Inheritance in Man (OMIM) IDs 
#257220 and #607625) is an autosomal recessive disorder characterized by accumulation 
of cholesterol and other membrane constituents in all tissues (Figure 3. reviewed in (Vani-
er, 2010)). The disease manifests itself most commonly as a neurodegerative disease lead-
ing to death often in late childhood. Mutations in either of the two causative genes NPC1 
(Carstea et al., 1997) or NPC2 (Naureckiene et al., 2000) lead to indistinguishable clinical 
and biochemical diseases. The major early finding of the disease was that NPC patient 
fibroblasts failed to respond to increased levels of LDL by increasing cholesterol esterifi-
cation (Pentchev et al., 1985). Control cells started to increasingly esterify cholesterol in 
order to limit the amount of cellular free cholesterol, in response to an increase in choles-
terol levels, but NPC cells were unable to accomplish this. Later it was shown that NPC 
cells are unable to suppress the biosynthesis of cholesterol (Liscum and Faust, 1987) and 
to generate oxysterols (Frolov et al., 2003) in response to LDL and are not able to efflux 
cholesterol out of the cells (Choi et al., 2003). It is therefore thought that NPC is primari-
ly a cholesterol retention disease and that NPC1 and NPC2 function in the mobilization 
of LDL-derived cholesterol (Wang et al., 2010). NPC1 is a member of the resistance-
nodulation-cell division (RND) permease family of proteins known to transport small 
hydrophobic molecules in bacteria, thereby causing multidrug resistance (Blair and Pid-
dock, 2009). Whether NPC1 could also function in pumping cholesterol or other small 
hydrophobic molecules, such as fatty acid (Davies et al., 2000) or sphingosine (Lloyd-
Evans et al., 2008) has long been discussed, without convincing results (Lloyd-Evans and 
Platt, 2010). 

 

NPC1 is a late endosomal protein containing 1278 amino acids and 13 putative trans-
membrane helices (Davies and Ioannou, 2000), a SSD (Carstea et al., 1997) and an N-
terminal cholesterol binding domain (Kwon et al., 2009). The SSD is homologous to the 
SSD of SCAP and of the rate limiting enzyme of cholesterol synthesis, 3-hydroxy-3-
methyl-glutaryl coenzyme A (HMG-CoA) reductase. Both of these proteins are regulated 
through the sterol binding by SSD. This domain is also shared by the morphogen recep-
tor Patched that is essential for animal development. The precise function of SSD in 
NPC1 and Patched is unknown, but mutations in the SSD render both proteins non-
functional (Watari et al., 1999; Martin et al., 2001).  

 



 

NPC2 is a small soluble lysosomal protein
mology to NPC1. It is targeted to lysosomes via 
tor (Naureckiene et al., 2000)
plasma and bile (Klein et al., 2006)
cavity and is able to transfer cholesterol 
highest at low pH and in the presence of lipids typical for
(Cheruku et al., 2006), rendering the protein most active in late 
somes. NPC2 is the causative gene in only ~5% of all NPC cases and the rest are believed 
to be caused by NPC1. 

 

Once NPC2 has bound cholesterol, it can transfer it to
vitro.  A model of “hydrophobic han
el NPC2 binds cholesterol immediately after it has been released by Acid Lipase,
transfers it to NPC1, that is then able to place the cholesterol molecule on the lysosomal 
outer membrane (Wang et al., 2010)
ever, is only 17% of the total protein, so there is probably more to NPC1 function than 
known to date. 

 

Figure 3. Filipin staining of
small interfering RNA (siRNA) 
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NPC2 is a small soluble lysosomal protein containing 132 amino acids 
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(Naureckiene et al., 2000) and is also secreted to many physiological fluids such as 
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has been resolved (Im et al., 2005). In addition to the ORD domain, most ORPs contain a 
pleckstrin homology domain that binds phosphatidylinositol lipids allowing ORPs to as-
sociate with membranes. Some ORPs also contain a FFAT (two phenylalanines in an 
acidic tract) domain involved in binding the ER resident Vesicle Associated Protein 
(VAP) (reviewed in (Yan and Olkkonen, 2008)). Distinct functions for several ORP pro-
teins have been described; OSBP functions in the integration of cholesterol balance and 
sphingomyelin synthesis (Perry and Ridgway, 2006), ORP1L has a role in motor recruit-
ment to endosomes (Johansson et al., 2007) and ORP2 regulates neutral lipid homeostasis 
(Hynynen et al., 2009) to mention but a few. The ORP family is conserved throughout the 
eukaryotic lineage. The yeast Saccharomyces cerevisiae has seven Oxysterol Binding Protein 
Homologs (OSH1-OSH7), indicating a fundamental role for these proteins in eukaryotic 
cell biology (Yan and Olkkonen, 2008).  

 

Whether ORPs transfer sterols from one membrane to another or function as sterol sen-
sors regulating other cellular processes has remained a matter of debate. In yeast it was 
shown that knocking out all of the seven yeast ORP homologues, impairs the transport of 
cholesterol (Raychaudhuri et al., 2006). No effect was, however, achieved by knocking 
down single ORP-homologues (Raychaudhuri et al., 2006). Some ORPs have also been 
shown to transfer cholesterol between liposomes in vitro (Ngo and Ridgway, 2009; Jansen 
et al., 2010) suggesting that at least some ORPs may transfer cholesterol between mem-
branes also in vivo. Whether cholesterol transport is the physiological role of mammalian 
ORPs, remains to be elucidated. 

 

ORP1L (ORP1 Long isoform), the ORP family member studied in this thesis is a late 
endosomal protein needed for normal perinuclear localization of late endosomes (Johans-
son et al 2007). It is the longer product of the ORP1 gene, which also gives rise to ORP1S 
(ORP1 Short isoform). ORP1L and ORP1S have different intracellular localizations and 
different tissue distributions, indicating diverging functions (Johansson et al., 2003). 
ORP1L forms a complex with Rab7, its effector RILP and dynein, driving the minus-end 
directed movement of late endosomes (Johansson et al 2007). ORP1L has also been 
shown be involved in the development of atherosclerotic lesions in vivo (Yan et al 2007). 

 

2.3. Uptake of Cholesterol into Cells 

 

When cells need cholesterol, they can acquire more by de novo synthesis, or by taking up 
cholesterol from various lipoprotein particles that serve as cholesterol donors to cells. 
Most peripheral cells take up cholesterol by receptor mediated endocytosis of LDL-
particles. The internalization of LDL starts when the major protein of LDL-particles, apo-
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lipoprotein B (ApoB) binds to cell surface LDL Receptor (LDLR) which triggers interna-
lization of this complex (Ho et al., 1976). The complex is endocytosed in clathrin coated 
pits and vesicles, and transported to early endosomes. In early endosomes the LDLR is 
released and is ready to recycle back to the plasma membrane via endocytic recycling 
pathways. The LDL particle is transported along the endocytic pathway to late endosomes 
and lysosomes, where the enzyme acid lipase hydrolyses the cholesteryl ester molecules to 
yield free cholesterol and free fatty acids (Ikonen, 2008).  How exactly cholesterol then 
leaves the endosomal system has remained unclear, except that NPC1 and NPC2 are 
probably involved in the placing of cholesterol to the lysosomal outer membrane.  

 

Special cell types: hepatocytes, macrophages and steroidogenic cells can take up chole-
steryl esters from High Density Lipoprotein (HDL) particles via scavenger receptor B1 
through selective lipid uptake where the cholesteryl ester molecules enters the cell, but the 
protein does not (Acton et al., 1996). Scavenger Receptor B1 is also used by macrophages 
in the uptake of LDL particles modified in the arterial intima. These modified particles are 
no longer recognized by LDLR (this process is described in more detail under “Role of 
macrophages in atherosclerosis”). A special case is also presented by enterocytes that are 
able to absorb diet-derived cholesterol from bile salt micelles in the gut lumen. 

 

2.4. Secretion of Cholesterol from Cells 

 

Just as cholesterol cannot freely move through the cytosol, it also cannot freely move in 
the circulation. Lipoproteins have evolved to transport cholesterol and other lipids from 
one tissue to another; to transport diet and liver-derived lipids to peripheral cells and cho-
lesterol from peripheral cells to the liver. Lipoproteins are droplets of neutral lipids (rang-
ing from 5-500nm) surrounded by a monolayer of phospholipids, free cholesterol, and an 
apolipoprotein (Figure 4). 

 

The cycle of cholesterol in lipoproteins starts in enterocytes that pack diet-derived lipids 
into chylomicron particles and secrete the particles into the lymph. Chylomicrons consist 
mostly of triglycerides. Most of this triglyceride is hydrolyzed by endothelial lipase and 
stored in the adipose tissue and the chylomicron remnants are taken up by the liver. The 
liver can use the cholesterol derived from chylomicron remnants for its own needs, store 
it, or pack it further in Very Low Density Lipoprotein (VLDL) particles. These particles 
are again secreted into the circulation. The triglyceride in VLDL particles is hydrolyzed to 
yield free fatty acids by members of the lipase-family proteins in the capillary endothelium 
(Hasham and Pillarisetti, 2006). What remains after this process is the LDL particle. Peri-
pheral cells can take up these particles and use the cholesterol in them as their cholesterol 
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acyltransferase (LCAT), a protein associated with HDL. As cholesterol accumulates on 
the ApoAI it becomes a spherical, mature HDL particle (Zannis et al., 2006). The secre-
tion of cholesterol to lipid-poor ApoAI and mature HDL happens via several plasma 
membrane cholesterol transporters of the ATP Binding Cassette (ABC) family (Cavelier 
et al., 2006). The most studied one of these is ABCA1 (ATP Binding Cassette transporter 
A1). The absence of functional ABCA1 causes Tangier disease that is characterized by a 
lack of HDL particles (Brooks-Wilson et al., 1999). ABCA1 mediated cholesterol efflux 
takes place on the plasma membrane and possibly in endosomes after endocytosis of 
ApoAI (Chen et al., 2005b), but the exact localization of cholesterol transfer to ApoAI 
remains debated (Kang et al., 2010) (Figure 5). ABCA1 prefers to efflux cholesterol to 
lipid-poor ApoAI and ABCG1 transfers cholesterol to the more mature, spherical HDL 
(Wang et al., 2004). The precise molecular mechanism of lipid transfer by these proteins 
remains to be elucidated.  

 

3. Studying Cholesterol Trafficking in Cells 
 

A major obstacle in studying intracellular cholesterol transport has been the lack of good 
methods. The interest in lipid cell biology has been rather low until the 21st century, and 
(cell biological) lipid methodology has therefore developed slowly. Lipids were long con-
sidered to be merely a source of energy and an inactive layer on the cell surface. With the 
emergence of the raft theory (Simons and Ikonen, 1997), increasing knowledge on athe-
rosclerosis, and new connections between lipids and other diseases, such as Alzheimer’s 
disease (Corder et al., 1993), the field of lipid research is gaining increasing interest. This 
is, to the benefit of a lipid scientist, also leading to new advances in technology in the 
field.  

 

Several challenges are ahead when one takes up the analysis of lipids; they cannot be 
chemically fixed, they easily oxidize during sample preparation if not handled correctly 
and their analytical methods are painstaking and involve many hazardous organic solvents. 
These difficulties have led to conflicting results and many unanswered questions. To 
overcome these handicaps, several different methodologies need to be used in parallel, to 
produce reliable results. 

 

3.1. Biochemical Methods to Study Cholesterol 

 

Cholesterol and other lipids can be biochemically separated from other organic matter by 
using chemical extraction by organic solvents and from each other by using chromato-
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graphic separation. For cholesterol this procedure is relatively easy as it can be separated 
from other cellular lipids by Thin Layer Chromatography (TLC). This method, however, 
does not separate cholesterol from its closest precursor sterols. However, in most cases 
cholesterol constitutes the absolute majority of sterols, and the precursors may often be 
ignored. For precise analysis of many other lipids, more sophisticated analysis such as 
mass spectrometry needs to be used.    

 

To study specific pools of cholesterol (or other lipids) one can use radioactively labeled 
lipids or lipid precursors and feed them to cells. The kinetics of metabolism and to some 
extent also transport can then be calculated from the results. While precise information 
about metabolism can be achieved using these methods, it should be carefully considered 
how the radioactive tracer is fed to the cells – the only physiological way for exogenous 
cholesterol to enter most cells is via lipoprotein particles.  

 

While radioactive cholesterol can help elucidate metabolism of cholesterol very accurately, 
less information can be drawn about its transport. To analyze where radioactive choles-
terol was transported to during the experiment, one must separate cellular compartments 
biochemically. This is most often done with density gradient ultracentrifugation where 
different compartments separate according to their density e.g. on a sucrose matrix. Cho-
lesterol can, however, move between compartments during sample preparation and the 
presence of cholesterol in a certain compartment in a biochemical experiment is not a 
guarantee that it has been transported there physiologically. Alternatively, the localization 
of radioactive cholesterol can be deduced from enzymatic processes. If, for example, ra-
dioactive cholesterol is esterified, it must have reached the ER where the esterification 
takes place. Esterification cannot, however, be used as an absolute measure of transport, 
as not all cholesterol transported to the ER is esterified (Jansen et al., 2010). Plasma 
membrane localized cholesterol can be determined by extracting cholesterol by methyl- -
cyclodextrin (Pörn and Slotte, 1995; Heino et al., 2000) or by oxidizing cell surface choles-
terol after fixation of cells (Lange, 1991). Methyl- -cyclodextrin was, however, recently 
shown to be internalized to cells by endocytosis, and may also extract cholesterol therein 
(Rosenbaum et al., 2010). 

 

Sterol binding and transfer by sterol binding proteins can be studied in vitro. A sterol bind-
ing protein can extract cholesterol from unilamellar vesicles (Ngo and Ridgway, 2009). 
Furthermore, the efficacy of a potent sterol transporter can be studied in a similar system 
where one pool of vesicles contains radioactive lipid and the other does not (Jansen et al., 
2010). These methods, however, apply preferentially to soluble proteins as membrane 
proteins cannot easily be inserted into liposomes. Protein binding to cholesterol in vivo can 
be studied using photocholesterol (7,7-azocholestanol) that is first incorporated into living 
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cells. This method makes it possible to study sterol binding of membrane protein such as 
NPC1 (Ohgami et al., 2004)  and MLN64 (Hölttä-Vuori et al., 2005).  

3.2. Imaging Methods to Study Cholesterol 

 

While biochemical methods cannot provide high resolution data about cholesterol locali-
zation in cells, methods using microscopy do this much more precisely. Cholesterol itself 
cannot, however, be imaged with traditional microscopy. One has to rely on either mole-
cules that bind cholesterol or on using fluorescent cholesterol analogs that behave similar-
ly to the natural lipid (Table 1).  

 

Table 1. Fluorescent compounds to study cholesterol localization in cells. (modified from 
(Ikonen and Hölttä-Vuori, 2004)). EM= Electron microscopy. 

 

Compound Charasteristics Living 
Cells? 

EM? References 

Filipin Fluorescent  
antibiotic 

No Yes (Linder et al., 
2007) 

-toxin Derived from 
Clostridium   per-
fringens toxin 
perfringolysin-O 

No Yes (Möbius et al., 
2003; Sugii et 
al., 2003) 

Dehydroergosterol 
(DHE) 

A yeast natural 
sterol 

Yes No (Mukherjee et 
al., 1998; Hao 
et al., 2002) 

Dansyl             
cholestanol 

A cholesterol 
with a fluores-
cent dansyl-
group on posi-
tion 6  

Yes Possible but 
no reported 
so far 

(Wiegand et al., 
2003) 

NBD-cholesterols Several          
conjugates of 
NBD and       
cholesterol 

Yes Possible but 
no reported 
so far 

(Alecio et al., 
1982) 

 

 

The most widely used cholesterol staining agent is an antibiotic named filipin (Drabi-
kowski et al., 1973) that binds covalently to cholesterol 3’-OH group and is intrinsically 
fluorescent. Because of its antibiotic properties, it cannot, however, be used in living cells 
as while binding to cholesterol it perforates membranes. Filipin is considered to be a ra-
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ther faithful indicator of cholesterol distribution in cells, albeit it recognizes other 3’-
hydroxylated sterols in addition to cholesterol. As cholesterol comprises the majority of 
sterols in cells, the lack of specificity may often be ignored. Potential problems in using 
filipin include fixation of cells using paraformaldehyde which does not fix cholesterol. 
One cannot therefore be sure that cholesterol did not move from its original position 
during sample preparation. The binding of filipin to cholesterol may also be dependent on 
the membrane environment of cholesterol (Blau and Bittman, 1977). -toxin is another 
molecule that binds to cholesterol. It can be fluorescently labeled and can therefore be 
used as a marker for cholesterol (Möbius et al., 2003). It does not, however, penetrate the 
cells so it also cannot be used for living cells (Table 1). 

 

The other alternative is to use cholesterol-mimicking fluorescent tracers. The advantage in 
using fluorescent sterols is that they do not require fixation of cells and enable the follow 
up of sterol trafficking in living cells. The use of fluorescent sterols is discussed in more 
detail in the Results part of this book. 

 

4. Metabolic Diseases Affected By Endosomal Cholesterol 
 

Consuming excess amounts of lipid and cholesterol has led to the emergence of metabolic 
diseases in the western world. The most commonly known of these is atherosclerosis, 
caused by the retention of modified lipoproteins in the arterial intima, but atherosclerosis 
is often a part of a more complex disorder; the metabolic syndrome. Metabolic syndrome 
is characterized by central obesity, dyslipidemia and insulin resistance and creates a risk 
for developing diabetes and cardiovascular disease.   

 

4.1. Role of Hepatocytes in Metabolic Disease 

 

The liver is the major logistic station in cholesterol homeostasis at the whole body level. 
Modern western diet contains approximately 400mg cholesterol per day, and our bodies 
produce an additional 10mg/kg/day (Dietschy et al., 1993). Diet-derived cholesterol is 
transported to the liver in chylomicrons, and the liver is also responsible for most of cho-
lesterol synthesizes (outside the central nervous system). The liver also converts choles-
terol to bile acids and secretes bile acids and cholesterol into the gall bladder from where 
cholesterol eventually ends up in the small intestine and is excreted out of the body. Some 
of the cholesterol is reabsorbed back to the enterocytes and cycle back to the liver, con-
tributing to the enterohepatic cycle.  
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The liver is severely affected by excess consumption of lipid due to its central role in lipid 
metabolism. As natural selection has led to a system optimizing usage of energy and cho-
lesterol, the liver is not equipped to function with this kind of excess. Three things there-
fore happen; 1) cholesterol is secreted into bile in excess leading to cholesterol crystalliza-
tion in the gall bladder creating gall stones, 2) increasing storage of cholesterol and other 
lipid in the liver causing nonalcoholic fatty liver disease and rendering the liver insulin 
resistant (Seppälä-Lindroos et al., 2002) and 3) increased secretion of cholesterol and oth-
er lipids in VLDL particles (Adiels et al., 2006), leading to increased circulating LDL cho-
lesterol.  

 

Increased cholesterol leads to increased LXR activation causing increased hepatic de novo 
lipogenesis. Hepatocytes receive lipid from the diet, but also from the adipose tissue and 
from the so called “spill over pathway” where peripheral tissues are not able to receive all 
of the lipoprotein-derived fatty acids and this lipid ends up in the liver (Donnelly et al., 
2005). This lipid is stored in hepatic lipid droplets.  

 

4.2. Role of Macrophages in Atherosclerosis 

 

Atherosclerosis is a widely studied disease where excessive consumption of cholesterol is 
considered to be the major contributor. Excess dietary cholesterol, together with de novo 
synthesized cholesterol lead to surplus LDL in the circulation. Circulating LDL passes 
through the endothelium to reach target tissues that use LDL.  In the arterial intima, how-
ever, the internal elastic lamina prevents LDL particles from reaching the underlying tis-
sue (Smith, 1990). LDL therefore becomes trapped in the intima. These LDL particles get 
oxidized and further modified by resident enzymes and aggregate. Accumulating choles-
terol in the intima attracts macrophages that try to clear out this cholesterol (Tabas et al., 
2007). While failing at this task the macrophages internalize toxic amounts of cholesterol, 
store this cholesterol in their lipid droplets and become so called “foam cells”. These 
foam cells attract more immune cells and eventually die by apoptosis or necrosis, contri-
buting to the accumulation of debris in the intima. As this process proceeds over decades 
the intima thickens, develops a necrotic core consisting of cholesterol and dead cells. 
These atherosclerotic plaques may eventually rupture causing a heart attack or stroke.  

 

As is evident from the above description, macrophages play a key role in the development 
of atherosclerosis. While lowering circulating LDL is the main clinical target in atheroscle-
rosis management, pharmacological modifications of macrophage function are attracting 
increasing interest (Tabas et al., 2007). Macrophages are able to internalize modified lipo-
proteins found in atherosclerotic lesions very efficiently and very efficiently metabolize 
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this cholesterol and store it in lipid droplets. Higher levels of HDL are associated with 
smaller risk of atherosclerosis (Gordon et al., 1977), presumably because of the ability of 
HDL to enhance reverse cholesterol transport, i.e. cholesterol transport from macrophag-
es to the liver.  

 

Uptake of cholesterol is somewhat different in macrophages compared to other peripher-
al cells, as they are able to endocytose not only native LDL, but also oxidatively modified 
and aggregated LDL. The Scavenger Receptor B1 is mostly responsible for this uptake 
(Vainio and Ikonen, 2003). The LDLR is downregulated when cellular cholesterol levels 
increase (through a decrease in SREBP signaling), which prevents excessive accumulation 
of cholesterol in most cells. The SR-B1, however, is not downregulated in a similar man-
ner, but the macrophages internalize toxic amounts of cholesterol eventually leading to 
apoptosis (Vainio and Ikonen, 2003).  Macrophage cholesterol efflux is therefore a highly 
studied subject as enhancement of this efflux could decrease the advancement of atheros-
clerosis.  
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Aims of the Study 
 

This study aimed to shed light on how endosomal cholesterol and endosomal cholesterol 
binding proteins NPC1 and ORP1L affect biological processes on the cellular and whole 
body level. The individual aims of the three studies making up this thesis are listed below: 

 

I) We aimed to analyze whether a new fluorescent sterol analog, BODIPY-cholesterol  
would be suitable for visualizing cholesterol in living cells and organisms and to bring a 
new tool to the cholesterol field. The chemical synthesis and physical behavior of BODI-
PY-cholesterol has been reported (Li et al., 2006) making it an interesting candidate to be 
used for visualizing cholesterol.  

 

II) The aim of the second study was to characterize the interplay between Niemann-Pick 
type C disease and triglyceride homeostasis. This is a so far unexplored area, but receives 
increasing interest as our knowledge of the integration of metabolic pathways increases. 
In this study we analyzed the effects of common polymorphisms in the NPC1 gene on 
serum lipids at the population level and lipid metabolism in the liver and hepatocytes of 
Npc1+/+ and Npc1-/- mice. 

 

III) The aim of the third study was to characterize how ORP1L and its sterol binding sta-
tus affect endosomal processing and motility. It has been previously shown that this pro-
tein is involved in endosomal motor recruitment and localization and that it is involved in 
the development of atherosclerotic lesions. This study aimed at integrating previous cell 
biological findings with further characterization of the cell biology and effects of ORP1L 
in macrophages.  
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5. Materials and Methods 
 

5.1. Animal Work 
 

The Npc1-/- mouse has a spontaneous mutation in its Npc1 gene, and the mouse model 
was characterized already in 1980s (Miyawaki et al., 1982). The animals were maintained 
and used for experiments according to the guidelines of the institutional animal care and 
use committee. They were maintained on a chow diet (Altromin 1320) in standard condi-
tions. Roughly equal amounts of female and male mice were used as the results were simi-
lar in both genotypes, except in work II Figure 5 where only male mice were used.  

 

Primary mouse hepatocytes were isolated using the collagenase perfusion system (Smets 
et al., 2002). The mice were anesthesized using Mebunat 60mg/kg. The inferior vena cava 
was cannulated, the portal vein of the liver was sectioned and Earles balanced Salt solu-
tion (EBSS) with 0,5mM EGTA and 10mM Hepes, excluding Ca2+ and Mg2+ was flowed 
through the liver at 5ml/minute. After 6 minutes, the solution was changed into EBSS 
including Ca2+ and  Mg2+ and this was flowed through the liver for 3 minutes. Finally, 
EBSS including collagenase was allowed to flow through the liver for approximately 6 
minutes to collapse the liver macrostructure. The collapsed liver was then filtered through 
a 100µm nylon mesh to separate cells. The hepatocytes were washed 3-5 times with 
DMEM containing 10% Fetal Bovine Serum (FBS), 2mM glutamine, 100U/ml penicillin 
and 100µg/ml streptomycin and 10mM Hepes and plated on cell culture dishes coated 
with gelatin. One million cells were plated on a Ø 6 cm dishes and 500 000 cells on Ø 
3.5cm dishes. Hepatocytes were maintained in culture for no more than 24 hours. 

 

5.2. Cell Culture and Transfection 
 

Wild Type (WT) Chinese Hamster Ovary (CHO), M12 (Millard et al., 2000), and M19 
(Hasan et al., 1994) cells were cultured in DMEM supplemented with 5% FBS, 2mM glu-
tamine, 100U/ml penicillin and 100µg/ml streptomycin. HeLa cells were cultured similar-
ly, except with 10% FBS. Raw264.7 cells were cultured as HeLa cells but including 10mM 
Hepes. Cell culture plastics were from Gibco or Sarstedt. Lipoprotein deficient serum 
(LPDS) was prepared by sequential KBr gradient ultracentrifugation of FBS (Krieger, 
1986). 

 

cDNA constructs were transfected to cells using LipoFectamine2000. For 0.5ml of cells, 
3µl LipoFectamin2000 (Invitrogen) was diluted in 100µl and 1µg DNA was diluted in 
100µl OPTIMEM and these complexes were incubated for 5 minutes. The LipoFecta-
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mine2000 solution was then added to the DNA solution and this was incubated further 
for 15 minutes. The transfection complex was then added to freshly divided cells in anti-
biotic free medium. The complex was removed after 4 hours and the overexpressing cells 
were analyzed the following day. For transfections with small interfering RNAs (siRNA) 
on Ø 3.5cm dishes in 1ml of culture medium, 20pmol of the siRNA duplex and 6µl of the 
HiPerFect reagent (Qiagen) were diluted in 100µl OPTIMEM and the complex was incu-
bated 5-10 minutes. The complex was then added to cells cultured in complete medium. 
The cells were analyzed after 3 days of siRNA transfection.  

 

5.3. Labeling of Cells with Fluorescent Probes 
 

BODIPY-cholesterol was fed to cells dissolved in DMSO (dimethyl sulphoxide) 0.5µM in 
LPDS overnight to two days. Alternatively, BODIPY-cholesterol was complexed with 
methyl- -cyclodextrin with a final calculated concentration of 25µg/ml BODIPY-
cholesterol (with molar ratio of sterol/cyclodextrin 1/10 as in (Leppimäki et al., 2000)). 
Rhodamine-dextran was fed to cells overnight at 1mg/ml and Alexa 568-dextran over-
night at 50µg/ml concentration, both were from Molecular Probes. Alexa 568-transferrin 
(Molecular probes) was fed to cells at 50µg/ml for 30 minutes. Prior to transferrin labe-
ling the cells were starved in serum free medium for 1 hour. Macrophages were labeled 
with 1,1'-dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine-perchlorate labeled acetylated 
LDL (DiI-acLDL) in serum free medium at 50µg/ml for 1 hour.  

 

5.4. Labeling of Cells with Radioactive Probes 
 

Cells were labeled with [3H]cholesterol 1µCi/ml overnight (Raw264.7 macrophages) or 
two days (CHO cells). [3H]oleate was fed to cells in a complex with BSA. A serum free 
medium containing 2% BSA and 1µCi/ml [3H]oleate was incubated for 30 minutes at 
+37°C prior to feeding to cells. This complex was then incubated with hepatocytes for 5 
hours. [3H]acetate(10µCi/ml)  was fed to cells for 16 hours in serum free medium. 

 

To achieve LDL labeling with radioactive cholesteryl esters, 1mg of LDL (isolated from 
healthy human donors as previously described in (Havel et al., 1955)) was incubated with 
40µCi of [3H]cholesteryl oleate or cholesteryl [3H]oleate dissolved in DMSO for 2 hours 
at 40°C, followed by extensive dialysis against PBS. Cells were then incubated with these 
particles for varying times in the presence of the ACAT1 inhibitor Sandoz 58-035 
(2µg/ml) to prevent re-esterification to cholesteryl esters.  
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5.5. Lipid Extraction and Analysis 
 

Lipids were extracted from cell and tissue samples, adjusted for protein concentration, 
using organic solvents by the method by (Bligh and Dyer, 1959). The material to be ex-
tracted (cell or tissue lysates) was adjusted to 1600µl of 2% NaCl. 4ml of methanol and 
2ml chloroform was added, the sample was vortexed and centrifuged to pellet precipitated 
protein material. 2ml chloroform and 2ml water was then added, and the sample was 
again vortexed and centrifuged. After this procedure the sample was in two phases, the 
lower of which was the organic phase containing the lipids.  

 

For analyzing distribution of radioactivity in different lipid classes, the lipids were re-
solved on a regular TLC with appropriate standards, the silica scraped and radioactivity 
counted in a liquid scintillation counter. For analyzing lipid masses, a High Peroformance 
Thin Layer Chromatography (HPTLC) Camag system was used. Samples were extracted 
as above, run on a HPTLC along with appropriate standards. The plate was then stained 
with 3% copper sulfate 8% phosphorous acid solution and charred at 180°C for 5 mi-
nutes to visualize the lipids. For analysis of BODIPY-cholesterol, the plates were imaged 
under a UV-table prior to staining and burning. The amount of lipid in each lane was then 
assessed by densitometric analysis using ImageJ software. Similar mobile phases were used 
on both TLC systems: Hexane: diethyl ether: acetic acid 80:20:1 was used to separate, 
cholesteryl estrers and triglycerides from each other, petroleum ether: diethyl ether: acetic 
acid 40:60:1 was used to separate free cholesterol from other lipids in work II.  

 

Cholesterol efflux was analyzed by first labeling cells with [3H]cholesterol (1µCi/ml) 
overnight to two days. The label was then removed, and the medium replaced with fresh 
medium including or excluding cholesterol acceptors (0,2% BSA, ApoAI 10µg/ml or 
HDL2 25µg/ml). After 16-24h the radioactivity in cells and culture media was determined 
by liquid scintillation counting.  

 

To analyze detergent insolubility of sterols, cells were labeled with BODIPY-cholesterol, 
Compound 1, [3H]cholesterol or [3H]desmosterol overnight. Cells were lysed in cold 1% 
Triton-X-100, 150mM NaCl, 10mM Tris pH8.0, 1mM ethylenediaminetetraacetic acid and 
centrifuged at 16 000 x g for 30 minutes at +4° to pellet the detergent insoluble material. 
The detergent soluble material was removed and the pellet was solubilized into the same 
buffer as above. The radioactivity in insoluble and soluble samples was determined by 
liquid scintillation counting and the fluorescence with a fluorometer (Varian Cary Ec-
lipse).  
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5.6. Immunohistochemistry, Microscopy and Image Analysis 
 

To fix cultured cells and tissues, they were incubated in 4% paraformaldehyde dissolved 
in 250mM Hepes including 100µM MgCl2 and 100µM CaCl2 for 30 minutes (cell culture 
samples) or overnight (tissue samples) followed by quenching of the formaldehyde autof-
luorescence by 50mM NH4Cl. Filipin staining was performed with 0,05% filipin (Sigma) 
in 10% FBS 30 minutes at +37°C. When necessary, filipin staining was followed by incu-
bations with primary antibodies in 5% FBS 1h in +37°C and secondary antibodies in 5% 
FBS 30 minutes in +37°C. For Oil Red O (Sigma-Aldrich) staining tissue sections were 
incubated with 60% isopropanol including 0.6% Oil Red O. All samples were mounted 
using Mowiol and 1,4 diazobicyclo-(2.2.2) octane (DABCO, an antifading reagent). 

 

Imaging was performed using one of the following systems: an inverted epifluorescent 
microscope IX70 (Olympus) equipped with a Polychrome IV monochromator (TILL 
Photonics), an Olympus AX70 Provis epifluorescent system, a Leica TCS SP2 AOBS 
confocal microscope or a Zeiss LSM 5 Live confocal equipped with a line scanner for fast 
imaging. Both confocal systems and the IX70 epifluorescent system were equipped with a 
heating unit for live cell imaging. When imaged live, cells were incubated in CO2 indepen-
dent medium (Gibco). For imaging with the inverted microscopes (Olympus IX70 and 
Zeiss LSM5 Live) the cells were plated and imaged on glass bottom Ø 3,5cm dishes 
(MatTek). Time lapse sequences were acquired with the Zeiss LSM5 Live system at 
1frame/s. Image analysis was performed with Image Pro Plus software (Media Cybernet-
ics).  

 

5.7. Other Methods 
 

Proteins were determined from all samples using a DC Protein Assay from Bio Rad. 
Western Blotting was performed harvesting samples in 1% Nonidet-P40 supplemented 
with a protease inhibitor cocktail (25 g/ml of chymostatin, leupeptin, antipain, and peps-
tatin). 20µg of protein was then loaded to an SDS-PAGE gel of appropriate density and 
transferred to Hybond-C Extra membrane (Amersham Biosciences). The membrane was 
then blocked with 5% milk in 0,1% Tween in Tris-buffered saline for 1h at +37°C, fol-
lowed by primary antibody in the same solution overnight at +4°C and secondary antibo-
dy in 0,1% Tween in Tris-buffered saline 2 hours at room temperature. The antibodies 
were then visualized using enhanced chemiluminescence detection (ECL).  
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Results and Discussion 
 

6. BODIPY-Cholesterol as a Tool to Visualize Cholesterol in Cells and Tis-
sues 
 

6.1. Atomic Scale Computer Simulations of BODIPY-Cholesterol in Membranes 

 

As cholesterol resides within the bilayer in biological membranes, it is important to estab-
lish if a fluorescent sterol behaves similarly in a membrane compared to cholesterol. It is 
not, however, possible with current techniques to experimentally directly address interac-
tions and orientation of cholesterol or its analogues in vivo in cellular membranes. We 
therefore utilized atomic scale computer simulations to study how BODIPY-cholesterol 
(Figure 6.) behaves in a phospholipid membrane together with sphingomyelin and choles-
terol. Although computer simulations do not provide real information about the behavior 
of BODIPY-cholesterol in the membrane, they do provide a useful proxy for what hap-
pens on the atomic scale. In the simulations, BODIPY-cholesterol occupies a similar area 
on the membrane compared to cholesterol, does not affect membrane thickness and only 
minimally perturbs neighboring lipids. Importantly, the simulations also show that the 
sterol back bone of BODIPY-cholesterol is positioned similarly to that of cholesterol so 
that the BODIPY-group most of the time points toward the inside of the membrane, the 
sterol back bone residing upright and the OH-group on the same level as it is for choles-
terol (I, Figure 1 and Supporting Information). 

 

Figure 6. Structure of BODIPY-cholesterol 
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6.2. Biochemichal Charasteristics of BODIPY-Cholesterol 

 

Next, we analyzed the biochemical behavior of BODIPY-cholesterol in living cells to ad-
dress if the behavior of BODIPY-cholesterol in cells is similar to that of cholesterol. We 
utilized either wild type CHO cells or CHO cells lacking a functional NPC1 protein (M12-
cells). The cells were incubated with 0.5µM BODIPY-cholesterol overnight. Use of this 
protocol resulted in bright labeling of cells, with only ~1% addition of sterol to the total 
cellular sterol pool (I, Figure 2A). This is important, as we did not want to load cells with 
sterol and because high levels of the unnatural sterol might interfere with cellular func-
tions. Additionally, no metabolism of the probe could be detected during this time, as 
assessed by TLC (not shown), implicating that what was seen by microscopy was intact 
BODIPY-cholesterol. To test if BODIPY-cholesterol could substitute for cholesterol in 
living cells with no other source of sterol, we utilized a CHO cell line called M19. These 
cells do not synthesize any sterols and are unable to survive without exogenously added 
cholesterol (Hasan et al., 1994). We cultured these cells in 5% LPDS and 35µM oleate and 
supplemented the medium with 1µM sterol: cholesterol, BODIPY-cholesterol or DHE or 
only DMSO and assessed their growth by determining the amount of protein in each 
sample. The control cells with no supplementation slowed down their growth after a day 
in culture, as their cholesterol stores were depleted, whereas all supplemented cells kept 
growing with no significant differences between sterols supplemented (I Figure 2B). This 
experiment suggests that BODIPY-cholesterol is able to support cell growth. 

 

Next, to address if BODIPY-cholesterol behaves biochemically similarly to cholesterol, 
we labeled cells with both BODIPY-cholesterol and [3H]cholesterol overnight and com-
pared their behavior. When the postnuclear supernatant was subjected to sucrose density 
gradient ultracentrifugation as in (Hao et al., 2002), BODIPY-cholesterol and 
[3H]cholesterol separated very similarly with no significant differences in their appearance 
on different sucrose densities, implicating that the subcellular distribution of BODIPY-
cholesterol is similar to that of [3H]cholesterol (I Figure 2C).  

 

Resistance of biological membranes and their constituents to the detergent extraction at 
+4° is one of the fundamental characteristics of cholesterol in biological membranes and 
is often used as a proxy for rafts. We next tested if BODIPY-cholesterol is found in de-
tergent resistant membranes. When compared to [3H]cholesterol, BODIPY-cholesterol 
was resistant to detergent extraction similarly to cholesterol (I Figure 2D). We also tested 
two other sterols for their detergent resistance in this assay. [3H]desmosterol, previously 
shown to be slightly less detergent resistant (Vainio et al., 2006) was also slightly less de-
tergent resistant in this experiment. Another BODIPY-derivative of cholesterol where the 
BODIPY is joined to the sterol nucleus with an ester linkage (Compound 1)  was almost 



 
31 

 

completely detergent soluble in line with results from an earlier study (Li et al., 2006). In 
addition, when M12 cells were used, the detergent insolubility of both [3H]cholesterol and 
BODIPY-cholesterol was increased, consistent with earlier results showing more deter-
gent resistant cholesterol in NPC1 deficient cells (Lusa et al., 2001).  

 

Effluxing and esterifying cholesterol are the two principal ways for cells to lower their 
sterol levels. We therefore tested if these reactions would occur also for BODIPY-
cholesterol. WT CHO and M12 cells labeled two days with both BODIPY- and 
[3H]cholesterol were incubated in serum free medium in the presence or absence of phy-
siological cholesterol acceptors (0,2% BSA or 10µg/ml ApoAI) for an additional 24 hours 
and the fluorescence and radioactivity in cells and culture medium were determined to 
calculate the fraction effluxed. In these experiments, cells effluxed BODIPY-cholesterol 
much more avidly than they do [3H]cholesterol (I Figure 2E). However, the highest efflux 
rates were to the specific acceptor ApoAI. In addition the defect in cholesterol efflux seen 
in NPC1 deficient cells (Chen et al., 2001) can also be seen with BODIPY-cholesterol 
indicating that although higher than for natural cholesterol, efflux of BODIPY-
cholesterol still follows physiological regulation.  

 

To test if cells are able to esterify BODIPY-cholesterol we used a mouse macrophage cell 
line RAW264.7 as these cells esterify large amounts of cholesterol, especially when chal-
lenged by LDL loading. The cells were labeled with BODIPY- or [3H]cholesterol over-
night in the presence or absence of 10µg/ml acetylated LDL, the lipids were extracted and 
separated by TLC. However, only a small amount of BODIPY-cholesterol was found in 
esterified form (I Figure 2F). It is possible that the BODIPY-group inhibits the reaction 
catalyzed by ACAT1 or that the cells prefer to efflux BODIPY-cholesterol or store it un-
esterified in lipid droplets (Jansen et al., 2010).  

 

Together, these results show that some of the biochemistry of BODIPY-cholesterol fol-
lows that of [3H]cholesterol, while in some aspects BODIPY-cholesterol behaves diffe-
rently. This biochemical characterization is important as fluorescent probes always differ 
from their natural counterparts. It is therefore essential to know which aspects are compa-
rable and in which aspects one needs to be cautious when making conclusions.  

 

6.3. BODIPY-Cholesterol Imaging in Living Cells and Organisms 

 

To study the localization and behavior of BODIPY-cholesterol in living cells and organ-
isms, we labeled cells with the probe and studied them under the microscope. First we 



 

labeled WT CHO cells with BODIPY
which donates the sterol to the
could already see a bright labeling of cells
stricted to the plasma membrane, but as 
and intracellular vesicles and tu
localized them with cellular 
molecular weight dextran is internalized to cells 
rescent (rhodamine labeled) dextran to cells overnight
somes. Alexa 568 transferrin
ment was fed to CHO cells overexpressing transferrin receptor at 50µg/ml f
at +37°C. Similarly to filipin, steady
structures (I Figure 3B). When colocalizations
nellar markers were quantified in control and NPC1 deficient cells, we could see more 
BODIPY-cholesterol in dextran
cates that BODIPY-cholesterol can trace the endosomal cholesterol accumulation seen in 
NPC disease. The accumulation of BODIPY
as dramatic as it is when visualized with filipin
reflects the fact that the majority of cholesterol accumulating in NPC cells is derived from 
LDL and as our probe does not specifically trace this pathway, it is less readily visualized. 
In addition to endocytic structures we could also localize BODIPY
droplets and the Golgi complex and to a lesser extent also
dria (Figure 7 and R-L.U. unpublished results
visualized depending on the cell type and its metabolic status

 

Figure 7. BODIPY-cholesterol in (A) a primary human fibroblast, arrow pointing to the 
Golgi complex (epifluorescent image)
droplets (confocal scan). 

 

32 
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Another feature of NPC cells is that motility of endosomes is hampered (Ko et al., 2001). 
The precise reason for this phenomenon is not known, but it is considered to be a sec-
ondary defect of endosomal cholesterol accumulation as Rab proteins (Lebrand et al., 
2002) and SNAREs (Fraldi et al., 2010) become trapped in high cholesterol membranes. 
When the motility of BODIPY-cholesterol containing organelles was quantified in WT 
CHO and M12 cells we observed a defect in NPC1 deficient cells also with BODIPY-
cholesterol (I Figure 3C). This result for the first time demonstrates the motility of sterol 
containing organelles and confirms impaired motility of cholesterol containing organelles 
in NPC1 deficient cells. To study sterol exchange between cells we cocultured rhodamine-
dextran labeled WT CHO cells with non-rhodamine-dextran labeled M12 cells and labeled 
the coculture with BODIPY-cholesterol from DMSO overnight. Initially BODIPY-
cholesterol intensity in both cell types was similar, but when chased, M12 cells started to 
accumulate more BODIPY-cholesterol where as BODIPY-cholesterol intensity in WT 
CHO cells decreased (I Figure 4A). To more precisely quantify how this shuffling be-
tween cells happened, we cocultured BODIPY-cholesterol and rhodamine-dextran la-
beled WT CHO or M12 cells with unlabeled CHO or M12 cells. During the first hours of 
coculture BODIPY-cholesterol started to appear in the non-labeled cell population and 
after 24 of coculture, BODIPY-cholesterol was spread between the two cell populations 
(I Figure 4B). However, M12 cells acquired more of the sterol independent of if they were 
donors or acceptors. These results demonstrate that cells in culture can and do exchange 
sterol between them and balance out sterol levels. It also demonstrates that NPC1 defi-
cient cells collect more cholesterol, and when cocultured with WT cells always end up 
with more sterol, presumably due to their lower ability to efflux cholesterol to the culture 
medium (I Figure 2E). 

 

Next we labeled mouse embryonic brain cell culture with BODIPY-cholesterol, again 
from DMSO overnight. These cultured were obtained from hippocampi of E17½ mouse 
embryos. In such cultures, most of the BODIPY-cholesterol partitioned into neurons (I 
Figure 4C). To verify that this result was not due to the use of BODIPY-cholesterol we 
repeated the experiment and stained the cells with filipin. Indeed, also filipin stains neu-
rons more brightly than astrocytes (I Figure 4D). Finally, to demonstrate the partitioning 
of BODIPY-cholesterol in a living organism, we injected fertilized zebra fish embryos at 
one- to two-cell stage with 20-40 nmol BODIPY-cholesterol or FITC-BSA (0.8-1.5pmol 
per embryo) and followed the development of the embryo until 7 days post fertilization. 
Importantly, the fish developed normally in the presence of BODIPY-cholesterol and no 
toxic effects were seen. BODIPY-cholesterol was gradually mobilized from the yolk sack 
and incorporated into organs known to contain large amounts of cholesterol such as the 
gut and the central nervous system, whereas the FITC-BSA disappeared within 7 days (I 
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Figure 5). These results demonstrate that BODIPY-cholesterol can be used to visualize 
sterol compartmentalization and trafficking also in living organisms.  

 

This study provides a new tool for visualizing sterol trafficking in living systems. While 
previous fluorescent sterol probes either have weak fluorescent properties or behave very 
differently from natural cholesterol, BODIPY-cholesterol is both bright and mimics cho-
lesterol in many aspects. As with any fluorescent probe, one needs to keep in mind that a 
probe never behaves exactly like its natural model. With this in mind, BODIPY-
cholesterol can be used to study the cell biology and physiology of cholesterol in living 
cells and organisms. 

 

7. Triglycerides in Niemann-Pick Type C Disease 
 

7.1. NPC1 Single Nucleotide Polymorphisms (SNPs) Associate with Altered Trig-
lyceride Levels in Man 

 

The initial hypothesis of this study was that variations in the NPC1 gene would be asso-
ciated with altered cholesterol levels in serum at the population level. Since NPC1 binds 
cholesterol and its deficiency causes a cholesterol storage disease, we thought it probable 
that its genetic variations could affect circulating lipids. This hypothesis was tested first 
with 19 NPC1 SNPs in a population cohort of Swedish men involved in the Uppsala 
Longitudinal Study of Adult Men (ULSAM) (Hedstrand, 1975; Zethelius et al., 2005) con-
sisting of 1053 individuals. To our surprise, there were only weak associations between 
NPC1 genotype and plasma cholesterol levels. Instead, there were several SNPs strongly 
associated with altered triglyceride levels (II Table). To further validate this unexpected 
result, we tested the SNP that gave the most significant p-value in the ULSAM cohort 
(rs1429934) in two additional cohorts; 2882 individuals from The Framingham and Fast 
Revascularization During Instability in Coronary Artery Disease II (FRISCII) (Investiga-
tors, 1999) and the Sweden Women and Men and Ischemic Heart Disease (SWISCH) 
(Johnston et al., 2004) studies, and 5159 men participating in the Malmö Diet and Cancer 
Study (MDC) Cardiovascular Cohort (Berglund et al., 1993). The result was confirmed as 
the SNP was associated with increased triglyceride levels also in these additional popula-
tion cohorts (II Supplementary Table III). This suggests that genetic variations in NPC1 
are indeed one of the determinants for circulating triglyceride levels on the population 
level.  
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Npc1-/- Mouse Serum, Liver and Hepatocytes
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exhibited a massive increase in free cholesterol levels, but also a significant decrease in 
triglyceride levels, as analyzed by HPTLC (II Figure 2A) and seen by filipin stainig (Figure 
8). In addition, when the culture media of these cells was analyzed, we noted an increase 
in free cholesterol secretion, but a decrease in the secretion of triglycerides. As previously 
published (Kulinski and Vance, 2007), these cells secreted more ApoB, as assessed by 
western blotting (II Figure 2A). To test if the lipid and ApoB found in the culture media 
were associated with secreted VLDL particles, the medium was subjected to a sucrose 
density gradient fractionation to separate VLDL particles (Asp et al., 2000). In these gra-
dients we found 98% of lipid and 60% of apoB floating on top of the gradient, indicating 
that the majority of lipid and apoB was associated with VLDL particles. To study if these 
changes in hepatic lipid balance are also reflected in circulating lipid levels we analyzed 
lipids in the serum of Npc1+/+ and Npc1-/- mice as previously described (Jaari et al., 
2001).  Indeed, we also found increased total cholesterol, but decreased triglyceride levels 
in the serum of the Npc1-/- mice (II Figure 2B). Together, these results demonstrate a 
severe dysregulation of neutral lipids in the Npc1-/- mouse.  

 

7.3. Fatty Acid Metabolism in Npc1-/- Hepatocytes 

 

NPC1 has been suggested to function as an endosomal fatty acid transporter due to its 
homology with bacterial RND permeases (Davies et al., 2000). This theory, if correct, 
could help us explain the decreased neutral lipid storage in the Npc1-/- hepatocytes as the 
fatty acid not able to leave endosomes would not be able to reach the ER to be esterified 
to form triglycerides. We therefore labeled LDL particles with cholesteryl [3H]oleate, i.e. a 
cholesterol ester molecule with the radioactive atoms in the fatty acid part of the mole-
cule. These particles were fed to Npc1+/+ and Npc1-/- hepatocytes in serum free medium 
for 3 hours, and chased for an additional 3 hours, during which time the cells start to hy-
drolyze the cholesteryl [3H]oleate to yield free cholesterol and [3H]oleate and metabolize 
them further. The distribution of the radioactivity in different lipid classes was then ana-
lyzed by extracting lipids, separating them on TLC and counting radioactivity in each lipid 
class. The Npc1-/- cells were slightly slower in hydrolyzing the esters with 68%±1.8% 
hydrolyzed after the three hour chase in Npc1-/- cells and 82%±3.5% hydrolyzed in 
Npc1+/+ cells. However, in both genotypes, the vast majority of the released fatty acid 
became incorporated in triglyceride (II Figure 3A).  In order to be incorporated into trig-
lyceride, the fatty acid must leave the endosome and traffic to the ER as this is where the 
triglyceride synthesizing enzymes acyl-CoA:monoacylglycerol acyltransferase (MGAT) and 
acyl-CoA:diacylglycerol acyltransferase (DGAT) reside (Yen et al., 2002; Kuerschner et al., 
2008). Our data therefore indicate that the cholesteryl ester-derived fatty acid is not 
trapped in endosomes in Npc1-/- hepatocytes. This is in accordance with previous results 
from NPC1 deficient fibroblasts (Passeggio and Liscum, 2005). However, there was a 
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small but significant decrease in the incorporation of the LDL-derived fatty acid into trig-
lyceride, possibly contributing to the decrease in triglyceride levels. In addition, there was 
an increase in the amount of radioactivity discovered in free fatty acid in Npc1-/- hepato-
cytes, consistent with the increased free fatty acid levels reported in NPC liver endosomes 
(Chen et al., 2005a).  

 

As we did not detect a defect in how Npc1-/- hepatocytes handle endosome-derived fatty 
acids, we next tested if the metabolism of free [3H]oleate complexed to albumin was dif-
ferent between the genotypes. This is the major pathway of lipid entry to the liver during 
fasting. The hepatocytes were incubated in serum free medium supplemented with 
[3H]oleate-BSA for 5 hours, and the distribution of radioactivity between lipid classes was 
analyzed. Most radioactivity was found in triglyceride in both cell types (II Figure 3B). 
However, a significant decrease was again seen in triglyceride synthesis in Npc1-/- cells.  

 

These experiments suggested that there was no severe defect in how Npc1-/- cells handled 
the incoming fatty acid, but rather that the decrease in triglyceride was due to a more sub-
tle regulation of triglyceride synthesis. We therefore studied triglyceride synthesis from its 
core building block acetate. To this end, Npc1+/+ and Npc1-/- hepatocytes were cultured 
in the presence of [3H]acetate for 16 hours in serum free medium and the incorporation 
of radioactivity to different lipid classes was analyzed as described above. Indeed, there 
was a large decrease in the incorporation of [3H]acetate into triglyceride in Npc1-/- cells 
(II Figure 3C). In parallel there was an increase in the incorporation of [3H]acetate into 
cholesterol and to choline phospholipids. This increase in carbon unit flux to cholesterol 
synthesis was evident also from [3H]oleate (II Figure 3B) and cholesteryl [3H]oleate (II 
Figure 3A). For fatty acid-derived carbon to end up in free cholesterol, the fatty acid has 
to be degraded in beta oxidation to yield Acetyl Coenzyme A which can then serve as a 
building block for cholesterol biosynthesis.  

 

Finally, to test if Npc1-/- cells have the capacity to synthesize triglyceride in the presence 
of ample exogenous substrate, we incubated Npc1+/+ and Npc1-/- hepatocytes with 
500µM oleate-BSA complex. After 16 hour incubation with exogenous fatty acids, the 
triglyceride levels were determined by HPTLC. We found similar triglyceride levels in 
both genotypes, indicating no fundamental defect in the triglyceride or lipid droplet ma-
chinery in Npc1-/- cells (II Figure 4). However, when the exogenous fatty acid was re-
moved, Npc1-/- cells immediately ceased synthesizing more triglyceride, unlike cells from 
their Npc1+/+ littermates. Together, these experiments indicate that Npc1-/- cells have a 
decreased triglyceride synthesis that is not due to a defect in fatty acid transport nor to the 
triglyceride synthesis machinery. Rather, as the decreased carbon flux to triglyceride is 
paralleled with an increased carbon flux to cholesterol synthesis, these data suggest that 
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the metabolic flux of carbon units is guided towards cholesterol at the expense of triglyce-
ride.  

7.3. Inhibition of Cholesterol Synthesis Corrects the Triglyceride Reduction in 
Npc1-/- Hepatocytes 

 

If indeed the increased cholesterol synthesis was the explanation for low triglyceride levels 
in the Npc1-/- liver, then blocking cholesterol synthesis should normalize triglyceride le-
vels in Npc1-/- cells. Npc1+/+ and Npc1-/- hepatocytes were therefore incubated with 
20µM lovastatin and 50µM mevalonate (to support cell viability) for 16 hours, and lipid 
masses were determined by HPTLC. This treatment reduced cholesterol amounts in both 
genotypes, but increased triglyceride levels in Npc1-/- hepatocytes (II Figure 5A). Incuba-
tion with statin increased the secretion of triglyceride from Npc1-/- hepatocytes, whereas 
the effect in Npc1+/+ hepatocytes was the opposite (II Figure 5B).  In addition, when 
Npc1-/- cells incubated with exogenous free fatty acid were treated with statin, they kept 
synthesizing more triglyceride after the exogenous fatty acid was removed, similarly as the 
Npc1+/+ cells (II Figure 4). These results further support the idea of the highly increased 
cholesterol synthesis in Npc1-/- cells being responsible for the decreased triglyceride le-
vels. When the synthesis of cholesterol is blocked with statin, the carbon that would have 
been used to produce more and more cholesterol can now be used for triglyceride synthe-
sis. 

 

Interestingly, while this work was underway and after its publication, additional reports 
have linked NPC1 function to neutral lipid balance. Triglycerides were found to be in-
creased in a subset of NPC patients (Garver et al., 2010), Npc1 haploinsufficiency 
(=heterozygocity) was found to promote weight gain (Jelinek et al., 2010) and a NPC1 
SNP was found to be associated with early onset and morbid obesity in humans (Meyre et 
al., 2009). The SNP found associated with morbid obesity was also tested in our initial 
screen with 19 NPC1 SNPs (rs1805081 II Table). We found no associations for circulat-
ing lipid levels nor to obesity (data not shown) with this SNP. This is not surprising, as 
the amount of the morbidly obese in this data set was very small. These studies together 
with our work open new possibilities for NPC1 functions in cells. Does NPC1 have a 
direct regulation of neutral lipid balance, and is the NPC disease affected by this pheno-
menon, will be the subject of further research. 
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8. ORP1L Function in Endosomal Trafficking and Function 
 

8.1. Sterol Binding by ORP1L 

 

Previously, ORP1L has been shown to bind 22(R) – and 25-hydroxycholesterol (OHC) 
(Suchanek et al., 2007; Yan et al., 2007). We first wanted to characterize the sterol binding 
specificity of ORP1L more comprehensively. For this, ORP1L-GST was produced in an 
E. Coli expression system, and the protein was purified. The ability of the purified protein 
to bind oxysterols was tested on an in vitro charcoal-dextran based assay. ORP1L was first 
bound to [3H]25-OHC, a known ORP1L ligand, and this binding was competed with dif-
ferent oxysterols. 7-ketocholesterol, 22(R)OHC, 24(S)OHC and 25OHC were all able to 
compete out the [3H]25-OHC, indicating that ORP1L is able to bind all of these oxyste-
rols with roughly equal efficiencies (III Figure 1A). Many ORPs are also able to bind cho-
lesterol, and ORP1L has also been suggested to do so (Suchanek et al., 2007). We there-
fore tested if we could demonstrate this binding in vitro. As cholesterol is more poorly 
soluble in water than its oxidized forms, this experiment was done on large unilamellar 
vesicles (LUV). In such experiments [3H]cholesterol is placed into the vesicle, from which 
a cholesterol binding protein should be able to extract it. However, GST-ORP1L cannot 
be produced without the use of detergent, the presence of which would collapse the 
LUVs. Therefore we used the shorter splice variant of ORP1, ORP1S to perform these 
experiments, as ORP1S can be produced without detergent and the sterol binding pocket 
in the two variants is identical. Indeed, we were able to show binding of cholesterol to 
ORP1 as efficiently as published earlier for ORP2 (Hynynen et al., 2009)  (III Figure 1B).  

 

To further study the sterol binding of ORP1L, and how its sterol binding state affects 
cells, we generated a mutant of ORP1L possibly unable to bind oxysterols. By homology 
modeling of the ORP1L sterol binding pocket we deduced that amino acids 560-563 
(ELSK) would localize to the lid of the sterol binding pocket and that deletion of these 
amino acids would render the protein unable to bind sterols (III Figure 1C). We found 
that the 560-563 binds significantly lower to 22(R), 24(S) and 25-hydroxycholesterols 
indicating that this mutant is indeed defective in sterol binding.  

 

8.2. Endosomal Functions by ORP1L 

 

To study how the defect in ORP1L sterol binding affects its behavior in cells, we overex-
pressed a Green Fluorescent Protein (GFP) fusion construct of this mutant in HeLa cells 
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and compared its localization to WT ORP1L-GFP. WT ORP1L overexpression creates 
large perinuclear clusters of late endosomes where it is able to recruit its binding partner 
Rab7 (Johansson et al., 2005). In contrast, the 560-563 ORP1L was found in smaller 
endosomes dispersed throughout the cell (III Figure 2Ba, d and g). A similar result was 
recently achieved by expressing an ORP1L mutant with the whole ORD deleted (Rocha 
et al., 2009). The localization of WT ORP1L containing organelles has been linked to in-
creased recruitment of dynein-dynactin motor complex driving the motility of endosomes 
toward the center of the cell (Johansson et al., 2007). To investigate if also the mutant 
ORP1L localized to late endosomes, the cells were costained for the Early Endosomal 
Antigen-1 (EEA1) or  Lysosome Associated Membrane Protein 1 (LAMP1) to visualize 
early endosomes and late endosomes and lysosomes, respectively. As seen in the case of 
WT ORP1L, the 560-563 mutant showed no colocalizations with EEA1 (III Figure 2B 
d-f), but partial colocalization with LAMP1 (III Figure 2B g-i). In addition, both con-
structs colocalized extensively with Rab7 (III Figure 2A and B a-c), indicating that despite 
the different morphology, the ORP1L containing organelles were still late endosomes. 
Similar results with perinuclear WT ORP1L and scattered 560-563 ORP1L that partially 
colocalized with LAMP1 were observed when the constructs were expressed in a mouse 
macrophage cell line RAW264.7 (III Figure S1).  

 

To test if the sterol binding affects the functions of ORP1L, we tested if 560-563 
ORP1L is also capable of binding Rab7. Both WT ORP1L and 560-563 mutants coim-
munoprecipitate equally well with Rab7, indicating that the ability of ORP1L to interact 
with Rab7 is not dependent on its sterol binding capacity (III Figure 2D). ORP1L also 
binds to the ER resident VAPs. This binding is mediated throught the FFAT motif and 
can be abolished by mutating this domain. When the 560-563 ORP1L was mutated also 
in its FFAT motif, the scattering phenotype disappeared and instead ORP1L was found 
again on perinuclear clusters, indicating that ER association via binding to VAP is the 
force holding the organelles in their peripheral location (III Figure 2C).  

 

As the peripheral localization of the WT ORP1L organelles is considered to be due to 
increased recruitment of dynein (Johansson et al., 2007), we tested if the more peripheral 
localization of 560-563 ORP1L containing organelles was caused by a defect in recruit-
ing dynein, despite the ability of the mutant to bind Rab7. This was tested by staining cells 
with antibodies against the dynein subunit P150glued.  This staining is mostly diffuse cyto-
solic in control cells but in both WT and 560-563 ORP1L the staining was clearly punc-
tuate, colocalizing with ORP1L (III Figure 3A). This indicates that the sterol binding abili-
ty of ORP1L does not affect its association with dynein. As 560-563 ORP1L had clearly 
more peripheral (and thus not dynein-driven) localization, we tested if also other motor 
types would be recruited with ORP1L overexpression to explain the altered localization. 
Indeed, also a late endosomal microtubule plus end directed motor Kinesin-2 was similar-
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ly recruited to ORP1L containing organelles of both WT and 560-563 ORP1L as judged 
by staining the cells with antibodies against the Kinesin-2 subunit KIF3A (III Figure 3b). 
These data suggest that ORP1L and its sterol binding status could be one of factors regu-
lating the directionality of endosomal movement. 

 

To more precisely assess how ORP1L affects motility of late endosomes, we overex-
pressed both WT ORP1L-GFP and 560-563 ORP1L-GFP in HeLa cells. The cells were 
labeled with Alexa 568 dextran overnight in order to visualize the movement of late endo-
somes and lysosomes. The cells were then imaged live to determine the motility of these 
organelles. Organelles containing ORP1L-GFP exerted very little motility. This was par-
ticularly clear for the large clusters of endosomes seen in WT ORP1L-GFP overexpress-
ing cells, but also for the 560-563 ORP1L-GFP (III Figure 4A, green bars). The coloca-
lization between ORP1L-GFP and dextran was poor, indicating that the endocytosed dex-
tran did not reach the WT ORP1L or 560-563 ORP1L containing organelles efficiently. 
There were, however, several instances where a dextran-positive organelle could be seen 
on the surface of an ORP1L containing organelle (III Figure 4C) and moving along with 
it, without fusing with it. When the 560-563 mFFAT ORP1L double mutant was simi-
larly expressed, all of the dextran became associated with the ORP1L-GFP containing 
clusters, with no dextran-positive organelles remaining free of ORP1L. How this “at-
tachment” of endolysosomes to ORP1L containing organelles takes place, is so far un-
known.  

 

The motility of dextran positive organelles was also decreased in all of the ORP1L over-
expressing cells compared to cells expressing GFP only (III Figure 4A red bars). This is 
partly because of their attachment to the ORP1L containing organelles, but also because 
the motility of the “free” dextran organelles was also decreased. This might be because 
there is still ORP1L-GFP on these organelles, although below detection limit, or because 
a large amount of the vesicle movement machineries (e.g. motor proteins) are being re-
cruited to the ORP1L containing endosomes thus reducing their availability to other or-
ganelles. When the double mutant 560-563 mFFAT ORP1L was expressed in a similar 
setup, we again saw clusters of endosomes that exerted very little motility. However, when 
the mFFAT ORP1L was expressed alone, the motility of ORP1L containing organelles 
was significantly higher than with WT or the other mutants. Their motility also resembled 
that of regular late endosomes with typical back-and forth movements and longer vectori-
al movements. These organelles also colocalized with the endocytosed dextran, possibly 
due to their increased motility and increased communication with other endosomes.  

 

As the overexpression of ORP1L or its mutant forms decreased the motility of endo-
somes, we next tested if its depletion by siRNA would have an effect on endosomal mo-
tility. We transfected HeLa cells with RNA sequences against ORP1 or with a non-
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specific RNA sequence (control). This method resulted in a 75-80% decrease in the levels 
of ORP1L (III Figure 5A). The cells were again labeled with Alexa 568 dextran overnight 
to label late endosomes and lysosomes and imaged live. The motility of dextran contain-
ing organelles was indeed increased when ORP1L was removed from the cells (III Figure 
5B). This is an opposite result from the overexpression studies indicating that ORP1L has 
a true effect on endosome motility, inhibiting the motility of organelles it is associated 
with. In addition to the extent of motility, also the quality was different, as more peripher-
al organelles were seen in the ORP1 knock down condition (III Figure 5C), consistent 
with the more distributed location reported earlier (Johansson et al., 2007).  

 

To test if the altered localization and motility also affects the degradative function of en-
dosomes, we asked whether the ORP1L overexpressing or silenced cells were still capable 
of degrading epidermal growth factor (EGF). EGF is normally degraded in lysosomes and 
fluorescently labeled EGF provides a simple means to study the integrity of the endocytic 
system. This was assessed by feeding cells with rhodamine-labeled EGF and chasing 
them. Control cells degrade EGF in hours, which can be seen as disappearance of fluo-
rescence from cells. WT ORP1L and 560-563 ORP1L overexpressing cells had a severe 
defect in EGF degradation, probably due to the decreased motility and communication of 
endosomes (III Figure 6A). EGF was able to reach LAMP1 positive organelles also when 
ORP1L was expressed (III Figure S3), but EGF, like dextran did not reach the ORP1L 
containing endosomes (III Figure 6C-E). ORP1 silencing, however, had no effect on 
EGF degradation (III Figure 6B) suggesting that the highly moving endosomes in ORP1 
depleted cells are functional. 

 

Together, these results indicate that ORP1L functions in the regulation of motility and 
localization of endolysosomes. ORP1L stalls the motility of these organelles probably by 
binding to VAP, and this leads to functional defects in endo-lysosomes when ORP1L is 
overexpressed.  

 

8.3. ORP1L in Macrophages 

 

To analyze the consequences of ORP1L silencing in a more physiological setup, we used 
RAW264.7 macrophages as ORP1L is highly induced when monocytes differentiate into 
macrophages (Johansson et al., 2003). Earlier it was found that overexpression of ORP1L 
in bone marrow-derived macrophages enhances atherosclerotic lesion formation  appar-
ently by reducing cholesterol efflux to HDL (Yan et al., 2007). We therefore generated 
two cell lines stably expressing shRNA constructs containing a non-targeting or ORP1 
targeting sequences. This method yielded a ~75% decrease in both ORP1L mRNA (not 
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shown) and protein (III Figure 7A) levels. We first determined if this manipulation affects 
endosome motility. We used acLDL fluorescently labeled with a DiI probe to track the 
movement of endosomes and, furthermore, to track the organelles specifically involved in 
cholesterol handling. We assessed the motility of the organelles by a method where se-
quential frames are subtracted from one another leaving only organelles that moved dur-
ing the video. We found that the DiI containing organelles moved faster in the cells where 
ORP1 was depleted (III Figure 7A).  

 

To test whether depletion of ORP1L and the increased motility of cholesterol containing 
organelles affects cholesterol in these cells, we labeled the cells with acLDL containing 
[3H]cholesteryl oleate. Efflux of [3H]cholesterol was then followed to two different physi-
ologic acceptors: lipid-poor ApoAI and spherical HDL. We found that efflux to ApoAI 
was severely impaired in cells depleted of ORP1L, but efflux to HDL was not (III Figure 
7B). As different cellular proteins are responsible for efflux to these acceptors, the results 
suggest that the one responsible for efflux to ApoAI, i.e. ABCA1 protein, is not function-
ing properly in cells lacking ORP1L. No changes were observed in the uptake of the 
probe, or in the hydrolysis of the cholesteryl ester molecule (data not shown). The differ-
ence was also only seen when cholesterol was internalized in acLDL, and not when cells 
were labeled with free [3H]cholesterol. This result indicates that the efflux problem is spe-
cific to endosomal, lipoprotein-derived cholesterol, which makes sense since ORP1L is an 
endosomal protein.  

 

The results of this work implicate that ORP1L regulates the motility and localization of 
endolysosomes depending on its sterol binding status. A recent work using ORP1L lack-
ing the entire ORD domain found that sterols regulate endosomal localization such, that 
endosomes loaded with cholesterol are found close to the nucleus (Rocha et al., 2009). 
This pattern in localization was reversed when truncated ORP1L mutant was expressed, 
indicating that ORP1L sterol binding is needed for this phenomenon. Rocha et al sug-
gested a model where sterol free ORP1L is bound to VAP on the ER and sterol binding 
to ORP1L replaces VAP with the dynein motor complex and endosomes are transported 
to the perinuclear area (Rocha et al., 2009). The present work, together with previous stu-
dies (Johansson et al., 2007; Rocha et al., 2009), suggests that endolysosomal localization 
and motility is regulated by ORP1L and its sterol binding status. When ORP1L is sterol 
free, it binds to VAP proteins on the ER and inhibits the motility of these organelles. 
When cholesterol levels in cells increase, ORP1L binds cholesterol (or one of the oxyste-
rols), detaches from VAP and the motility of these organelles is released. Both processes 
are needed for proper handling of cholesterol in endosomes since both ORP1L overex-
pression (Yan et al., 2007) and silencing (this study) perturbs cholesterol efflux.  
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Conclusions and Future Prospects 
 

This work describes the effects of two endosomal sterol binding proteins, ORP1L and 
NPC1 on endosomal transport and lipid metabolism. These studies suggest that choles-
terol and endosomal cholesterol binding proteins have a crucial role in regulating endo-
somal movement, but also more generally in lipid metabolism. These effects are mediated 
at least by NPC1 and ORP1L, but possibly also by other endosomal sterol binding pro-
teins, such as MLN64 (Hölttä-Vuori et al., 2005) or NPC2. In addition, this study pro-
vides a new tool, BODIPY-cholesterol, for studying cholesterol in living cells and tissues. 

 

I) BODIPY-cholesterol mimics cholesterol on cellular membranes and can be used to 
study in cholesterol trafficking. BODIPY-cholesterol is an important new tool for lipid 
cell biology and will help elucidate new aspects of sterol trafficking (as already observed in 
(Jansen et al., 2010)). BODIPY-cholesterol may greatly help scientists to unravel new as-
pects of cholesterol in cells, but the imaging of cholesterol and other lipids is continually 
improving. First, the only physiological way for cholesterol to enter cells is from lipo-
protein particles. However, BODIPY-cholesterol can be esterified to a fatty acid creating 
BODIPY-cholesteryl esters. These molecules can then be incorporated into LDL particles 
and fed to cells in a physiological manner. Importantly, this allows one to specifically fol-
low the trafficking of LDL-derived cholesterol (Uronen et al manuscript in preparation). 
Also other ways to develop the methodology of BODIPY-cholesterol can be thought of, 
such as oxidized forms of BODIPY-cholesterol to study oxysterol trafficking or using 
BODIPY-cholesterol to visualize sterol trafficking in live mammals. In the long haul 
however, it would be attractive to develop techniques, that would enable one to visualize 
cholesterol itself, without using fluorescent analogs or sterol binding compounds (Lim et 
al., 2010).  

 

II) NPC1 genetic status was found to be associated with changes in triglyceride balance in 
both mice and men. Several NPC1 SNPs were associated with increased triglyceride levels 
in man, and the NPC1 deficient mouse had decreased triglyceride levels as a result of de-
creased triglyceride synthesis. This work, together with other recent finginds in the field 
(Meyre et al., 2009; Garver et al., 2010; Jelinek et al., 2010) provide a new participant to 
triglyceride metabolism and obesity. How does this endosomal cholesterol binding pro-
tein affect how the body handles and stores triglycerides? The data presented in this thesis 
supports a view where NPC1 regulates changes in cholesterol metabolism, which then 
lead to changes in triglyceride metabolism. The integration of cholesterol and triglyceride 
metabolism is not fully understood, but does involve e.g. the LXR-SREBP1c pathway.  
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III) ORP1L functions as sterol dependent regulator of endosome motility and localiza-
tion. In this study, we showed that ORP1L has a negative effect on endosome motility 
dependent on its ability to bind VAP, and that the localization of endosomes is dependent 
on the ability of ORP1L to bind sterols. We also provide evidence that ORP1L changes 
the functional status of endo-lysosomes. An interesting aspect of ORP1L, regarding fu-
ture studies, is that in addition to differentiated macrophages it is also highly expressed in 
the central nervous system (Johansson et al., 2003). The present study brings more insight 
into this since the brain-specific sterol 24(S)OHC (Lutjohann et al., 1996) seems to be the 
best of the tested ligands for ORP1L. It is tempting to speculate therefore, that ORP1L 
might have a role in sterol regulated transport of endosomes in neurons. 

 

Integrating knowledge from cell biology and lipid metabolism is of outstanding impor-
tance when we try to understand the mechanisms of common metabolic diseases. The 
studies presented in this work provide two models of endosomal sterol binding proteins 
affecting phenomena important in such states. The NPC1 protein has a surprising role in 
triglyceride metabolism and obesity, and the ORP1L protein may regulate cholesterol ef-
flux from foam cells via endo-lysosomal dynamics. To gain further insight into the me-
chanisms of metabolic diseases, one must understand the mechanisms governing the cell 
biological processes behind them.  



 
46 

 

Acknowledgements 
 

I would like to take this opportunity to pay my humble appreciation to all the people who 
have kindly contributed their time and effort into making this thesis possible. This work 
was carried out at the Institute of Biomedicine, Anatomy, University of Helsinki, during 
the years 2007 – 2011. During this time I had the privilege of being a part of the Helsinki 
Graduate Program in Biotechnology and Molecular Biology. I would like to express spe-
cial appreciation to the following people: 

 

Professors Esa Korpi, Ismo Virtanen and Pertti Panula from the Institute of Biomedicine, 
for providing such excellent research facilities. 

 

Professor Elina Ikonen for supervising this thesis. From a biology freshman I have grown 
up to be a scientist and I thank you for this transformation. Your enthusiasm for science 
and unwavering encouragement and support have made the sun shine even after the 
worsts of experiments.  

 

Docents Kati Öörni and Leonard Khiroug for reviewing my thesis and for providing 
helpful and encouraging comments. Leonard Khiroug is also thanked, together with do-
cent Carina Holmberg-Still for providing their input on my thesis during the years as a 
part of my thesis committee. My collaborators Robert Bittman, Ingemar Björkhem, Matti 
Jauhiainen, Kristina Larsson, Zaiguo Li, Per Lundmark, Vesa Olkkonen, Marju Orho-
Melander, Jarmila Repakova, Emppu Salonen, Agneta Siegbahn, Ann-Christine Syvänen, 
Ilpo Vattulainen, Terhi Vihervaara, Lars Wallentin, Gerd Wohlfahrt, and Björn Zethelius 
for your invaluable contribution to this work. 

 

Anna Uro for your tireless help with mice, hepatocytes and a zillion other things the men-
tioning of which would easily double the size of this book. While not always mentioned in 
the everyday, your efforts toward individual experiments and the overall functionality of 
the lab are extremely valuable. 

 

All the current and former members of the Ikonen group: Aikki, Ansku, Boris, Diyu, 
Jaakko, Kristiina, Maarit, Maria, Matts, Maurice, Mirkka, Pablo, Pipsa, Saara, Tomas, Vei-
jo, Vilja, Wei and Yuki. Although thanked for your scientific input and support, you are 
most of all thanked for being friends beyond science, a fact I wish not to end to this day. 
The LPD-club is thanked for untiring support. 

 



 

Friends, for putting up with this whole PhD
about research and for making me talk about other things too.  

 

My parents for their unwavering belief in me and the fact that I can accomplish anything. 
My mother Eeva, father Tapio, sister Terhi and brother Hannu are thanked for providing 
a safe refuge to come home to not only during this thesis but throughout my li

 

Janne for love.  

 

 

Helsinki, January 2011 

 
 

 

47 

, for putting up with this whole PhD-thing. For tireless listening to me going on 
making me talk about other things too.   

My parents for their unwavering belief in me and the fact that I can accomplish anything. 
My mother Eeva, father Tapio, sister Terhi and brother Hannu are thanked for providing 
a safe refuge to come home to not only during this thesis but throughout my li

  

 

thing. For tireless listening to me going on 

My parents for their unwavering belief in me and the fact that I can accomplish anything. 
My mother Eeva, father Tapio, sister Terhi and brother Hannu are thanked for providing 
a safe refuge to come home to not only during this thesis but throughout my life.  



 
48 

 

References 
 
Acton S, Rigotti A, Landschulz KT, Xu S, Hobbs HH, Krieger M (1996) Identification of 

scavenger receptor SR-BI as a high density lipoprotein receptor. Science 271:518-520. 
Adiels M, Taskinen MR, Packard C, Caslake MJ, Soro-Paavonen A, Westerbacka J, Vehkavaa-

ra S, Hakkinen A, Olofsson SO, Yki-Järvinen H, Boren J (2006) Overproduction of 
large VLDL particles is driven by increased liver fat content in man. Diabetologia 
49:755-765. 

Alecio MR, Golan DE, Veatch WR, Rando RR (1982) Use of a fluorescent cholesterol deriva-
tive to measure lateral mobility of cholesterol in membranes. Proc Natl Acad Sci U S 
A 79:5171-5174. 

Asp L, Claesson C, Boren J, Olofsson SO (2000) ADP-ribosylation factor 1 and its activation 
of phospholipase D are important for the assembly of very low density lipoproteins. J 
Biol Chem 275:26285-26292. 

Berglund G, Elmstahl S, Janzon L, Larsson SA (1993) The Malmo Diet and Cancer Study. 
Design and feasibility. J Intern Med 233:45-51. 

Blair JM, Piddock LJ (2009) Structure, function and inhibition of RND efflux pumps in 
Gram-negative bacteria: an update. Curr Opin Microbiol 12:512-519. 

Blau L, Bittman R (1977) Interaction of filipin with cholesterol in vesicles of saturated phos-
pholipids. Biochemistry 16:4139-4144. 

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction and purification. Can J 
Biochem Physiol 37:911-917. 

Brooks-Wilson A, Marcil M, Clee SM, Zhang LH, Roomp K, van Dam M, Yu L, Brewer C, 
Collins JA, Molhuizen HO, Loubser O, Ouelette BF, Fichter K, Ashbourne-Excoffon 
KJ, Sensen CW, Scherer S, Mott S, Denis M, Martindale D, Frohlich J, Morgan K, 
Koop B, Pimstone S, Kastelein JJ, Genest J, Jr., Hayden MR (1999) Mutations in 
ABC1 in Tangier disease and familial high-density lipoprotein deficiency. Nat Genet 
22:336-345. 

Brown MS, Goldstein JL (2009) Cholesterol feedback: from Schoenheimer's bottle to Scap's 
MELADL. J Lipid Res 50 Suppl:S15-27. 

Carstea ED, Morris JA, Coleman KG, Loftus SK, Zhang D, Cummings C, Gu J, Rosenfeld 
MA, Pavan WJ, Krizman DB, Nagle J, Polymeropoulos MH, Sturley SL, Ioannou YA, 
Higgins ME, Comly M, Cooney A, Brown A, Kaneski CR, Blanchette-Mackie EJ, 
Dwyer NK, Neufeld EB, Chang TY, Liscum L, Strauss JF, 3rd, Ohno K, Zeigler M, 
Carmi R, Sokol J, Markie D, O'Neill RR, van Diggelen OP, Elleder M, Patterson MC, 
Brady RO, Vanier MT, Pentchev PG, Tagle DA (1997) Niemann-Pick C1 disease 
gene: homology to mediators of cholesterol homeostasis. Science 277:228-231. 

Cavelier C, Lorenzi I, Rohrer L, von Eckardstein A (2006) Lipid efflux by the ATP-binding 
cassette transporters ABCA1 and ABCG1. Biochim Biophys Acta 1761:655-666. 

Chang CC, Lee CY, Chang ET, Cruz JC, Levesque MC, Chang TY (1998) Recombinant acyl-
CoA:cholesterol acyltransferase-1 (ACAT-1) purified to essential homogeneity utilizes 
cholesterol in mixed micelles or in vesicles in a highly cooperative manner. J Biol 
Chem 273:35132-35141. 

Chen FW, Gordon RE, Ioannou YA (2005a) NPC1 late endosomes contain elevated levels of 
non-esterified ('free') fatty acids and an abnormally glycosylated form of the NPC2 
protein. Biochem J 390:549-561. 



 
49 

 

Chen W, Wang N, Tall AR (2005b) A PEST deletion mutant of ABCA1 shows impaired in-
ternalization and defective cholesterol efflux from late endosomes. J Biol Chem 
280:29277-29281. 

Chen W, Sun Y, Welch C, Gorelik A, Leventhal AR, Tabas I, Tall AR (2001) Preferential 
ATP-binding cassette transporter A1-mediated cholesterol efflux from late endo-
somes/lysosomes. J Biol Chem 276:43564-43569. 

Cheruku SR, Xu Z, Dutia R, Lobel P, Storch J (2006) 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. 

Choi HY, Karten B, Chan T, Vance JE, Greer WL, Heidenreich RA, Garver WS, Francis GA 
(2003) Impaired ABCA1-dependent lipid efflux and hypoalphalipoproteinemia in 
human Niemann-Pick type C disease. J Biol Chem 278:32569-32577. 

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, Roses 
AD, Haines JL, Pericak-Vance MA (1993) Gene dose of apolipoprotein E type 4 al-
lele and the risk of Alzheimer's disease in late onset families. Science 261:921-923. 

Coxey RA, Pentchev PG, Campbell G, Blanchette-Mackie EJ (1993) Differential accumula-
tion of cholesterol in Golgi compartments of normal and Niemann-Pick type C fi-
broblasts incubated with LDL: a cytochemical freeze-fracture study. J Lipid Res 
34:1165-1176. 

Davies JP, Ioannou YA (2000) Topological analysis of Niemann-Pick C1 protein reveals that 
the membrane orientation of the putative sterol-sensing domain is identical to those 
of 3-hydroxy-3-methylglutaryl-CoA reductase and sterol regulatory element binding 
protein cleavage-activating protein. J Biol Chem 275:24367-24374. 

Davies JP, Chen FW, Ioannou YA (2000) Transmembrane molecular pump activity of Nie-
mann-Pick C1 protein. Science 290:2295-2298. 

Dietschy JM (2009) Central nervous system: cholesterol turnover, brain development and 
neurodegeneration. Biol Chem 390:287-293. 

Dietschy JM, Turley SD, Spady DK (1993) Role of liver in the maintenance of cholesterol 
and low density lipoprotein homeostasis in different animal species, including hu-
mans. J Lipid Res 34:1637-1659. 

Dixit SS, Sleat DE, Stock AM, Lobel P (2007) Do mammalian NPC1 and NPC2 play a role in 
intestinal cholesterol absorption? Biochem J 408:1-5. 

Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ (2005) Sources of 
fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic 
fatty liver disease. J Clin Invest 115:1343-1351. 

Drabikowski W, Lagwinska E, Sarzala MG (1973) Filipin as a fluorescent probe for the loca-
tion of cholesterol in the membranes of fragmented sarcoplasmic reticulum. Biochim 
Biophys Acta 291:61-70. 

Feng B, Yao PM, Li Y, Devlin CM, Zhang D, Harding HP, Sweeney M, Rong JX, Kuriakose 
G, Fisher EA, Marks AR, Ron D, Tabas I (2003) The endoplasmic reticulum is the 
site of cholesterol-induced cytotoxicity in macrophages. Nat Cell Biol 5:781-792. 

Fraldi A, Annunziata F, Lombardi A, Kaiser HJ, Medina DL, Spampanato C, Fedele AO, 
Polishchuk R, Sorrentino NC, Simons K, Ballabio A (2010) Lysosomal fusion and 
SNARE function are impaired by cholesterol accumulation in lysosomal storage dis-
orders. Embo J 29:3607-3620. 

Frolov A, Zielinski SE, Crowley JR, Dudley-Rucker N, Schaffer JE, Ory DS (2003) NPC1 
and NPC2 regulate cellular cholesterol homeostasis through generation of low density 
lipoprotein cholesterol-derived oxysterols. J Biol Chem 278:25517-25525. 



 
50 

 

Garver WS, Jelinek D, Meaney FJ, Flynn J, Pettit KM, Shepherd G, Heidenreich RA, Vockley 
CM, Castro G, Francis GA (2010) The National Niemann-Pick Type C1 Disease Da-
tabase: correlation of lipid profiles, mutations, and biochemical phenotypes. J Lipid 
Res 51:406-415. 

Gordon T, Castelli WP, Hjortland MC, Kannel WB, Dawber TR (1977) High density lipo-
protein as a protective factor against coronary heart disease. The Framingham Study. 
Am J Med 62:707-714. 

Hao M, Lin SX, Karylowski OJ, Wustner D, McGraw TE, Maxfield FR (2002) 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. 

Hasan MT, Chang CC, Chang TY (1994) Somatic cell genetic and biochemical characteriza-
tion of cell lines resulting from human genomic DNA transfections of Chinese ham-
ster ovary cell mutants defective in sterol-dependent activation of sterol synthesis and 
LDL receptor expression. Somat Cell Mol Genet 20:183-194. 

Hasham SN, Pillarisetti S (2006) Vascular lipases, inflammation and atherosclerosis. Clin 
Chim Acta 372:179-183. 

Havel RJ, Eder HA, Bragdon JH (1955) The distribution and chemical composition of ultra-
centrifugally separated lipoproteins in human serum. J Clin Invest 34:1345-1353. 

Hedstrand H (1975) A study of middle-aged men with particular reference to risk factors for 
cardiovascular disease. Ups J Med Sci Suppl 19:1-61. 

Heino S, Lusa S, Somerharju P, Ehnholm C, Olkkonen VM, Ikonen E (2000) Dissecting the 
role of the Golgi complex and lipid rafts in biosynthetic transport of cholesterol to 
the cell surface. Proc Natl Acad Sci U S A 97:8375-8380. 

Ho YK, Brown MS, Kayden HJ, Goldstein JL (1976) Binding, internalization, and hydrolysis 
of low density lipoprotein in long-term lymphoid cell lines from a normal subject and 
a patient with homozygous familial hypercholesterolemia. J Exp Med 144:444-455. 

Hynynen R, Suchanek M, Spandl J, Back N, Thiele C, Olkkonen VM (2009) OSBP-related 
protein 2 is a sterol receptor on lipid droplets that regulates the metabolism of neutral 
lipids. J Lipid Res 50:1305-1315. 

Hölttä-Vuori M, Määttä J, Ullrich O, Kuismanen E, Ikonen E (2000) Mobilization of late-
endosomal cholesterol is inhibited by Rab guanine nucleotide dissociation inhibitor. 
Curr Biol 10:95-98. 

Hölttä-Vuori M, Alpy F, Tanhuanpää K, Jokitalo E, Mutka AL, Ikonen E (2005) MLN64 is 
involved in actin-mediated dynamics of late endocytic organelles. Mol Biol Cell 
16:3873-3886. 

Ikonen E (2008) Cellular cholesterol trafficking and compartmentalization. Nat Rev Mol Cell 
Biol 9:125-138. 

Ikonen E, Hölttä-Vuori M (2004) Cellular pathology of Niemann-Pick type C disease. Semin 
Cell Dev Biol 15:445-454. 

Im YJ, Raychaudhuri S, Prinz WA, Hurley JH (2005) Structural mechanism for sterol sensing 
and transport by OSBP-related proteins. Nature 437:154-158. 

Ingram MF, Shelness GS (1997) Folding of the amino-terminal domain of apolipoprotein B 
initiates microsomal triglyceride transfer protein-dependent lipid transfer to nascent 
very low density lipoprotein. J Biol Chem 272:10279-10286. 

Investigators FRaFRdIiCad (1999) Invasive compared with non-invasive treatment in unsta-
ble coronary-artery disease: FRISC II prospective randomised multicentre study. 
FRagmin and Fast Revascularisation during InStability in Coronary artery disease In-
vestigators. Lancet 354:708-715. 



 
51 

 

Jaari S, van Dijk KW, Olkkonen VM, van der Zee A, Metso J, Havekes L, Jauhiainen M, 
Ehnholm C (2001) Dynamic changes in mouse lipoproteins induced by transiently 
expressed human phospholipid transfer protein (PLTP): importance of PLTP in pre-
beta-HDL generation. Comp Biochem Physiol B Biochem Mol Biol 128:781-792. 

Jahn R, Scheller RH (2006) SNAREs--engines for membrane fusion. Nat Rev Mol Cell Biol 
7:631-643. 

Janowski BA, Grogan MJ, Jones SA, Wisely GB, Kliewer SA, Corey EJ, Mangelsdorf DJ 
(1999) Structural requirements of ligands for the oxysterol liver X receptors LXRal-
pha and LXRbeta. Proc Natl Acad Sci U S A 96:266-271. 

Jansen M, Ohsaki Y, Rega LR, Bittman R, Olkkonen VM, Ikonen E (2010) Role of ORPs in 
sterol transport from plasma membrane to ER and lipid droplets in mammalian cells. 
Traffic. 

Jelinek D, Millward V, Birdi A, Trouard TP, Heidenreich RA, Garver WS (2010) Npc1 hap-
loinsufficiency promotes weight gain and metabolic features associated with insulin 
resistance. Hum Mol Genet. 

Johansson M, Lehto M, Tanhuanpää K, Cover TL, Olkkonen VM (2005) The oxysterol-
binding protein homologue ORP1L interacts with Rab7 and alters functional proper-
ties of late endocytic compartments. Mol Biol Cell 16:5480-5492. 

Johansson M, Bocher V, Lehto M, Chinetti G, Kuismanen E, Ehnholm C, Staels B, Olkko-
nen VM (2003) The two variants of oxysterol binding protein-related protein-1 dis-
play different tissue expression patterns, have different intracellular localization, and 
are functionally distinct. Mol Biol Cell 14:903-915. 

Johansson M, Rocha N, Zwart W, Jordens I, Janssen L, Kuijl C, Olkkonen VM, Neefjes J 
(2007) Activation of endosomal dynein motors by stepwise assembly of Rab7-RILP-
p150Glued, ORP1L, and the receptor betalll spectrin. J Cell Biol 176:459-471. 

Johnston N, Jernberg T, Lindahl B, Lindback J, Stridsberg M, Larsson A, Venge P, Wallentin 
L (2004) Biochemical indicators of cardiac and renal function in a healthy elderly 
population. Clin Biochem 37:210-216. 

Kallen CB, Billheimer JT, Summers SA, Stayrook SE, Lewis M, Strauss JF, 3rd (1998) Steroi-
dogenic acute regulatory protein (StAR) is a sterol transfer protein. J Biol Chem 
273:26285-26288. 

Kang MH, Singaraja R, Hayden MR (2010) Adenosine-triphosphate-binding cassette trans-
porter-1 trafficking and function. Trends Cardiovasc Med 20:41-49. 

Kirchhausen T (2000) Three ways to make a vesicle. Nat Rev Mol Cell Biol 1:187-198. 
Klein A, Amigo L, Retamal MJ, Morales MG, Miquel JF, Rigotti A, Zanlungo S (2006) NPC2 

is expressed in human and murine liver and secreted into bile: potential implications 
for body cholesterol homeostasis. Hepatology 43:126-133. 

Ko DC, Gordon MD, Jin JY, Scott MP (2001) Dynamic movements of organelles containing 
Niemann-Pick C1 protein: NPC1 involvement in late endocytic events. Mol Biol Cell 
12:601-614. 

Krieger M (1986) Isolation of somatic cell mutants with defects in the endocytosis of low-
density lipoprotein. Methods Enzymol 129:227-237. 

Kuerschner L, Moessinger C, Thiele C (2008) Imaging of lipid biosynthesis: how a neutral 
lipid enters lipid droplets. Traffic 9:338-352. 

Kulinski A, Vance JE (2007) Lipid homeostasis and lipoprotein secretion in Niemann-Pick 
C1-deficient hepatocytes. J Biol Chem 282:1627-1637. 

Kwon HJ, Abi-Mosleh L, Wang ML, Deisenhofer J, Goldstein JL, Brown MS, Infante RE 
(2009) Structure of N-terminal domain of NPC1 reveals distinct subdomains for 
binding and transfer of cholesterol. Cell 137:1213-1224. 



 
52 

 

Lange Y (1991) Disposition of intracellular cholesterol in human fibroblasts. J Lipid Res 
32:329-339. 

Lebrand C, Corti M, Goodson H, Cosson P, Cavalli V, Mayran N, Faure J, Gruenberg J 
(2002) Late endosome motility depends on lipids via the small GTPase Rab7. Embo J 
21:1289-1300. 

Leppimäki P, Mattinen J, Slotte JP (2000) Sterol-induced upregulation of phosphatidylcholine 
synthesis in cultured fibroblasts is affected by the double-bond position in the sterol 
tetracyclic ring structure. Eur J Biochem 267:6385-6394. 

Lev S (2010) Non-vesicular lipid transport by lipid-transfer proteins and beyond. Nat Rev 
Mol Cell Biol 11:739-750. 

Levine T, Loewen C (2006) Inter-organelle membrane contact sites: through a glass, darkly. 
Curr Opin Cell Biol 18:371-378. 

Li Z, Mintzer E, Bittman R (2006) First synthesis of free cholesterol-BODIPY conjugates. J 
Org Chem 71:1718-1721. 

Liang G, Yang J, Horton JD, Hammer RE, Goldstein JL, Brown MS (2002) Diminished he-
patic response to fasting/refeeding and liver X receptor agonists in mice with selec-
tive deficiency of sterol regulatory element-binding protein-1c. J Biol Chem 277:9520-
9528. 

Lim RS, Kratzer A, Barry NP, Miyazaki-Anzai S, Miyazaki M, Mantulin WW, Levi M, Potma 
EO, Tromberg BJ (2010) Multimodal CARS microscopy determination of the impact 
of diet on macrophage infiltration and lipid accumulation on plaque formation in 
ApoE-deficient mice. J Lipid Res 51:1729-1737. 

Linder MD, Uronen RL, Hölttä-Vuori M, van der Sluijs P, Peranen J, Ikonen E (2007) Rab8-
dependent recycling promotes endosomal cholesterol removal in normal and sphingo-
lipidosis cells. Mol Biol Cell 18:47-56. 

Lloyd-Evans E, Platt FM (2010) Lipids on trial: the search for the offending metabolite in 
Niemann-Pick type C disease. Traffic 11:419-428. 

Lloyd-Evans E, Morgan AJ, He X, Smith DA, Elliot-Smith E, Sillence DJ, Churchill GC, 
Schuchman EH, Galione A, Platt FM (2008) Niemann-Pick disease type C1 is a 
sphingosine storage disease that causes deregulation of lysosomal calcium. Nat Med 
14:1247-1255. 

Loubery S, Wilhelm C, Hurbain I, Neveu S, Louvard D, Coudrier E (2008) Different micro-
tubule motors move early and late endocytic compartments. Traffic 9:492-509. 

Lusa S, Blom TS, Eskelinen EL, Kuismanen E, Mansson JE, Simons K, Ikonen E (2001) 
Depletion of rafts in late endocytic membranes is controlled by NPC1-dependent re-
cycling of cholesterol to the plasma membrane. J Cell Sci 114:1893-1900. 

Lutjohann D, Breuer O, Ahlborg G, Nennesmo I, Siden A, Diczfalusy U, Björkhem I (1996) 
Cholesterol homeostasis in human brain: evidence for an age-dependent flux of 24S-
hydroxycholesterol from the brain into the circulation. Proc Natl Acad Sci U S A 
93:9799-9804. 

Martin V, Carrillo G, Torroja C, Guerrero I (2001) The sterol-sensing domain of Patched 
protein seems to control Smoothened activity through Patched vesicular trafficking. 
Curr Biol 11:601-607. 

Meyre D, Delplanque J, Chevre JC, Lecoeur C, Lobbens S, Gallina S, Durand E, Vatin V, 
Degraeve F, Proenca C, Gaget S, Korner A, Kovacs P, Kiess W, Tichet J, Marre M, 
Hartikainen AL, Horber F, Potoczna N, Hercberg S, Levy-Marchal C, Pattou F, 
Heude B, Tauber M, McCarthy MI, Blakemore AI, Montpetit A, Polychronakos C, 
Weill J, Coin LJ, Asher J, Elliott P, Jarvelin MR, Visvikis-Siest S, Balkau B, Sladek R, 
Balding D, Walley A, Dina C, Froguel P (2009) Genome-wide association study for 



 
53 

 

early-onset and morbid adult obesity identifies three new risk loci in European popu-
lations. Nat Genet 41:157-159. 

Millard EE, Srivastava K, Traub LM, Schaffer JE, Ory DS (2000) Niemann-pick type C1 
(NPC1) overexpression alters cellular cholesterol homeostasis. J Biol Chem 
275:38445-38451. 

Millatt LJ, Bocher V, Fruchart JC, Staels B (2003) Liver X receptors and the control of cho-
lesterol homeostasis: potential therapeutic targets for the treatment of atherosclerosis. 
Biochim Biophys Acta 1631:107-118. 

Miyawaki S, Mitsuoka S, Sakiyama T, Kitagawa T (1982) Sphingomyelinosis, a new mutation 
in the mouse: a model of Niemann-Pick disease in humans. J Hered 73:257-263. 

Mukherjee S, Zha X, Tabas I, Maxfield FR (1998) Cholesterol distribution in living cells: fluo-
rescence imaging using dehydroergosterol as a fluorescent cholesterol analog. Biophys 
J 75:1915-1925. 

Möbius W, van Donselaar E, Ohno-Iwashita Y, Shimada Y, Heijnen HF, Slot JW, Geuze HJ 
(2003) Recycling compartments and the internal vesicles of multivesicular bodies har-
bor most of the cholesterol found in the endocytic pathway. Traffic 4:222-231. 

Naureckiene S, Sleat DE, Lackland H, Fensom A, Vanier MT, Wattiaux R, Jadot M, Lobel P 
(2000) Identification of HE1 as the second gene of Niemann-Pick C disease. Science 
290:2298-2301. 

Ngo M, Ridgway ND (2009) Oxysterol binding protein-related Protein 9 (ORP9) is a choles-
terol transfer protein that regulates Golgi structure and function. Mol Biol Cell 
20:1388-1399. 

Nohturfft A, Yabe D, Goldstein JL, Brown MS, Espenshade PJ (2000) Regulated step in cho-
lesterol feedback localized to budding of SCAP from ER membranes. Cell 102:315-
323. 

Ohgami N, Ko DC, Thomas M, Scott MP, Chang CC, Chang TY (2004) Binding between the 
Niemann-Pick C1 protein and a photoactivatable cholesterol analog requires a func-
tional sterol-sensing domain. Proc Natl Acad Sci U S A 101:12473-12478. 

Ohsaki Y, Cheng J, Suzuki M, Fujita A, Fujimoto T (2008) Lipid droplets are arrested in the 
ER membrane by tight binding of lipidated apolipoprotein B-100. J Cell Sci 121:2415-
2422. 

Passeggio J, Liscum L (2005) Flux of fatty acids through NPC1 lysosomes. J Biol Chem 
280:10333-10339. 

Pentchev PG, Comly ME, Kruth HS, Vanier MT, Wenger DA, Patel S, Brady RO (1985) A 
defect in cholesterol esterification in Niemann-Pick disease (type C) patients. Proc 
Natl Acad Sci U S A 82:8247-8251. 

Perry RJ, Ridgway ND (2006) Oxysterol-binding protein and vesicle-associated membrane 
protein-associated protein are required for sterol-dependent activation of the cera-
mide transport protein. Mol Biol Cell 17:2604-2616. 

Porter FD (2002) Malformation syndromes due to inborn errors of cholesterol synthesis. J 
Clin Invest 110:715-724. 

Pörn MI, Slotte JP (1995) Localization of cholesterol in sphingomyelinase-treated fibroblasts. 
Biochem J 308 (Pt 1):269-274. 

Radhakrishnan A, Goldstein JL, McDonald JG, Brown MS (2008) Switch-like control of 
SREBP-2 transport triggered by small changes in ER cholesterol: a delicate balance. 
Cell Metab 8:512-521. 

Raychaudhuri S, Im YJ, Hurley JH, Prinz WA (2006) Nonvesicular sterol movement from 
plasma membrane to ER requires oxysterol-binding protein-related proteins and 
phosphoinositides. J Cell Biol 173:107-119. 



 
54 

 

Rocha N, Kuijl C, van der Kant R, Janssen L, Houben D, Janssen H, Zwart W, Neefjes J 
(2009) Cholesterol sensor ORP1L contacts the ER protein VAP to control Rab7-
RILP-p150 Glued and late endosome positioning. J Cell Biol 185:1209-1225. 

Romer W, Pontani LL, Sorre B, Rentero C, Berland L, Chambon V, Lamaze C, Bassereau P, 
Sykes C, Gaus K, Johannes L (2010) Actin dynamics drive membrane reorganization 
and scission in clathrin-independent endocytosis. Cell 140:540-553. 

Rosenbaum AI, Zhang G, Warren JD, Maxfield FR (2010) Endocytosis of beta-cyclodextrins 
is responsible for cholesterol reduction in Niemann-Pick type C mutant cells. Proc 
Natl Acad Sci U S A 107:5477-5482. 

Ross JL, Ali MY, Warshaw DM (2008) Cargo transport: molecular motors navigate a complex 
cytoskeleton. Curr Opin Cell Biol 20:41-47. 

Saftig P, Klumperman J (2009) Lysosome biogenesis and lysosomal membrane proteins: traf-
ficking meets function. Nat Rev Mol Cell Biol 10:623-635. 

Schoer JK, Gallegos AM, McIntosh AL, Starodub O, Kier AB, Billheimer JT, Schroeder F 
(2000) Lysosomal membrane cholesterol dynamics. Biochemistry 39:7662-7677. 

Seppälä-Lindroos A, Vehkavaara S, Häkkinen AM, Goto T, Westerbacka J, Sovijarvi A, Hala-
vaara J, Yki-Järvinen H (2002) Fat accumulation in the liver is associated with defects 
in insulin suppression of glucose production and serum free fatty acids independent 
of obesity in normal men. J Clin Endocrinol Metab 87:3023-3028. 

Simons K, Ikonen E (1997) Functional rafts in cell membranes. Nature 387:569-572. 
Simons K, Gerl MJ (2010) Revitalizing membrane rafts: new tools and insights. Nat Rev Mol 

Cell Biol 11:688-699. 
Smets FN, Chen Y, Wang LJ, Soriano HE (2002) Loss of cell anchorage triggers apoptosis 

(anoikis) in primary mouse hepatocytes. Mol Genet Metab 75:344-352. 
Smith (1990) Transport, interactions and retention of plasma proteins in the intima: the bar-

rier function of the internal elastic lamina. European Heart Journal 11:72-81. 
Soyombo AA, Tjon-Kon-Sang S, Rbaibi Y, Bashllari E, Bisceglia J, Muallem S, Kiselyov K 

(2006) TRP-ML1 regulates lysosomal pH and acidic lysosomal lipid hydrolytic activity. 
J Biol Chem 281:7294-7301. 

Spady DK, Bilheimer DW, Dietschy JM (1983) Rates of receptor-dependent and -
independent low density lipoprotein uptake in the hamster. Proc Natl Acad Sci U S A 
80:3499-3503. 

Stokke KT, Norum KR (1970) Subcellular distribution of acyl-CoA: cholesterol acyltransfe-
rase in rat liver cells. Biochim Biophys Acta 210:202-204. 

Suchanek M, Hynynen R, Wohlfahrt G, Lehto M, Johansson M, Saarinen H, Radzikowska A, 
Thiele C, Olkkonen VM (2007) The mammalian oxysterol-binding protein-related 
proteins (ORPs) bind 25-hydroxycholesterol in an evolutionarily conserved pocket. 
Biochem J 405:473-480. 

Sugii S, Reid PC, Ohgami N, Shimada Y, Maue RA, Ninomiya H, Ohno-Iwashita Y, Chang 
TY (2003) Biotinylated theta-toxin derivative as a probe to examine intracellular cho-
lesterol-rich domains in normal and Niemann-Pick type C1 cells. J Lipid Res 44:1033-
1041. 

Suzuki KG, Fujiwara TK, Sanematsu F, Iino R, Edidin M, Kusumi A (2007) GPI-anchored 
receptor clusters transiently recruit Lyn and G alpha for temporary cluster immobili-
zation and Lyn activation: single-molecule tracking study 1. J Cell Biol 177:717-730. 

Tabas I, Williams KJ, Boren J (2007) Subendothelial lipoprotein retention as the initiating 
process in atherosclerosis: update and therapeutic implications. Circulation 116:1832-
1844. 



 
55 

 

Urbani L, Simoni RD (1990) Cholesterol and vesicular stomatitis virus G protein take sepa-
rate routes from the endoplasmic reticulum to the plasma membrane. J Biol Chem 
265:1919-1923. 

Vaccaro AM, Motta M, Tatti M, Scarpa S, Masuelli L, Bhat M, Vanier MT, Tylki-Szymanska 
A, Salvioli R (2010) Saposin C mutations in Gaucher disease patients resulting in lyso-
somal lipid accumulation, saposin C deficiency, but normal prosaposin processing and 
sorting. Hum Mol Genet 19:2987-2997. 

Vainio S, Ikonen E (2003) Macrophage cholesterol transport: a critical player in foam cell 
formation. Ann Med 35:146-155. 

Vainio S, Jansen M, Koivusalo M, Rog T, Karttunen M, Vattulainen I, Ikonen E (2006) Signi-
ficance of sterol structural specificity. Desmosterol cannot replace cholesterol in lipid 
rafts. J Biol Chem 281:348-355. 

van der Velde AE, Vrins CL, van den Oever K, Kunne C, Oude Elferink RP, Kuipers F, 
Groen AK (2007) Direct intestinal cholesterol secretion contributes significantly to 
total fecal neutral sterol excretion in mice. Gastroenterology 133:967-975. 

Wang ML, Motamed M, Infante RE, Abi-Mosleh L, Kwon HJ, Brown MS, Goldstein JL 
(2010) Identification of surface residues on niemann-pick C2 essential for hydrophob-
ic Handoff of cholesterol to NPC1 in lysosomes. Cell Metab 12:166-173. 

Wang N, Lan D, Chen W, Matsuura F, Tall AR (2004) ATP-binding cassette transporters G1 
and G4 mediate cellular cholesterol efflux to high-density lipoproteins. Proc Natl 
Acad Sci U S A 101:9774-9779. 

Wang X, Sato R, Brown MS, Hua X, Goldstein JL (1994) SREBP-1, a membrane-bound tran-
scription factor released by sterol-regulated proteolysis. Cell 77:53-62. 

Vanier MT (2010) Niemann-Pick disease type C. Orphanet J Rare Dis 5:16. 
Watari H, Blanchette-Mackie EJ, Dwyer NK, Watari M, Neufeld EB, Patel S, Pentchev PG, 

Strauss JF, 3rd (1999) Mutations in the leucine zipper motif and sterol-sensing do-
main inactivate the Niemann-Pick C1 glycoprotein. J Biol Chem 274:21861-21866. 

Venkateswaran A, Laffitte BA, Joseph SB, Mak PA, Wilpitz DC, Edwards PA, Tontonoz P 
(2000) Control of cellular cholesterol efflux by the nuclear oxysterol receptor LXR al-
pha. Proc Natl Acad Sci U S A 97:12097-12102. 

Wiegand V, Chang TY, Strauss JF, 3rd, Fahrenholz F, Gimpl G (2003) Transport of plasma 
membrane-derived cholesterol and the function of Niemann-Pick C1 Protein. Faseb J 
17:782-784. 

Willy PJ, Umesono K, Ong ES, Evans RM, Heyman RA, Mangelsdorf DJ (1995) LXR, a nuc-
lear receptor that defines a distinct retinoid response pathway. Genes Dev 9:1033-
1045. 

Voikar V, Rauvala H, Ikonen E (2002) Cognitive deficit and development of motor impair-
ment in a mouse model of Niemann-Pick type C disease. Behav Brain Res 132:1-10. 

Xie C, Turley SD, Pentchev PG, Dietschy JM (1999) Cholesterol balance and metabolism in 
mice with loss of function of Niemann-Pick C protein. Am J Physiol 276:E336-344. 

Yan D, Olkkonen VM (2008) Characteristics of oxysterol binding proteins. Int Rev Cytol 
265:253-285. 

Yan D, Jauhiainen M, Hildebrand RB, Willems van Dijk K, Van Berkel TJ, Ehnholm C, Van 
Eck M, Olkkonen VM (2007) Expression of human OSBP-related protein 1L in ma-
crophages enhances atherosclerotic lesion development in LDL receptor-deficient 
mice. Arterioscler Thromb Vasc Biol 27:1618-1624. 

Yang T, Espenshade PJ, Wright ME, Yabe D, Gong Y, Aebersold R, Goldstein JL, Brown 
MS (2002) Crucial step in cholesterol homeostasis: sterols promote binding of SCAP 



 
56 

 

to INSIG-1, a membrane protein that facilitates retention of SREBPs in ER. Cell 
110:489-500. 

Ye J, Li JZ, Liu Y, Li X, Yang T, Ma X, Li Q, Yao Z, Li P (2009) Cideb, an ER- and lipid 
droplet-associated protein, mediates VLDL lipidation and maturation by interacting 
with apolipoprotein B. Cell Metab 9:177-190. 

Yen CL, Stone SJ, Cases S, Zhou P, Farese RV, Jr. (2002) Identification of a gene encoding 
MGAT1, a monoacylglycerol acyltransferase. Proc Natl Acad Sci U S A 99:8512-8517. 

Zannis VI, Chroni A, Krieger M (2006) Role of apoA-I, ABCA1, LCAT, and SR-BI in the 
biogenesis of HDL. J Mol Med 84:276-294. 

Zethelius B, Lithell H, Hales CN, Berne C (2005) Insulin sensitivity, proinsulin and insulin as 
predictors of coronary heart disease. A population-based 10-year, follow-up study in 
70-year old men using the euglycaemic insulin clamp. Diabetologia 48:862-867. 

 
 


	kansi
	THESIS  25012011

