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holesterol homeostasis is essential for the functional integrity
of the cell (1). Both the cellular
content and distribution of cholesterol within the cell is highly dynamic
and tightly regulated through de novo synthesis of cholesterol by the endoplasmic
reticulum (ER) (2), and by uptake of cholesterol ester-rich lipoprotein particles circulating in the serum by the low-density
lipoprotein (LDL) receptor pathway (3).
The main sorting station for cholesterol
within the cell is the late endosome (LE),
an intermediate stage in the endosomallysosomal trafficking pathway (Fig. 1).
LEs are also referred to as ‘‘multivesicular’’ compartments in that they have numerous internalized membrane-enveloped
structures generated by the ESCRT pathway (4) (Fig. 1). Within the lumen of the
LE, cholesterol esters are hydrolyzed to
free cholesterol by acid lipase. Released
cholesterol joins the endogenous cholesterol pool for recycling to the cell surface,
or transferred to the ER where they are
re-esterified and, as necessary, placed in
storage particles for later use (1).
A nagging question in human physiology is how cholesterol imported to LEs is
redistributed to maintain homeostasis?
Current evidence suggests that sorting
utilizes both vesicular and nonvesicular
pathways. However, two LE proteins,
Niemann-Pick C1 (NPC1) and NPC2, appear to be key players that initiate the
sorting process (1, 5–7). Mutations in either one of these two proteins is the cause
of the devastating childhood lysosomal
storage disease, Niemann-Pick type C
(NPC). NPC is characterized by the accumulation of cholesterol and glycosphingolipids in the LE. NPC1 is a multispanning
protein that is localized to the limiting
membrane of LEs. It contains three lumenally oriented domains including an Nterminal domain (NTD). Whether NPC1
functions as a transporter remains controversial. In contrast, NPC2 is a soluble,
glycosylated protein that is present in the
lumen of the LE (5, 8) (Fig. 1). Infante et
al. (9, 10) earlier this year made the unexpected discovery that a major oxysterol
binding protein found in liver was NPC1.
Oxysterols are cholesterol analogs that are
modified with 24-, 25- or 27-hydroxyl
groups and regulate cholesterol pathways
(11). Careful molecular dissection of
NPC1 revealed that the soluble NTD of
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Fig. 1. Cartoon illustrating potential NPC1/2 TTD
trafficking patterns of cholesterol in the LE/
multivesicular body. NPC2 is then central shuttle in
a unidirectional transfer pathway that mobilizes
cholesterol from the LE limiting membrane, lipoprotein particles, or internal vesicles to NPC1 for
transfer to ORP or vesicular trafficking pathways.

NPC1 [NPC1(NTD)] contained all of the
sterol binding capacity of NPC1 and
bound oxysterol stronger than cholesterol
(9). This finding was in contrast to the
soluble NPC2 protein that clearly showed
a strong preference for cholesterol and
did not bind oxysterols (8–10). Mutation
of either NPC1 or NPC2 yields an identical Niemann-Pick disease etiology (1, 5, 6,
12), suggesting that they work together in
an unknown fashion to export cholesterol.
In this issue of PNAS, Infante et al.
(13) have now moved our understanding
of the significance of sterol binding to
NPC1 and NPC2 to the next level,
namely, their separate and likely sequential roles in cholesterol mobilization from
the LE. They first showed that
NPC1(NTD) bound cholesterol, albeit
slowly and had a slow dissociation rate. In
contrast, NPC2 bound and released cholesterol rapidly. Next, they asked whether
a functional interaction exists between
NPC1(NTD) and NPC2. In a series of
clever experiments in which NPC1(NTD)
or NPC2 were separately preloaded with
the [3H]cholesterol ([3H]Chol) substrate
(the donors), they asked whether transfer
could occur to unlabeled NPC1(NTD) or
NPC2 (the acceptors). The [3H]Chol-

NPC1(NTD) donor showed very slow
transfer of [3H]Chol to either
NPC1(NTD) or NPC2 acceptors. In contrast, [3H]Chol-NPC2 donor rapidly transferred [3H]Chol to either NPC1(NTD) or
NPC2 acceptors. To begin to assess the
relevance of this observation to lipid
transfer between LE bilayers (Fig. 1),
liposomes were used as either the donor
or acceptor for [3H]Chol. Transfer from
donor [3H]Chol-loaded liposomes to acceptor NPC2 was very fast and was not
influenced by the presence of
NPC1(NTD). In contrast, transfer of
[3H]Chol was very slow between
NPC1(NTD) and liposomes. Strikingly,
addition of NPC2 accelerated [3H]Chol
transfer nearly 100-fold between liposomes and NPC1. The transfer of cholesterol occurred whether NPC1(NTD) was
the [3H]Chol acceptor or the liposomes
were the acceptor. Moreover, transfer was
inhibited by a missense mutation in NPC2
that prevented cholesterol binding. These
data demonstrate for the first time that
NPC1 and NPC2 function as the cellular
‘‘tag team duo’’ (TTD) to catalyze mobilization of cholesterol within the multivesicular environment of the LE to effect
egress through the limiting bilayer of the
LE (Fig. 1).
What do these observations tell us
about cholesterol trafficking in the cell?
One possibility is that cholesterol found in
LEs is bound by the NTD of NPC1 as the
first member of a tag team for either direct export or transfer to NPC2 for delivery to an cholesterol efflux transporter
such as ABCA1 (1, 5). Alternatively, cholesterol may be bound by NPC2 as the
first member of the tag team and delivered to the NTD of NPC1 for direct efflux or transfer to ABCA1 from the LE.
Which order is correct? The first model
could account for efflux of cholesterol
found on the limiting membrane of the
LE, particularly cholesterol derived from
acid lipase hydrolysis of cholesterol esters
found in lipoprotein particles that are associated with the limiting LE membrane.
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NPC1/NPC2 function as a tag team duo to
mobilize cholesterol

However, it does not account for the substantial pool of cholesterol found in the
internal membranes of the LE lacking
NPC1. In contrast, by having NPC2 as the
first carrier of the tag team (Fig. 1), it
allows mobilization from any source and
could be considered the preferred model.
Of course, in either model, what is
needed outside of the LE is a cytosolic
sink for cholesterol transferred to NPC1
in the limiting membrane of the LE.
Here, key suspects include vesicle trafficking pathways and members of the oxysterol-binding protein-related proteins
(ORPs) family (Fig. 1, blue) that are
thought to be cytosolic cholesterol transfer
proteins (5). Thus, the study by Infante et
al. (13) has shown us for the first time a
cholesterol transfer pathway that provides
a mechanism for unidirectional efflux
from the LE.
What does the NPC1/2 TTD tell us
about NPC disease and the optimal path
to treatment? First and foremost, we now
appreciate why loss-of-function mutations
in both proteins trigger NPC disease. As
with any tag team effort, missing one
partner renders playing the game moot. In
the case of mutations affecting NPC2
function, the current results suggests that
to achieve correction we need to focus on
approaches that improve ‘‘donor’’ function, e.g., improved cholesterol mobilization within the LE. One class of drugs
could include the cyclodextrin chemical
scaffold. These are nontoxic small molecules, such as 2-hydroxypropyl-␤-cyclodextrin (14), that are commonly used to modify the cholesterol content of cellular
membranes. In principle, if optimized
through structure activity relationship
studies, these could provide a sustained
cholesterol shuttling mechanism within
the endosomal–lysosomal system to

achieve unidirectional flow via the linked
activities of NPC1 and ORP, or vesicle
traffic.
In contrast, in the case of NPC1 deficiencies, we need to focus on compounds
that improve ‘‘acceptor’’ function. In the
complete absence of NPC1, one possibly
is that correction may require mobilization of cholesterol through up-regulation
of vesicular trafficking pathway(s) (15, 16)
(Fig. 1). On the other hand, most missense mutations in NPC1 may actually
lead to improper trafficking of the protein
from its site of synthesis in the ER to the

limiting membrane of the LE (17, 18).
Such mutants may be more responsive to
the alteration of the protein homeostasis
or ‘‘proteostasis’’ system that is used by
the cell to generate and maintain the protein fold (19). Here, both pharmacological
chaperones (PCs) (i.e., small molecules
such as cholesterol analogs that could
bind and stabilize the fold) or a new class
of compounds we refer to as proteostasis
regulators (PRs) (19) that alter the cellular folding environment to ‘‘repair’’ the
variant fold may favor repopulation of the
LE with functional NPC1 and restoration
of acceptor function. Strikingly, as proofof-principle of the key insights provided
by Infante et al. (13), cyclodextrins have

recently been reported to correct NPC1
null mouse models of disease (20, 21).
Here, cholesterol binding activity of either
internalized cyclodextrin or, possibly, the
presence of an extracellular sink for cholesterol could supplement the shuttle activity of endogenous NPC2 to transfer
cholesterol from internal membranes to
favor efflux via ABCA1 or vesicular recycling pathways.
The work of the Infante et al. tag team
(13) may have found the Achilles heel of
Niemann-Pick disease: the need for a series of linked kinetic equilibria driven by
the NPC1/2 TTD to direct cholesterol
efflux through the limiting membrane of
the LE. Given that fact that NPC1(NTD)
binds oxysterol with higher affinity than
cholesterol (9), oxysterols may provide an
unanticipated regulatory mechanism to
control cholesterol efflux from the limiting membrane of the LE. Of course, there
remains a large number of additional
questions that need to be addressed regarding TTD function in cholesterol mobilization, particularly given the close link
between cholesterol homeostasis (1, 5, 6),
glycosphingolipid metabolism (6, 22), and
Rab recycling pathways (15, 16).
In summary, our new understanding of
cholesterol mobilization from the LE
should allow us to modulate different
steps in the TTD transfer pathway in a
systematic fashion to repair the dysfunctional cellular pathophysiology associated
with disease and provide substantial benefit to NPC children. Indeed, combination
therapy of cholesterol mobilization with
cyclodextrin-like cholesterol binding scaffolds (20, 21) and a PC/PR (18) may
prove to be synergistic to create a substantially improved trafficking and function environment as Kelly and colleagues
(23) have demonstrated recently for Gaucher’s disease.
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