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Abstract
It has been less than two decades since the underlying genetic defects in Niemann-Pick disease
Type C were first identified. These defects impair function of two proteins with a direct role in
lipid trafficking, resulting in deposition of free cholesterol within late endosomal compartments
and a multitude of effects on cell function and clinical manifestations. The rapid pace of research
in this area has vastly improved our overall understanding of intracellular cholesterol homeostasis.
Excessive cholesterol buildup has also been implicated in clinical manifestations associated with a
number of genetically unrelated diseases including cystic fibrosis. Applying knowledge about
anomalous cell signaling behavior in cystic fibrosis opens prospects for identifying similar
previously unrecognized disease pathways in Niemann-Pick disease Type C. Recognition that
Niemann-Pick disease Type C and cystic fibrosis both impair cholesterol regulatory pathways also
provides a rationale for identifying common therapeutic targets.
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Introduction
Endolysosomal processing of cholesterol and other lipids as a contributing factor to the
progression of a variety of diseases is a growing area of research. These studies are
beginning to encompass conditions apparently unrelated to lysosomal storage diseases
(LSD) where these abnormalities were first recognized. This phenotype may arise because
of primary defects in genes directly involved in cholesterol trafficking or secondary to
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mutations impairing other mechanisms. Recently, similarities in cholesterol processing
defects have been identified in two genetic diseases at opposite ends of the spectrum,
Niemann-Pick disease Type C (NPC)5 characterized by defects in cholesterol trafficking and
cystic fibrosis (CF) which affects chloride transport [1, 2]. Cells from NPC and CF patients
and animal models exhibit accumulation of free cholesterol in perinuclear membrane
compartments despite respective genetic mutations affecting unrelated proteins. The goal of
this review is to compare prevailing thought on the mechanisms leading to cholesterol
accumulation in NPC and CF and the consequences of impaired cholesterol processing on
disease progression. Comparing the molecular lesions and phenotypic outcomes in these
disparate diseases could provide insight into new regulatory interactions at various points in
cholesterol processing pathways.

Overview of genetic lesions and protein families
LSDs comprise more than 40 human genetic disorders [3]. Although a majority of LSDs
involve mutations in lysosomal acid hydrolases, others such as NPC have underlying defects
in intracellular trafficking [4]. NPC is an autosomal recessive condition caused primarily by
loss of function of NPC1, a polytopic membrane protein localized to late endosomes (LE)
and lysosomes (Ly) that facilitates cholesterol movement between different intracellular
membrane compartments [5]. NPC1 has a conserved sterol sensing domain (SSD) similar to
those found in other integral membrane proteins involved in cholesterol homeostasis [6]
(Figure 1). NPC1 is believed to work in tandem with the soluble intralysosomal protein
NPC2 which mobilizes cholesterol from LE/Ly internal vesicles. These internal vesicles are
enriched for the unconventional phospholipid lysobisphosphatidic acid (LBPA) which
controls cholesterol capacity in endosomes [7]. Addition of exogenous LBPA partially
reverses the cholesterol storage phenotype suggesting LBPA becomes rate-limiting in NPC
cells [7]. NPC2 is thought to bind free cholesterol first and deliver it to NPC1 on LE limiting
membrane [8]. The exact mechanism of NPC1-mediated cholesterol egress is unknown,
however it could involve vesicular or non-vesicular pathways [9]. NPC1 and NPC2 are both
required for the effective movement of cholesterol from LE/Ly and NPC2 mutations account
for approximately 5% of NPC patients [4]. Loss of NPC1 or NPC2 function leads to
increased cholesterol content in endosomal membranes and the eventual accumulation of
free cholesterol in abnormal lysosomal storage organelles (LSOs) [10]. A number of other
lipids accumulate in LSOs including various gangliosides, sphingolipids, and LBPA.

In addition to cholesterol accumulation, recent studies indicate that LE/Ly calcium also has
a prominent role in the NPC phenotype [11]. Although extracellular calcium can accumulate
in endosomes by fluid-phase uptake, early endosomes are depleted of calcium as a
consequence of acidification and LE/Ly are subsequently filled with calcium via a proton-
dependent mechanism [12]. Intralysosomal calcium then fuels local elevations in cytosolic
calcium that drive heterotypic LE/Ly fusion and Ly reformation from LE/Ly hybrid
organelles [13]. Cells from NPC patients and animal models have reduced LE/Ly calcium
stores and the cholesterol storage phenotype is reversed by treating cells with curcumin, a
plasma membrane calcium channel blocker that elevates intracellular calcium levels [14]. In

5Abbreviations: ABC, ATP binding cassette; ACAT, acyl-coenzyme A:cholesterol acyltransferase; βarr2, β-arrestin-2; CF, cystic
fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; CREB, cAMP response element binding protein; ER,
endoplasmic reticulum; GAP, GTPase activating protein; GDI, GDP dissociation inhibitor; GEF, guanine nucleotide exchange factor;
HDAC6, histone deacetylase 6; 25-HC, 25-hydroxycholesterol; HPCD, hydroxypropyl-β-cyclodextrin; LBPA, lysobisphospatidic
acid; LDL, low-density lipoprotein; LE, late endosome; LSD, lysosomal storage disease; LSO, lysosomal storage organelle; LXR,
liver X receptor; Ly, lysosome; MPR, mannose 6-phosphate receptor; MSD, membrane spanning domain; MT, microtubule; MTOC,
MT organizing center; NBD, nucleotide binding domain; NOS2, nitric oxide synthase 2; NPC, Niemann-Pick disease Type C;
ORP1L, oxysterol binding related protein 1L; REP, Rab escort protein; RILP, Rab7 interacting lysosomal protein; SCAP, SREBP
cleavage-activating protein; SREBP, sterol regulatory element binding protein; SSD, sterol sensing domain; STAT1, signal transducer
and activator of transcription 1; TGN, trans-Golgi network; UPR, unfolded protein response.

Cianciola et al. Page 2

Arch Biochem Biophys. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



addition to their synergistic roles in cholesterol egress from LE/Ly, NPC1 controls LE/Ly
fusion and NPC2 is required for Ly reformation and release of lysosomal cargo-containing
membrane vesicles [15]. These findings have prompted some investigators to postulate that
NPC defects in cholesterol transport are secondary to abnormalities in calcium homeostasis
[14]. Furthermore, the calcium homeostasis model invokes accumulation of sphingosine
downstream of NPC1 mutations as the primary cause of impaired LE/Ly calcium levels in
NPC cells [16].

CF is an autosomal recessive condition caused by mutations to the gene encoding the cystic
fibrosis transmembrane conductance regulator (CFTR) [17]. CFTR is a chloride channel that
influences salt and fluid transport localized primarily at the apical membrane of epithelial
cells. CFTR is a member of the ATP binding cassette (ABC) protein family consisting of
two nucleotide binding (NBD) domains, two membrane spanning domains (MSD), and a
regulatory domain that contains multiple consensus protein phosphorylation sites [18]
(Figure 1). Regulatory domain phosphorylation by cAMP-dependent protein kinase A is a
prerequisite for channel opening. Chloride transport is believed to be gated by ATP binding
to NBD1 and NBD2 that promotes NBD dimerization leading to conformational changes in
the MSDs [19, 20].

NPC1 and CFTR are both synthesized and acquire N-linked glycans in the endoplasmic
reticulum (ER) [21] (Figure 2). Both proteins transit the Golgi where N-glycans are
modified and then exit the trans-Golgi network (TGN) in vesicular carriers that deliver them
to their final destination. CFTR localization is also regulated by endocytosis, and the cell
surface CFTR pool is rapidly internalized and then recycled back to the plasma membrane
[22–25]. A number of canonical sorting signals have been identified that regulate different
steps in NPC1 and CFTR trafficking. For instance NPC1 has multiple signals that work in
concert to target it to LE, including a consensus dileucine-based signal in its cytosolic tail
[26]. Both proteins also have sorting signals required for efficient exit from the ER via
COPII vesicles [26, 27]. Disease causing mutations impair some of these sorting signals
resulting in NPC1 and CFTR mislocalization. Lack of Phe508 (Δ508) in NBD1 of CFTR is
the molecular basis for the most common form of CF [18]. The CFTR Δ508 mutant fails to
reach the plasma membrane and is retained in the ER due to misfolding [21]. ER buildup of
misfolded Δ508 elicits an unfolded protein response (UPR) that has been suggested to be a
contributory factor to CF airway inflammatory responses [28]. The Δ508 mutation is
believed to block ER exit by impairing conformation of the ER exit code linking newly
synthesized CFTR to COPII vesicles [27]. Although disease causing NPC1 mutations are
scattered throughout the protein [29], some NPC1 mutations result in protein misfolding and
ER retention, suggesting these NPC1 mutations could elicit UPR similar to CFTR Δ508.

In contrast to NPC1 and CFTR polytopic membrane proteins, NPC2 is a soluble protein with
a canonical mannose 6-phosphate tag that follows a mannose-6 phosphate receptor (MPR)-
dependent TGN-to-Ly sorting route [30, 31]. Experimental disruption of NPC2 trafficking
by MPR knockdown triggers LE/Ly accumulation of free cholesterol and LBPA [31, 32].
However, naturally occurring mutations affecting this process have not yet been identified.
Although NPC2 is trafficked by both MPR isoforms, the MPR300 isoform appears to be
more efficient at transporting NPC2 than MPR46 [31]. Thus NPC1 mutations may adversely
affect NPC2 trafficking secondarily since they cause abnormal accumulation of MPR300 in
the TGN [33].

Clinical manifestations
Two of the key clinical manifestations of NPC are hepatosplenomegaly due to excessive
lipid accumulation in the liver and spleen and progressive cerebellar neurological decline
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which is what proves to be fatal in this disease [34]. Cerebellar neurodegeneration is
initiated by the early loss of Purkinje cells [35, 36]. The accumulation of free cholesterol is a
major contributor to the onset of neurological decline as correction of cholesterol processing
has yielded impressive improvements in disease progression in both mouse models and
human studies. Recent studies demonstrate the ability of 2-hydroxypropyl-β-cyclodextrin
(HPCD) to bypass defective NPC1 and NPC2 proteins [37]. HPCD improves lipid
mobilization from LE/Ly membranes and has a significant impact on organ lipid load,
neurological function, and longevity in an NPC1 mouse model [38–40]. Similar to other
neurodegenerative diseases, activation of the innate immune system occurs in the NPC brain
resulting in neuro-inflammation, suggesting anti-inflammatory agents may also be beneficial
[41].

Classical symptoms of CF are directly related to impaired chloride transport. The loss of
CFTR-mediated chloride absorption across sweat duct epithelium results in elevated sweat
chloride content that is used as a primary diagnostic marker of CF [42]. Occlusion of
pancreatic ducts due to loss of chloride and fluid movement causes necrosis of the pancreas
[43, 44]. The resulting pancreatic insufficiency leads to an inability to properly secrete
digestive enzymes and the clinical consequence of failure to thrive. In the airways, glandular
secretion is impaired resulting in poor mucous clearance. Airways also exhibit increased
absorption of sodium that reduces epithelial lining fluid levels, further dehydrating the
airways and impairing airway clearance [45].

Poor mucociliary clearance in CF is associated with chronic bacterial infection, chronic and
aggressive inflammation, airway tissue destruction, and eventually respiratory failure [46,
47]. However, the development of these airway pathologies is not completely due to reduced
salt and fluid transport. Susceptibility to bacterial infection has recently been attributed in
part to loss of CFTR function in macrophages leading to impaired bacterial clearance and
increased cytokine production. Increased inflammatory signaling and cytokine production in
CF epithelial cells has been reported in several studies using multiple model systems [47].
Deficient redox regulation in CF cells has also been postulated to contribute to inflammatory
responses characteristic of CF airways [48, 49]. How these inflammatory signaling pathways
are specifically caused by CFTR deficiency is unknown and the subject of ongoing
investigations.

NPC and CF both affect multiple body systems. Despite some overlap in which organs are
involved, pathological manifestations have different origins. Although CF patients do not
exhibit overt neurological deficits, growth hormone secretion from the pituitary may be
impaired in the absence of CFTR [50]. NPC patients, particularly those with NPC2
mutations, can exhibit severe pulmonary disease [51]. However, the etiology of NPC lung
disease is different from pulmonary manifestations in CF. NPC is characterized by
macrophage infiltration of the airways and lipid pneumonitis, whereas CF lungs
predominantly exhibit neutrophil infiltration and mucous plugging [52, 53]. These
differences notwithstanding, NPC and CF cells both accumulate free cholesterol in abnormal
endosome compartments associated with perturbed signaling through common pathways.

Cholesterol trafficking and homeostasis
Cellular cholesterol trafficking is an important process to maintain the proper distribution
and abundance of cholesterol in appropriate membranes. At the cellular level, cholesterol
levels are controlled by the influx of exogenous cholesterol in the form of low density
lipoprotein (LDL), de novo cholesterol synthesis, cholesterol catabolism to bile acids and
other metabolites, and cholesterol efflux out of cells. The LDL receptor was first identified
from the study of familial hypercholesterolemia by the team of Brown and Goldstein who
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also demonstrated that the receptor-ligand complex is internalized by clathrin-mediated
endocytosis [54]. As endosomes acidify, LDL dissociates from the LDL receptor and the
receptor recycles back to the plasma membrane to be reutilized for additional rounds of LDL
uptake. LDL is delivered to LE/Ly where cholesterol esters are hydrolyzed to form free
cholesterol which is subsequently exported out of these compartments via the combined
action of NPC1 and NPC2. From there free cholesterol is delivered to various membranes in
the cell, with the highest concentration in the plasma membrane and the lowest in the ER.

Cholesterol homeostasis is regulated by sterol-sensing proteins in the ER and is under tight
feedback control that is sensitive to small changes in cholesterol concentration. The sterol
regulatory element binding protein (SREBP) is a transmembrane protein that is normally
resident in the ER but which can be trafficked to the Golgi where it is cleaved to liberate
active transcription factors. The cleaved products then translocate to the nucleus where they
activate genes required for cholesterol synthesis and LDL uptake [55]. During periods of
low sterol load, SREBP cleavage-activating protein (SCAP) binds to SREBP, clustering it in
COPII-coated vesicles that escort it to the Golgi allowing SREBP cleavage [56]. As a
consequence, target gene transcription increases and cholesterol levels rise. When sterol
levels are high, cholesterol binds SCAP and alters its conformation allowing another ER
membrane protein called Insig to bind the complex and occlude SCAP from interacting with
COPII proteins. Thus SREBP Golgi transport is blocked and cholesterol levels decline due
to the down-regulation of gene transcription [57]. Insig is also a sensor for 25-
hydroxycholesterol (25-HC), a cholesterol metabolite formed in the ER [58]. 25-HC triggers
a conformational change in Insig that allows it to disrupt SCAP-COPII interactions and
block SREBP Golgi transport and processing [59]. As described above, NPC1 is believed to
work in tandem with NPC2 to transfer cholesterol to intracellular membrane compartments
including ER [8, 60]. NPC1 or NPC2 mutations block the export of cholesterol from LE/Ly,
and the ER is unable to sense endosomal cholesterol load leading to loss of SREBP feedback
control further compounding the NPC cholesterol storage phenotype. Several groups report
that unresolved ER stress activates SREBP processing leading to cellular cholesterol
accumulation by bypassing cholesterol inhibition of SREBP trafficking to the Golgi. For
instance, several ER stressors eliminate SCAP-SREBP ER anchoring by depleting the
Insig-1 isoform [61]. These findings point to a critical role for stringent ER quality control
in cholesterol homeostasis.

Excess free cholesterol is typically stored as cholesterol esters or removed from cells by
cholesterol efflux [62]. Cholesterol esterification is primarily catalyzed by ER-localized
acyl-coenzyme A: cholesterol acyltransferase (ACAT) and newly formed cholesterol esters
are stored in cytoplasmic lipid droplets. NPC1/NPC2 mutations also impair cholesterol
storage by depleting ACAT cholesterol pools. Cholesterol efflux to apolipoprotein A-1 is
mediated by ABCA1, a member of the ABC protein family located in plasma membrane and
other intracellular compartments [62]. ABCA1 is transcriptionally regulated by oxysterol-
dependent activation of the nuclear receptor liver X receptor (LXR) [63]. Defective
cholesterol trafficking impairs LXR-dependent gene regulation further exacerbating buildup
of free cholesterol in NPC [64].

Cholesterol modulates Rab GTPase function
The Rab family of small GTPases plays a major role in intracellular trafficking [65–67]. Rab
GTPases function as molecular switches that are active in their GTP-bound state and
inactive in their GDP-bound state. In the active state, Rab GTPases interact with a variety of
effector proteins that carry out diverse functions including vesicle formation, motility along
microtubules (MT), vesicle tethering, and membrane fusion [68]. Furthermore, organelle
identity is thought to be specified by the presence of distinct Rab proteins [69–71]. Rab
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GTPases are cytosolic proteins that require post-translational lipid modification to mediate
membrane binding by way of dual prenylation of carboxyl-terminal cysteine motifs. Once
associated with membranes Rab GTPases cycle between GDP- and GTP-bound states
through the concerted action of a number of accessory proteins including guanine nucleotide
exchange factors (GEFs), GTPase activating proteins (GAPs), Rab escort proteins (REPs),
and GDP dissociation inhibitors (GDIs).

A number of Rab proteins become entrapped in cholesterol-rich endosomal membranes
leading to their inactivation [72]. Many studies with NPC cells have examined Rab7 which
controls LE motility and heterotypic LE-Ly fusion. Cholesterol accretion inhibits GDI-
mediated Rab7 extraction from LE limiting membranes causing Rab7 inactivation and
inhibition of endosomal motility [73]. Furthermore injection of Rab-GDI into fibroblasts
inhibits LE/Ly cholesterol mobilization recapitulating the NPC pheneotype [74]. Rab7
overexpression overcomes sequestration induced by high endosomal cholesterol leading to
partial rescue of NPC cholesterol storage defects [75]. The cholesterol storage phenotype
associated with mutations in NPC1 is also rescued by an adenovirus membrane protein
called RIDα which is a GTP-Rab7 mimic capable of binding certain Rab7 effectors [76, 77].
RIDα appears to facilitate an NPC1-independent cholesterol trafficking pathway that
overcomes inhibition by high endosomal cholesterol. These data suggest for the first time
that adenovirus modulates cholesterol metabolism presumably to benefit replication in the
host. The mechanism of RIDα-mediated NPC1 rescue is an active area of investigation.

Cholesterol accumulation also causes LE/Ly sequestration of Rab9 which is required for
transport from endosomes to the trans-Golgi network (TGN). Similar to Rab7, Rab9 resists
extraction from NPC cell membranes by Rab-GDI [78]. Rab9 sequestration leads to MPR
missorting and failure to deliver mannose-6 phosphate-tagged cargo to LE/Ly in NPC cells
[78]. Rab9 overexpression partially compensates for cholesterol storage defects in NPC cells
[79], and NPC mice carrying an overexpressed Rab9 transgene exhibit a dramatic
improvement in cholesterol mobilization and survival [80]. Overexpression of several other
Rab GTPases, including Rab8 and Rab11, which are both involved in retrograde transport
from recycling endosomes to the plasma membrane, also ameliorates the NPC phenotype
[81, 82]. Overexpressed Rab8 and Rab11 appear to redistribute cholesterol from LE to the
plasma membrane and stimulate ABCA1-mediated cholesterol efflux.

Rab GTPases have also been shown to play a role in CF. Rab4 regulates retrograde
trafficking events from endosomes to the plasma membrane, and Rab4 overexpression
inhibits CFTR trafficking to the plasma membrane apparently by restraining CFTR in
endosomes via a direct Rab4-CFTR interaction [83]. CFTR Δ508 can be induced to exit the
ER and traffic to plasma membrane when cells are kept at reduced temperature. However its
appearance at plasma membrane is short-lived suggesting CFTR Δ508 is also defective in
endosome-to-plasma membrane recycling. Rab11 overexpression shifts the pool of
endocytosed CFTR Δ508 back to the plasma membrane [84]. Rab9 overexpression also
causes increased localization of CFTR Δ508 on the cell surface at low temperature [84].
Furthermore, Rab9 overexpression rescues the cholesterol storage phenotype associated with
the Δ508 mutation similar to results obtained in NPC cells [85]. However, it is not currently
known if Rab9 overexpression alleviates the CF cholesterol storage phenotype by
reconstituting MPR trafficking.

Microtubule-dependent endosome motility
Organelle motility is regulated by the coordinate activity of a number of factors including
Rab GTPases, MT modification, and MT motor function [86]. Dynein-dynactin and kinesin
MT motors drive retrograde transport towards MT minus ends and anterograde transport to
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MT plus ends, respectively. Kinesin and dynein-dynactin motors constitute large molecular
complexes that also regulate MT attachment, cargo binding and exchange, and interactions
with Rab proteins [87]. Another key molecule with a potentially important regulatory role in
organelle motility is HDAC6, a MT-specific enzyme with α-tubulin deacetylase activity that
also binds dynein-dynactin motors [88]. Recent studies have shown that MT acetylation
affects the affinity and processivity of MT motors implicating a role in organelle transport.
HDAC6 has been shown to have a critical role in mitochondrial translocation [89] and
endocytic trafficking [90] through modulation of tubulin acetylation. Furthermore, tubulin
acetylation is essential for starvation-induced autophagy in HeLa cells [91].

Studies examining Rab7 have established that defective organelle motility has a critical role
in generating the NPC cholesterol storage phenotype. Rocha et al. delve most specifically
into the mechanisms responsible for altered organelle transport in NPC cells by focusing on
two Rab7 effector molecules - oxysterol binding related protein 1L (ORP1L) and Rab7
interacting lysosomal protein (RILP) [92]. Previous work from this laboratory had shown
that Rab7 activates endosomal dynein-dynactin motors involved in minus end-directed MT
transport by facilitating a direct interaction between RILP and the p150Glued dynein-
dynactin subunit [93]. The study by Rocha et al. demonstrated that under low cholesterol
conditions, the conformation of ORP1L allows ER and LE membrane interactions, bringing
the ER vesicle-associated membrane protein VAP into direct contact with Rab7-RILP-
ORP1L complexes. This interaction releases p150Glued from RILP and allows retrograde
endosomal movement to MT plus ends. In the presence of high cholesterol conditions such
as in NPC, p150Glued remains associated with Rab7-RILP causing LE to accumulate at MT
minus ends at the MT organizing center (MTOC). Thus endosome motility and positioning
that is normally controlled by Rab7 sensing of LE cholesterol is significantly impaired in
NPC. Visual confirmation that NPC1-containing vesicles fail to traffic correctly in high
cholesterol conditions has also been obtained by tracking fluorescently labeled NPC1
movement [94]. The authors of that study describe three types of NPC1-containing organelle
movement - vectorial, Brownian, and slow retraction. They also demonstrate that LE lacking
functional NPC1 or with elevated cholesterol due to treatment with U18666A, an
amphiphilic drug that induces an NPC-like phenotype [95], lack vectorial movement
indicating poor MT motor function [94].

Recent studies indicate NPC is also associated with induction of autophagy [96], a regulated
and evolutionarily conserved vesicular trafficking pathway that recycles limited or damaged
macromolecules to promote cell survival [97]. However, robust activation of autophagy can
also provoke cell stress and programmed cell death [98]. NPC1 mutations activate basal
autophagy in part by increasing expression of a regulatory protein for the class III
phosphoinositide 3-kinase family called Beclin-1 that has a critical role in autophagosome
formation [99, 100]. Autophagosomes fuse with endosomes en route to Ly where their
contents are degraded [101, 102]. Thus endocytosis and autophagy share many common
elements required for LE/Ly trafficking including Rab7-dependent minus-end directed MT
transport [103, 104]. Increased Beclin 1 levels and elevated autophagy are emerging as
hallmarks in other lipid storage diseases characterized by disruptions in cholesterol
trafficking [105]. Furthermore, elevated endosomal cholesterol is thought to restrict
autophagosome-Ly fusion leading to an imbalance between induction and flux, thus
contributing to cell stress and culminating in cell death associated with many neuropathies
[96, 106].

In CF, organelle trafficking defects have been described primarily in the context of
misfolded CFTR Δ508 which undergoes retrotranslocation from ER membranes and is
degraded by the cytoplasmic ubiquitin-proteasome pathway. Polyubiquitin chains link
CFTR Δ508 to dynein-dynactin motors via HDAC6 to facilitate retrograde minus-strand MT
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transport towards the MTOC where pericentriolar structures called aggresomes are formed
[107]. The polyubiquitin chains promote binding to p62 which is also a ligand for LC3, a
cytosolic protein that is recruited to nascent autophagosomal membranes after it undergoes
lipidation [108]. The p62-LC3 interaction recruits autophagic membranes allowing
aggresomes to be engulfed in autophagosomes. These autophagosomes subsequently fuse
with the endocytic pathway to facilitate degradation of misfolded proteins by Ly hydrolases.
CFTR Δ508 overexpressed in HEK cells redistributes to aggresomes probably because this
misfolded protein exceeds proteasome and autophagic degradative capacity [109].
Overexpressed CFTR Δ508 also induces a redistribution of dynein into aggresomes
reflecting an increase in net retrograde transport of minus-end directed MT molecular
motors. In addition, CFTR Δ508 overexpression leads to LSO-like cholesterol accumulation
in CHO cells, in contrast to a mutation that disrupts CFTR function but allows for normal
CFTR folding and processing (G551D) that does not [85]. The authors of this study also
suggest the CFTR Δ508-aggresome pathway has a secondary impact on endosome
cholesterol trafficking although the mechanism by which this occurs is currently unknown.
However, cholesterol accumulation and lipid anomalies have been seen in CF cell systems
that simply lack CFTR expression [1, 2, 110]. A reduction in the autophagosome marker
LC3 and an increase in the polyubiquitin-binding protein p62 have been observed in
multiple CF models including primary cells obtained by nasal biopsy [111]. These findings
suggest CF cells accumulate aggresomes with a corresponding inhibition of autophagy.
Furthermore, CFTR knockdown and CFTR Δ508 overexpression both down-regulate
Beclin-1 suggesting a potential mechanistic link between multiple CFTR defects and
autophagy inhibition [111].

It is well established that cholesterol accumulation in NPC leads to the redistribution of
many membrane proteins that transit LEs en route to other cellular destinations [112]. This
appears to also be the case in CF where it has been shown that the Toll-like receptor TLR4
accumulates in endosomes in macrophages isolated from Cftr−/− mice. Similar TLR4
trafficking defects have also been observed in isolated human CF macrophages [113]. As
with cholesterol accumulation, TLR4 missorting is not due to CFTR ΔF508 per se but is
also seen when CFTR expression is inhibited. These data demonstrate that the influence of
CFTR defects on intracellular trafficking is not restricted to epithelial cells, which may help
explain changes in inflammatory cell function in CF [48, 49].

Common signaling pathways
A number of changes in cell signaling have been directly attributed to perturbed cholesterol
homeostasis in CF cells. These signaling abnormalities include reduced expression of nitric
oxide synthase 2 (NOS2), increased expression but reduced function of signal transducer
and activator of transcription 1 (STAT1), and increased expression and activation of the
small GTPase RhoA involved in cell adhesion and cytoskeletal rearrangements [114].
Inhibition of de novo cholesterol synthesis with statins reverts these signaling profiles to
levels more typical of wild-type cells in cellular and mouse CF models [115]. Identification
of the cholesterol processing phenotype in CF cells suggests that NPC cells might display
similar abnormalities involving these signaling molecules. In support of this hypothesis,
NPC fibroblasts also display an inability to induce NOS2 expression as well as increased
STAT1 and RhoA protein expression similar to CF cells [1]. The identified role of RhoA
signaling and the sensitivity to statins leads to the speculation that increased isoprenoid
synthesis and modification of GTPases is the main cause of signaling changes seen in CF
cell models. Isoprenoid-dependent regulation of TGF-β1 signaling has also been shown in
CF cells providing further support for this mechanism [116]. The role of isoprenoids in these
signaling cascades has not been specifically examined in NPC cells. Nevertheless the CF
studies were instrumental in identifying previously unrecognized signaling changes in NPC.
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Inflammatory signaling is another area of commonality between CF and NPC cells.
Although most inflammatory signaling studies in CF involve epithelial responses to bacterial
challenge and bacterial products, recent work has focused on the role of macrophage
dysfunction in the pathogenesis of CF airway disease. Loss of CFTR function in
macrophages has a direct impact on both inflammatory signaling and bactericidal activity
[113]. As already mentioned, TLR4 accumulates in LE in CF macrophages thereby avoiding
degradation by Ly hydrolases. The failure to degrade TLR4 prolongs LPS-stimulated TLR4
signaling resulting in NF-κB activation and a sustained pro-inflammatory state [113]. A very
similar mechanism has also been reported in NPC where LE accumulation of TLR4 in glial
cells leads to constitutive secretion of multiple cytokines including IFN-β, IL-6, and IL-8
[117]. Thus TLR4 missorting induced by defects in cholesterol processing may provide a
key mechanism for glial cell activation observed in NPC brains. Despite differences in
biological outcomes, NPC and CF both provoke sustained TLR4 signaling because of
defects in cholesterol processing. These findings may reflect a general paradigm for
identifying additional clinically relevant pathways where signaling is normally attenuated by
Ly degradation.

Common therapeutic targets
Recognition that these vastly different genetic diseases share the common phenotype of
excess free cholesterol storage suggests therapeutic approaches being pursued for the
treatment of one disease may improve health of both sets of patients. Here we focus on three
potential common mechanisms and therapeutic approaches – LE/Ly function, ER cholesterol
homeostasis and quality control, and organelle motility (Figure 3).

The prevailing model for NPC1/NPC2 function is that they mediate egress of free
cholesterol from LE/Ly by working in tandem. HPCD has recently emerged as a promising
therapy for NPC in both human and animal studies [39]. HPCD administration is associated
with a marked increase in ACAT-mediated cholesterol esterification suggesting HPCD
mobilizes LE cholesterol for ER transport [37]. Recent data indicate NPC2 and HPCD
rapidly deliver and remove cholesterol from model membranes by similar but not identical
mechanisms [118]. Furthermore NPC2 and HPCD each appear to promote membrane-
membrane interactions consistent with a hypothesis that they both catalyze cholesterol
transfer at tightly apposed sites [118]. However, in contrast to NPC2, LBPA does not
enhance HPCD cholesterol membrane transfer efficacy [118]. Although HPCD also interacts
with cholesterol at the inner leaflet and catalyzes its diffusion across the LE limiting
membrane [119], the mechanism by which this drug bypasses NPC1 remains unclear.
Another group of investigators suggests HPCD alleviates the NPC cholesterol storage by
acting at the plasma membrane rather than LE/Ly [120]. Their studies indicate HPCD
provokes membrane damage by extracting cholesterol from the plasma membrane. This
elicits calcium-triggered Ly exocytosis leading to formation of a membrane patch that
reseals the membrane lesion and secretion of Ly content [121]. Determining whether HPCD
alleviates the cholesterol storage phenotype in CF cells which have wild-type NPC proteins
could help distinguish these alternative modes of action.

An alternative model for NPC1/NPC2 function is that these proteins are required to maintain
LE/Ly calcium homeostasis [11]. Loss-of-function mutations impede LE/Ly heterotypic
fusion and Ly reformation, and the cholesterol trafficking defects arise secondarily.
Supporting this model, elevating intracellular calcium levels with the plasma membrane
calcium channel blocker curcumin ameliorates cholesterol storage in NPC cell and animal
models [11]. The effects of calcium mobilization have also been studied in CF. Most of
these studies have focused on improving CFTR Δ508 trafficking to the plasma membrane.
Several groups have concluded that CFTR Δ508 maturation and trafficking are not improved

Cianciola et al. Page 9

Arch Biochem Biophys. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by either curcumin or the ER calcium pump inhibitor thapsigargin [122–124]. In contrast,
other investigators have shown that curcumin leads to impressive improvement of CFTR
Δ508 transport to the plasma membrane [125–127]. These conflicting results may reflect the
fact that defects in cholesterol trafficking are secondary to CF mutations making it difficult
to test a specific molecular mechanism. Furthermore, elevated intracellular calcium may
impact various end point assays that monitor the CF phenotype differently. Nevertheless
direct comparisons between CF and NPC with respect to Ly calcium mobilization warrant
serious analysis given positive results obtained in NPC using curcumin [14].

Many of the steps involved in cholesterol egress from LE/Ly and inter-organellar transport
are still debated or ill-defined and remain open areas of active investigation. It is also
conceivable the NPC1/NPC2 pathway is not the only mechanism that mediates LE
cholesterol egress, a possibility supported by findings that ectopic expression of an
adenoviral protein lacking homology to either NPC protein ameliorates LSO formation in
NPC1-deficient fibroblasts. NPC2 has been shown to efficiently deliver cholesterol to model
membranes by a mechanism that is enhanced by LBPA [128, 129]. Thus NPC2 could
mediate LE cholesterol egress independent of NPC1 or in tandem with another membrane
protein in cells. Such a complementary cholesterol egress pathway could be defective in CF.
NPC1 is also required for sterol transport from LE/Ly to mitochondria where free
cholesterol is metabolized to 27-hydroxycholerol involved in LXR-dependent gene
regulation [64]. Addition of exogenous non-steroidal LXR agonists up-regulates ABCA1
and lowers cholesterol mass in NPC cells [130]. It has not been determined whether these
LXR agonists will also have an impact on the cholesterol storage phenotype in CF.

Another unifying theme in NPC and CF is that improper protein folding is associated with
deregulated cholesterol homeostasis. In NPC, cholesterol derived from endocytosis of LDL
becomes sequestered in LE/Ly thereby preventing normal ER homeostatic responses. Little
is known about NPC1 or NPC2 function in CF cells, therefore defective NPC1/NPC2
mediated cholesterol transport cannot be eliminated as a potential mechanism for the CF
lipid storage phenotype. However this possibility is considered to be unlikely as CF cells
exhibit increased expression of NPC1 [1]. Interestingly, NPC1 is regulated by SREBP-
dependent gene transcription [131] suggesting SREBP feedback control could be impaired
in CF. Similar to other ER stress responses, CFTR Δ508 could activate SREBP processing
leading to cellular cholesterol accumulation by bypassing cholesterol inhibition of SREBP
trafficking to the Golgi. A growing body of evidence suggests CFTR Δ508 trafficking and
function can be improved by treating CF cells with pharmacological chaperones that
enhance ER folding energetics [132]. Although one recent study showed a lack of UPR in
NPC1 deficient mice and in NPC1 knockdown cells, this study did not include any known
NPC1 ER retention mutants [133]. A recent report indicates that treating cells expressing the
misfolding I1061T mutant form of NPC1 with pharmacological chaperones resulted in
improved trafficking of NPC1 to LE/Ly and also ameliorated the cholesterol storage
phenotype in cultured cells [134]. Although UPR may not be necessary to initiate NPC or
CF cholesterol storage phenotypes, this ER stress response could exacerbate pathologic
cellular manifestations. Current efforts to expand the molecular chaperone repertoire by
targeting endogenous components to ameliorate ER misfolding diseases are reviewed
elsewhere [135]. Recently, studies have shown that CFTR function can be improved with
HDAC inhibitor treatment [136]. Interestingly, HDAC inhibitors have recently been shown
to rescue the cholesterol storage phenotype in NPC1 mutant cells [137]. These drugs are of
great interest since they are already in phase III clinical trials for cancer treatment [138], and
could be fast-tracked for treatment of NPC patients.

Another potential point of convergence in NPC and CF involves LE motility which is
normally controlled by the net balance of vectorial movements toward opposite ends of
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MTs. NPC mutations impair LE motility by interfering with normal function of Rab7
effectors causing abnormal LSOs to accumulate at MT minus ends due to unopposed
dynein-dynactin motor activity. Loss of LE motility also has a negative impact on the ability
of autophagosomes to fuse with Ly causing pathologic buildup of cytosolic protein
aggregates in NPC brains [139]. Aggresome accumulation, LE/Ly cholesterol accumulation,
and deficient autophagy all suggest organelle motility is also impaired in CF cells [111]. The
mechanistic reasons for impaired organelle motility in CF are unclear. Cholesterol
accumulation in CHO cells in response to CFTR Δ508 expression could imply a role for the
UPR in these CF phenotypes [85]. However, a putative Δ508-induced UPR is not sufficient
to account for the cholesterol storage defects associated with CF which are also seen in cells
lacking CFTR altogether [1, 2]. Loss of CFTR function may trigger a cellular response that
initiates an UPR independently of Δ508 expression suggesting CFTR has a direct role in
stringent ER quality control required for cholesterol homeostasis. Alternatively, CFTR may
directly impact MT structure or motor function. For instance, Nilsson et al. have shown that
CFTR inhibition leads to MT shortening suggesting a distinct relationship between CFTR
and MT regulation [140].

One candidate mechanism for CF-related MT regulation is the increased expression of the
protein β-arrestin-2 (βarr2) that has been observed in CF cells and tissues [110]. Increased
βarr2 expression has been shown to elicit specific signaling responses in CF cells that can be
attributed to altered MT function. Increased βarr2 expression leads to activation of cAMP
response element binding protein (CREB) by a mechanism that is ERK-dependent [141].
Depletion of βarr2 from CF mice by double knock-out restores normal CREB regulation.
This mode of CREB regulation can be mimicked by MT manipulation providing a potential
link between βarr2 MT regulation and CF-specific signaling. βarr2 is known to interact
directly with MTOCs and influence both centrosomal function and MT elongation [142].
βarr2 null cells exhibit increased centrosomal density and impaired MT elongation. Though
speculative, it is conceivable that increased βarr2 expression and MTOC localization in CF
influences MT structure leading to net retrograde transport similar to anomalous behavior of
Rab7-RILP-ORP1L complexes in NPC. The impact of βarr2 expression on cholesterol
phenotypes and MT regulation in CF is an important area for further exploration. Another
important regulator of MT function is HDAC6. Although the α-tubulin subunit of MTs
remains its best known substrate, the role of HDAC6 in the regulation of MT-based
functions remains unknown. Nevertheless there is a growing body of evidence that α-tubulin
deacetylation plays a critical role in the cellular response to the accumulation of misfolded
and aggregated protein in many age-related neurodegenerative disorders such as
Alzheimer’s, Parkinson’s, and Huntington’s diseases [143]. Elucidating mechanisms that
restore organelle motility and positioning in NPC and CF will help identify clinically
important targets for drug development in a number of human diseases.

Concluding remarks
NPC and CF are clinically divergent diseases that originate from mutations in structurally
and functionally unrelated proteins. The shared phenotype of free cholesterol accumulation
in LE/Ly offers an opportunity to examine the cellular processes that influence lipid
trafficking from different perspectives. Understanding these processes should lead to
identifying sites of intervention that can improve the clinical outcome in each disease.
Already calcium mobilization via curcumin treatment has been shown to be beneficial in cell
and animal models of each disease, although results vary in CF studies. There are three areas
of congruence between diseases that could be of interest for future study. The first area is
determining the relationship between calcium homeostasis and lipid movement. The role of
ER stress in modulating these pathways is suggested in studies for both NPC and CF, but its
direct impact is unclear. The relative ease of pharmacologically manipulating this system
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makes it attractive for potential therapeutic intervention if distinct mechanisms can be
further delineated. A second goal is to more fully understand the regulation of vesicular
trafficking. Considerable work has been accomplished in this area in NPC research, but
more CF-related studies are needed to determine the influence of CFTR on these pathways.
In addition, alternative mechanisms that influence these trafficking pathways such as the
ability of the adenovirus protein RIDα to circumvent NPC dysfunction merit further
examination. Finally, the role of HDACs in regulating these related phenotypes could be a
powerful therapeutic target. Studies in both NPC and CF have shown potential benefit in
manipulating HDAC function, but these mechanisms need to be further defined to devise
new therapeutic strategies. Side-by-side comparisons of NPC and CF have already led to
identification of common disease manifestations arising from perturbation in cholesterol
trafficking. The next challenge is to understand how NPC and CF genetic lesions converge
to cause this phenotype. It will also be exciting to discover how these seemingly unrelated
genetic pathways collaborate to regulate cholesterol homeostasis.
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Review Highlights

• Niemann-Pick disease Type C and cystic fibrosis display abnormal storage of
free cholesterol.

• Cholesterol storage affects many cellular functions and signaling pathways.

• Finding disease commonalities may lead to new therapeutic targets for both
diseases.
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Figure 1.
Diagrammatic views of NPC1 and CFTR membrane topologies. NPC1 is a 1278 amino acid
protein with 13 putative transmembrane helices and three prominent luminal glycosylated
loops (Loops A, C, and I) that resides in the LE limiting membrane [144]. NPC1 also has a
putative sterol sensing domain (SSD) mapped to transmembrane segments 3 to 7 (red). More
than 250 NPC1 disease-causing mutations have been identified to date. These include
nonsense mutations encoding truncated proteins and point mutations throughout the length
of the protein. The highest relative frequency of point mutations reside in cysteine-rich Loop
I. CFTR is a 1440 amino acid protein with two membrane-spanning domains (MSD) each
composed of six transmembrane helices found primarily on apical membranes in epithelial
cells [18]. Two nucleotide-binding domains (NBD1 and NBD2) and a central regulatory (R)
domain reside in the cytosol. More than 1,700 disease causing mutations have been
identified, with the most common (Δ508, located in NBD1) accounting for 30–80% of
mutant alleles depending on ethnic group [145].
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Figure 2.
NPC and CF converge on multiple intracellular trafficking pathways. CFTR, NPC1, and
NPC2 exit the ER via COPII vesicles (1), and are delivered to final destinations by transport
vesicles derived from TGN (2). Internalized CFTR is sorted back to the plasma membrane
from recycling endosomes (RE) (3). The CFTR misfolding mutation Δ508 cannot exit the
ER and undergoes retrotranslocation to the cytosol (4) where it is degraded by the ubiquitin-
proteasome pathway (5). Polyubiquitin chains link overexpressed CFTR Δ508 to minus-end
directed MT dynein-dynactin motors (6) to facilitate formation of pericentriolar aggresomes.
Aggresomes are engulfed by LC3-positive (green circles) autophagosomes (7) which then
fuse with endosomes en route to Ly where its contents are degraded (8). NPC1 and NPC2
act synergistically to mobilize free cholesterol from LE generating a pool of free cholesterol
(yellow hexagons) available for delivery to membranes throughout the cell (9). NPC1 and
NPC2 also have independent roles, regulating LE-Ly fusion (10) and Ly reformation (11),
respectively. LE motility and positioning is normally controlled by the net balance of
vectorial movements toward opposite ends of MTs (12). LEs accumulate at MT minus ends
leading to formation of abnormal LSOs in NPC and some forms of CF (13).
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Figure 3.
NPC and CF converge on several mechanisms involved in LE/Ly function, ER cholesterol
homeostasis and quality control, and MT-dependent organelle motility. In the prevailing
model for NPC protein function, soluble NPC2 mobilizes free cholesterol from LBPA-rich
internal membranes in multivesicular LEs (1). NPC2 then delivers free cholesterol to the N-
terminal loop of NPC1 (2), and free cholesterol is exported from LE/Ly to other cellular
membranes including the ER by an unknown mechanism (3). An alternative model proposes
that NPC1 controls proton-dependent LE/Ly calcium filling via an unknown mechanism (4).
LE/Ly calcium fuels local elevations in cytosolic calcium required for LE/Ly fusion (5). The
ER houses multiple sterol-sensing proteins involved in cholesterol homeostasis. Stringent
ER quality control has an important role in cholesterol homeostasis as several ER stressors
bypass cholesterol inhibition of SREBP trafficking to the Golgi by depleting Insig-1 (6). LE/
Ly motility and positioning is regulated by GTP-Rab7 effectors RILP and ORP1L that
reversibly couple these organelles to minus end directed dynein-dynactin MT motors.
ORP1L has several protein interaction modules including amino-terminal ankyrin repeats
that bind GTP-Rab7, a pleckstrin homology (PH) domain, a FFAT motif capable of binding
VAP located on ER membranes, and an oxysterol regulatory domain (ORD) (see inset).
When the ORP1L ORD is occupied by LE cholesterol, the Rab7-RILP-ORP1L complex
assumes a conformation allowing it to bind minus end directed dynein-dynactin MT motors
(7). The ORP1L FFAT motif is exposed under low LE/Ly sterol conditions facilitating
interactions with VAP that trigger release of dynein-dynactin MT motor complexes from
RILP (8). Unopposed dynein-dynactin MT activity as in NPC impairs LE/Ly motility
causing accumulation of cholesterol-filled LSOs at the MTOC. CF conceivably impairs LE/
Ly motility triggering a similar response by interfering with normal function of βarr2 at the
MTOC (9).
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