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We have reported that �1 Na/K-ATPase regulates the traf-
ficking of caveolin-1 and consequently alters cholesterol distri-
bution in the plasma membrane. Here, we report the reciprocal
regulation of �1 Na/K-ATPase by cholesterol. Acute exposure
of LLC-PK1 cells to methyl �-cyclodextrin led to parallel
decreases in cellular cholesterol and the expression of �1
Na/K-ATPase. Cholesterol repletion fully reversed the effect of
methyl �-cyclodextrin. Moreover, inhibition of intracellular
cholesterol trafficking to the plasma membrane by compound
U18666A had the same effect on �1 Na/K-ATPase. Similarly,
the expression of �1, but not �2 and �3, Na/K-ATPase was sig-
nificantly reduced in the target organs of Niemann-Pick type C
mice where the intracellular cholesterol trafficking is blocked.
Mechanistically, decreases in the plasmamembrane cholesterol
activated Src kinase and stimulated the endocytosis and degra-
dation of�1Na/K-ATPase through Src- and ubiquitination-de-
pendent pathways. Thus, the new findings, taken together with
what we have already reported, revealed a previously unrecog-
nized feed-forward mechanism by which cells can utilize the
Src-dependent interplay among Na/K-ATPase, caveolin-1, and
cholesterol to effectively alter the structure and function of the
plasma membrane.

Na/K-ATPase was originally discovered as an active ion
transporter residing in the plasma membrane (1). The func-
tional Na/K-ATPase consists of � and � subunits. The � sub-
unit is the catalytic subunit, and four isoforms have been
identified. Although the �1 isoform is found in all cells, the
expression of other isoforms is tissue-specific (2, 3). Na/K-
ATPase is a centrally important ion transporter that is essential
for many cellular activities, including maintaining membrane
potential and excitability in neurons. Moreover, recent studies
indicate that Na/K-ATPase performs many non-pumping
functions (4–8). For example, Na/K-ATPase interacts with Src
kinase, forming a functional signaling complex capable of
transducing extracellular signals into activation of intracellular
kinase cascades (9). Interestingly, the signaling Na/K-ATPase
mainly resides in the specialized membrane microdomains
called caveolae and interactswith caveolin-1, a caveolae protein
marker (7).

Caveolin-1 is a 22-kDa protein. In addition to its role in bio-
genesis of caveolae, caveolin-1 is involved in cholesterol traf-
ficking to and from the plasma membrane (10). Reciprocally,
the plasma membrane cholesterol controls the mobility and
trafficking of caveolin-1 (11, 12). Interestingly, we have re-
ported that the plasma membrane pool of Na/K-ATPase
directly interacts with caveolin-1 (6). Moreover, this interac-
tionnot only regulates themobility and trafficking of caveolin-1
but also plays an important role in maintaining the plasma
membrane cholesterol content and in regulating intracellular
cholesterol trafficking (8). Thus, to understand the interplay
among Na/K-ATPase, cholesterol, and caveolin-1, we exam-
ined whether cholesterol regulates the expression of �1 Na/K-
ATPase. Our new findings indicate that a decrease in plasma
membrane cholesterol could stimulate a Src-dependent path-
way, leading to the endocytosis and degradation of �1 Na/K-
ATPase. Moreover, these regulations appear to be operational
in vivo because the expression of �1 Na/K-ATPase is signifi-
cantly reduced in the target organs of NPC13 mice.

EXPERIMENTAL PROCEDURES

Materials—The antibodies and their sources are as follows:
The mouse monoclonal anti-Na/K-ATPase �1 antibody (�6F)
forWestern blot analysis was purchased from theDevelopmen-
tal Studies Hybridoma Bank at the University of Iowa. The
mouse monoclonal anti-Na/K-ATPase �1 antibody for immu-
nocytochemistry was from Upstate Biotechnology, Inc. (Lake
Placid,NY). The rabbit polyclonal anti-pY418-Src antibodywas
bought from Invitrogen. The rabbit polyclonal anti-insulin
receptor � subunit antibody, the rabbit polyclonal anti-caveo-
lin-1 antibody, themousemonoclonal anti-�-tubulin antibody,
the mouse monoclonal anti-c-Src antibody, and all secondary
antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA). The rabbit polyclonal anti-Na/K-ATPase�2 antibody and
the rabbit polyclonal anti-Na/K-ATPase �3 antibody were gifts
from Dr. Thomas A. Pressley (Texas Tech University). Filipin,
M�-CD, and cycloheximidewere obtained fromSigma-Aldrich
(St. Louis, MO). The U18666A compound and MG-132 were
from Caymen Chemical (Ann Arbor, M I). The Amplex Red
cholesterol assay kit was purchased from Molecular Probes,
Inc. (Eugene, OR).
Cell Culture—The LLC-PK1 cells were obtained from the

American Type Culture Collection. Cells were cultured in
DMEM containing 10% fetal bovine serum, penicillin (100
units/ml)/streptomycin (100 �g/ml) in a 5% CO2-humidified
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incubator. After cells reached full confluence, theywere serum-
starved for 24 h and used for experiments unless indicated
otherwise.
Experimental Animals—The BALB/c �/npcnih mice were

purchased from The Jackson Laboratory. BALB/c �/�
(NPC1�/�) and BALB/c npcnih/npcnih (NPC1�/�) mice were
produced by mating BALB/c �/npcnih mice. Genomic DNA
was obtained from tail biopsies and used for PCR-based geno-
typing. All mice were kept in a 12-h dark/light cycle and fed
standard chow ad libitum. Littermates were euthanized at the
age of 10 weeks, and organs, including brain, liver, heart, and
kidney, were carefully dissected and weighed. All tissues were
immediately frozen in liquid nitrogen and stored at �80 °C for
Western blot analysis. All procedures were approved by the
Institutional AnimalCare andUseCommittee of theUniversity
of Toledo, Health Science Campus.
Plasmid Constructs and Transfection—The RFP-Rab7 plas-

mid was requested fromAddgene (Cambridge,MA). For trans-
fection, cells were grown to about 70% confluence and trans-
fected with the corresponding plasmids by Lipofectamine 2000
as described previously (8). Experiments were performed 24 h
after transfection.
Other Assays—Protein concentrations of cell lysates or tissue

homogenates were measured by a protein assay kit from Bio-
Rad. For Western blotting, equal amounts of protein were
loaded onto the gel, separated on 10% SDS-PAGE, transferred
to an Optitran membrane, and probed with corresponding
antibodies. Protein signals were detected with an ECL kit and
quantified by Image J software. To study cellular distribution of
the Na/K-ATPase �1, cells were cultured on coverslips and
treated. Afterward, cells were fixed with ice-cold methanol for
30 min, immunostained, and imaged as described previously
(13). After immunostaining of the Na/K-ATPase �1, the total
cellular signals and intracellular signals were quantified using
the Image J software. Specifically, Na/K-ATPase �1 immuno-
fluorescence within 1 �m of the cell surface is considered
plasmamembrane and its proximity, and immunofluorescence
internal and away from this zone is considered intracellular
region. The ratio between intracellular and total signals was
calculated by intracellular signals/total cellular signals. To
quantify the mRNA, cells were cultured in 6-cm dishes and
serum-starved for 24 h after reaching confluence. Then, cells
were treatedwithU18666A (10�g/ml) for 24 h. Total RNAwas
extracted using TRIzol and subjected to quantitative RT-PCR
analysis of the Na/K-ATPase �1 and GAPDH as described pre-
viously (13). To study the cellular distribution of cholesterol,
cells were stained by filipin as described previously (8). Total
cellular cholesterol was measured using the Amplex Red cho-
lesterol assay kit as instructed.
Statistical Analysis—Data are given asmean� S.E. Statistical

analysis was performed using the Student’s t test, and signifi-
cance was accepted at p � 0.05.

RESULTS

Reduction in the Membrane Cholesterol Decreases Cellular
�1 Na/K-ATPase—Because of its high affinity for cholesterol,
M�-CD is able to specifically extract cholesterol from the
plasma membrane (14). Thus, to begin addressing whether the

plasma membrane cholesterol regulates the expression of
Na/K-ATPase, we assessed the effects ofM�-CDon the cellular
content of the �1 subunit of Na/K-ATPase. LLC-PK1 cells are
derived from pig kidney proximal tubules and express only the
�1 Na/K-ATPase (15). As depicted in Fig. 1, cells were exposed
to M�-CD for 60 min, washed, and recultured in serum-free
medium as described previously (7). Afterward, cells were sam-
pled at different times and subjected to cholesterol measure-
ment and Western blot analyses. A 40% reduction in cellular
cholesterol was recorded right after theM�-CDwas washed off
the cells. Over the next 24 h, cellular cholesterol was gradually
recovered (Fig. 1A). When the cellular Na/K-ATPase was ana-
lyzed in the same samples, we observed a similar change in
expression of the Na/K-ATPase �1 subunit (Fig. 1B). A 40%
down-regulation occurred after M�-CD treatment, and the
expression recovered after 24 h, indicating that the cellular �1
Na/K-ATPase level was positively correlated to the cholesterol
level. To test the specificity of this regulation, we determined
expression of another plasma membrane protein, the insulin
receptor � subunit, under the same experimental conditions.
As depicted in Fig. 1B, changes in cellular cholesterol did not
alter expression of the insulin receptor. To further test the spec-
ificity, we measured another receptor tyrosine kinase, namely

FIGURE 1. Reduction of membrane cholesterol by M�-CD down-regulates
�1 Na/K-ATPase. LLC-PK1 cells were treated with 10 mM M�-CD in the
serum-free medium at 37 °C for 1 h, washed, and then collected after the
washed cells were cultured in serum-free medium for 0, 6, and 24 h. A, cho-
lesterol content in the cell lysates from different time points were measured,
adjusted to protein level, and compared. B, representative Western blots are
shown on the levels of the �1 subunit, the insulin receptor � subunit, and
�-tubulin (used as loading control). Quantitative data in A and B are com-
bined from four separate experiments and expressed as mean � S.E. The
calculations are based on paired analyses between control and M�-CD at
each time point. *, p � 0.05; **, p � 0.01. C, representative confocal images of
the cellular distribution of �1 Na/K-ATPase in the non-treated cells (top) and
M�-CD-treated cells (bottom) are displayed.
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EGF receptor, and observed no difference between the control
andM�-CD-treated LLC-PK1 cells (data not shown). To verify
the effect ofM�-CDon�1Na/K-ATPase expression, cells were
immunostained and then imaged. As shown in Fig. 1C, M�-CD
treatment significantly reduced the plasma membrane pool of
the�1 subunit. Interestingly, although themajority of�1Na/K-
ATPase resided in the plasma membrane in control LLC-PK1
cells, a significant portion of �1 moved to the cytoplasm, resid-
ing in vesicular structures after M�-CD treatment, suggesting
that decreases in the plasma membrane cholesterol might
increase the endocytosis of �1 Na/K-ATPase.
To further establish that it was the plasma membrane cho-

lesterol pool that regulated the expression of the �1 Na/K-
ATPase, we treated the serum-starved cells with an intracellu-
lar cholesterol trafficking inhibitor, compound U18666A.
Consistent with the literature (16, 17), treatment of LLC-PK1
cells with compoundU18666A led to redistribution of free cho-

lesterol from the plasma membrane to intracellular compart-
ments, as revealed by filipin staining (Fig. 2A). Consequently,
this caused a significant reduction in the plasma membrane �1
Na/K-ATPase. Concomitantly, vesicular accumulation of �1
Na/K-ATPase was readily detectable in compound U18666A-
treated cells. These effects were dose-dependent. When the
intracellular �1 Na/K-ATPase signal was quantified using
Image J software, it amounted to about 10% of the total cellular
�1 Na/K-ATPase signal. This pool of �1 Na/K-ATPase
increased to 28 and 38% after cells were treated for 24 h with
U18666A at doses of 5 and 10 �g/ml, respectively (Fig. 2A). To
confirm the regulatory effect ofU18666Aon theNa/K-ATPase,
we analyzed the cell lysates byWestern blotting. As depicted in
Fig. 2,B andC, U18666Aproduced a dose- and time-dependent
down-regulation of �1 Na/K-ATPase. However, U18666A
failed to change the expression of the insulin receptor� subunit
(Fig. 2C) and EGF receptor (data not shown). Taken together,

FIGURE 2. Compound U18666A decreases plasma membrane cholesterol and specifically down-regulates �1 Na/K-ATPase. A, LLC-PK1 cells were
treated with different doses of U18666A for 24 h and subjected to filipin (top row of upper panel) and �1 immunostaining (bottom row of upper panel).
Representative images show dose-dependent effects of the U18666A compound on cellular distribution of cholesterol and �1 Na/K-ATPase. The intracellular
and total �1 Na/K-ATPase signals were quantified by Image J software from randomly selected cells, and the ratio was calculated. Values are expressed as
mean � S.E. The number of the cells used for quantification was indicated as n value above the bar graph (bottom panel). **, p � 0.01 compared with control.
Scale bar � 20 �m. U, U18666A. B, representative Western blot analysis from three independent experiments shows the effect of U18666A on the �1 subunit
and �-tubulin after cells were treated for 48 h. C, representative Western blot analysis from three independent experiments shows the effect of U18666A on the
protein levels of the �1 subunit, the insulin receptor � subunit, and �-tubulin after cells were treated by U18666A for 24 h and 48 h, respectively.
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the data indicate that plasmamembrane cholesterol specifically
regulates the expression of �1 Na/K-ATPase in LLC-PK1 cells.
Reduction in theMembrane Cholesterol Stimulates the Endo-

cytosis and Degradation of �1 Na/K-ATPase—To explore the
molecular mechanism underlying the effect of cholesterol-reg-
ulated expression of �1 Na/K-ATPase, we performed the fol-
lowing experiments. First, we testedwhether cholesterol affects
transcriptional regulation of �1 Na/K-ATPase. As depicted in
Fig. 3A, quantitative RT-PCR revealed no difference in the �1
Na/K-ATPase mRNA level between control and compound
U18666A-treated cells. Second, because both M�-CD and
compound U18666A increased the accumulation of �1 Na/K-
ATPase in intracellular vesicles, we assessed whether choles-
terol regulates the endocytosis of existing �1 Na/K-ATPase or
exocytotic delivery of the newly synthesized �1 Na/K-ATPase.
Cells were treated with a protein synthesis inhibitor, cyclohex-
imide, for 1 h as described previously (13) before being exposed
to compound U18666A. As shown in Fig. 3B, blockade of pro-
tein de novo synthesis by cycloheximide did not prevent com-
pound U18666A-induced accumulation of �1 Na/K-ATPase in
intracellular vesicles. These findings indicate that compound
U18666A could stimulate the endocytosis and then degrada-
tion of the Na/K-ATPase. It has been reported that �1 Na/K-
ATPase is ubiquitinated and degraded in the lysosomes in
response to hypoxia (18, 19). To test whether that is also the
case here, we first used MG-132, an inhibitor of the ubiquitin-
proteasomal pathway (12), in U18666A-treated cells. As shown
in Fig. 3C, MG-132 completely blocked U18666A-induced �1
down-regulation. To further test this postulation, wemeasured
whether compound U18666A increased the accumulation of
the Na/K-ATPase in late endosomes/lysosomes. To do so, we
transfected LLC-PK1 cells with RFP-tagged Rab7, a marker for
late endosome/lysosomes (20). As shown in Fig. 3D, the major-
ity of �1 Na/K-ATPase resided in the plasma membrane, and
no colocalization between the �1 Na/K-ATPase and Rab7 was
detected in control cells. In contrast, compound U18666A
treatment led to massive intracellular accumulation of �1
Na/K-ATPase, most of which was clearly colocalized with the
Rab7 signals.
Regulation of �1 Na/K-ATPase by Cholesterol Requires the

Activation of Src—We previously demonstrated that ouabain
stimulated the endocytosis of �1 Na/K-ATPase through a Src-
dependent pathway (21). To test whether Src kinase is involved
in cholesterol-regulated �1 trafficking, we first measured the
effect of cholesterol reduction on Src phosphorylation at tyro-
sine 418, an indication of Src activation (9). As shown in Fig. 4A,
M�-CD decreased cholesterol and activated Src in a time-de-
pendent manner. These effects were fast. Significant changes
were detected in 5min,which is in accordancewith prior obser-
vations (11, 22). To be sure that the effect of M�-CD on Src is
mediated by the reduction in cholesterol, we remeasured Src
pY418 after cells were repleted with cholesterol in the pres-
ence of M�-CD. As depicted in Fig. 4B, addition of choles-
terol to M�-CD prevented Src activation. Consistently,
exposure of cells to U18666A also induced Src activation in a
time-dependent manner (Fig. 4C). To assess whether activa-
tion of Src is involved in the cholesterol regulation of �1
Na/K-ATPase trafficking, we used Src kinase inhibitor PP2

FIGURE 3. Membrane cholesterol reduction leads to the endocytosis and
degradation of �1 Na/K-ATPase. A, LLC-PK1 cells were treated with 10
�g/ml U18666A for 24 h. Total RNA was extracted, and quantitative RT-PCR
was performed to probe �1 and GAPDH mRNA as described under “Experi-
mental Procedures.” Data were from three independent experiments. U,
U18666A. B, LLC-PK1 cells were treated with cycloheximide (10 �g/ml for 1 h)
before being exposed to different doses of U18666A for 24 h. Cells were then
fixed and immunostained for the Na/K-ATPase �1 subunit. Representative
confocal images are shown. CHX, cycloheximide. U, U18666A. C, LLC-PK1 cells
were treated with 10 �g/ml U18666A in the presence (�) or absence (-) of 20
�M MG-132 for 24 h. Representative Western blots are shown on the levels of
the �1 subunit and �-tubulin. Quantitative data from four separate experi-
ments are shown below and expressed as mean � S.E. **, p � 0.01 compared
with control. D, LLC-PK1 cells were transfected with RFP-Rab7 for 24 h before
exposed to 5 �g/ml U18666A for 24 h. Afterward, cells were fixed and immu-
nostained for the �1 subunit. Representative confocal images of �1 staining,
RFP-Rab7, and merged figures are shown. The arrows point to the colocaliza-
tion of �1 and RFP-Rab7. The same experiments were repeated at least three
times. Scale bar � 20 �m.
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to block Src activation. As revealed by �1 Na/K-ATPase
immunostaining and quantification in Fig. 5A, PP2 abolished
M�-CD-induced endocytosis of �1 Na/K-ATPase. To verify
this, we performed Western blot analyses of cell lysates. The
data showed that PP2 preventedM�-CD-induced down-reg-
ulation of cellular �1 Na/K-ATPase (Fig. 5B). As expected,
PP2 was also effective in blocking U18666A-induced �1
Na/K-ATPase endocytosis and degradation (Fig. 5, C andD).
Taken together, our results indicate that the plasma mem-
brane cholesterol regulates trafficking of the Na/K-ATPase
via an Src-dependent pathway.
Down-regulation of the Na/K-ATPase �1 Isoform in the Liver

andBrain ofNPC1Mice—U18666A treatment is known to pro-
duce an NPC1-like phenotype in cell cultures (16). NPC1 dis-
ease is a cholesterol storage disorder causing prominent neuro-
degeneration in the central nervous system (23). Peripherally, it
also affects the liver and spleen. A mouse model for NPC1 dis-
ease, the BALB/c npcnih/npcnih (NPC1�/�) mouse, has been
shown to resemble human NPC1 disease (24). Moreover, mas-
sive cholesterol accumulation is observed in the NPC1�/�

mouse liver. Thus, to verify that abnormal cholesterol metabo-

lismaffects expression of theNa/K-ATPase in vivo, we analyzed
the�1Na/K-ATPase content in liver lysates. As depicted in Fig.
6A, expression of�1Na/K-ATPase was significantly reduced in
the liver of NPC1�/�mice. On the other hand, no change in the
insulin receptor� subunitwas detected. Interestingly, when the
�1 Na/K-ATPase content was analyzed in the kidney and heart
lysates, two of the less affected organs, no reduction was
observed (Fig. 6B). Because the Na/K-ATPase is centrally
important formaintainingmembrane potential and excitability
of neurons, the above findings prompted us to assess whether
neuronal expression of the �1 subunit is also reduced in
NPC1�/� mice. As depicted in Fig. 6C, significant reduction in
�1Na/K-ATPase, but not in the insulin receptor� subunit, was
detected in whole brain lysates in NPC1�/� mice. It is known
that neurons express both �1 and �3 isoforms of the Na/K-
ATPase, whereas gliocytes express �1 and �2 isoforms (25).
When we measured �2 and �3 subunits, we failed to detect
significant changes in either �2 or �3 subunits (Fig. 6C). Thus,
it appears that the cholesterol trafficking defect in NPC1 dis-
ease specifically affects the expression of the �1 subunit in tar-
get organs such as the liver and brain.

FIGURE 4. Membrane cholesterol reduction activates Src kinase. A, LLC-PK1 cells were treated with 10 mM M�-CD for different times. Cholesterol content in
the cell lysates from different time points were measured, adjusted to protein level, and compared (left panel). Representative Western blots are shown on the
levels of Src-pY418 and c-Src (right panel). Quantitative data from four separate experiments are shown below and expressed as mean � S.E. *, p � 0.05; **, p �
0.01 compared with control. B, LLC-PK1 cells were treated with 10 mM M�-CD or 10 mM M�-CD/0.1 mM cholesterol for 10 min. Representative Western blots are
shown on Src-pY418 and c-Src. Quantitative data from four separate experiments are shown below and expressed as mean � S.E. **, p � 0.01 compared with
control. C, LLC-PK1 cells were treated with 10 �g/ml U18666A for different times. Representative Western blots are shown on the levels of Src-pY418 and c-Src.
Quantitative data from four separate experiments are shown below and expressed as mean � S.E. *, p � 0.05; **, p � 0.01 compared with control.
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DISCUSSION

Cholesterol and Na/K-ATPase are two indispensable com-
ponents of the plasma membrane in mammalian cells. Na/K-
ATPase is a key regulator of transmembrane transport pro-
cesses and a receptor for endogenous cardiotonic steroids (26).
The plasma membrane cholesterol is important for many cel-
lular activities, including the formation of lipid rafts and the
regulation of ER cholesterol content and, thus, cholesterol syn-
thesis and metabolism (27–29). We have reported that the
Na/K-ATPase regulates the content of cholesterol in the

FIGURE 5. Membrane cholesterol-regulated trafficking of �1 Na/K-
ATPase is dependent on Src kinase activity. A, LLC-PK1 cells were pretreated
with 1 �M PP2 for 1 h before addition of 10 mM M�-CD for 3 h. Cells were fixed
and immunostained with Na/K-ATPase �1. Representative confocal images of
�1 staining are shown on the left. The quantification of the immunostaining
results was done as in Fig. 2A, and is shown on the right. The number of the
cells used for quantification was indicated as the n value above the bar graph
(right panel). **, p � 0.01 compared with control. Scale bar � 20 �m. B, the
same treatments were performed as in A, and representative Western blots
are shown on the levels of the �1 subunit and �-tubulin. Quantitative data

from four separate experiments are shown below and expressed as mean �
S.E. **, p � 0.01 compared with control. C, LLC-PK1 cells were pretreated with
1 �M PP2 and cycloheximide (10 �g/ml for 1 h) before addition of 10 �g/ml
U18666A (U) for 24 h. Cells were fixed and immunostained for the Na/K-
ATPase �1 subunit. Representative confocal images of �1 staining are shown
on the left and quantification shown on the right. **, p � 0.01 compared with
control. D, the same treatments were performed as in C, and representative
Western blots are shown on the levels of the Na/K-ATPase �1 subunit and
�-tubulin. Quantitative data from four separate experiments are shown
below and expressed as mean � S.E. **, p � 0.01 compared with control. Scale
bar � 20 �m.

FIGURE 6. Down-regulation of the �1 Na/K-ATPase in target organs of
BALB/c npcnih/npcnih mice. A, representative Western blots on the Na/K-
ATPase �1 subunit, insulin receptor �, and �-tubulin of liver samples from
NPC1�/� and NPC1�/� mice are shown. **, p � 0.01. B, representative West-
ern blots on the Na/K-ATPase �1 subunit and �-tubulin of kidney or heart
samples from NPC1�/� and NPC1�/� mice are shown. C, representative West-
ern blots show the effect of NPC1 knockout on brain Na/K-ATPase �1, �2, and
�3 subunit and the insulin receptor � subunit. The asterisk beside the lower
bands in the immunoblot results of the insulin receptor � denotes an
unknown band. All Western results were quantified from five NPC1�/� and 5
NPC1�/� mice, normalized to �-tubulin level except for brain proteins, shown
in the right panels, and expressed as mean � S.E. **, p � 0.01.
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plasma membrane through a highly conserved N-terminal
caveolin-1 binding motif (6, 8). Alteration in the expression of
Na/K-ATPase affects the formation of caveolae and cholesterol
synthesis and trafficking in vitro and in vivo. In this study, we
demonstrated that the plasma membrane pool of cholesterol
regulates membrane trafficking and expression of Na/K-
ATPase. A decrease in cholesterol leads to the activation of Src
kinase, which promotes the endocytosis of and degradation of
�1Na/K-ATPase. In view of the fact that reduction of�1Na/K-
ATPase activates cellular Src, resulting in a decrease in caveo-
lin-1 and cholesterol in the plasma membrane (6, 8, 15), it
appears that cells have acquired a Src-dependent interplay
among Na/K-ATPase, cholesterol, and caveolin-1. This func-
tional interplay may establish a highly efficient feed-forward
mechanism that detects the change in cellular cholesterol
or/and�1Na/K-ATPase and then alters the structure and func-
tion of the plasma membrane (Fig. 7). For example, a decrease
in cholesterol could initiate a Src-dependent endocytosis and
degradation of �1 Na/K-ATPase, which in turn would reduce
the number of Na/K-ATPase in the plasmamembrane, causing
further activation of Src and, consequently, a further decrease
in the membrane cholesterol. Interestingly, activation of Src
has been noted in the target organs of NPC1 mice (30) and
contributed to neurodegeneration (31). Thus, the proposed
feed-forwardmechanism could be functional, resulting in a sig-
nificant decrease in neuronal and hepatic Na/K-ATPase in
NPC1mice. It is important to note that the effect of cholesterol
on the activity of Na/K-ATPase has been well documented
(32, 33). Moreover, several reports show a decrease in Na/K-
ATPase activity in diseases that are associated with abnormal
cholesterol metabolism (34, 35).
An unresolved issue in our proposed model is how choles-

terol reduction activates Src kinase. Because it is well known
that cholesterol reduction results in an increase in caveolin
mobility and endocytosis (11, 12, 22, 36), one possibility is that
cholesterol reduction attenuates the inhibitory effect of caveo-
lin-1 on Src kinase (37). Moreover, we have demonstrated
before that �1 Na/K-ATPase directly interacts and inhibits Src
kinase activity (9, 38). Thus, it is conceivable that a reduction in
the membrane Na/K-ATPase could further the Src activation
(Fig. 7). Undoubtedly, further experiments are required to test
our hypothesis and resolve this issue. Finally, it is important to
mention that M�-CD was also found to reduce the phosphor-
ylation of Src in breast cancer cells (39). Thus, it is possible that

cholesterol reduction may have a different effect on the �1
Na/K-ATPase in these cancer cells.
Although it remains to be investigated how reduction of cell

surface cholesterol induces the endocytosis and degradation of
�1 Na/K-ATPase, it would be of interest to compare the �1
Na/K-ATPase with two well studiedmembrane proteins, SREB
cleavage-activating protein (SCAP) and caveolin-1. SCAP is a
cholesterol sensor embedded in the ERmembrane. It is in com-
plex with SREBP (sterol regulatory element binding protein).
The interaction between the cholesterol and the ER SCAP
enables the binding of Insig to the complex, which stabilizes the
complex in the ER and prevents the transport of SCAP/SREBP
to the Golgi apparatus (28). Similarly, the binding of plasma
membrane cholesterol to the �1 Na/K-ATPase could promote
the association of �1 Na/K-ATPase to another protein, result-
ing in the inhibition of budding and endocytosis of �1 Na/K-
ATPase.On the other hand, because theNa/K-ATPase is highly
enriched in caveolae, it may go through a pathway similar to
that of caveolin-1. In this case, removal of cholesterol stimu-
lates Src and other protein kinases, which increases the mobil-
ity and endocytosis of caveolin-1 (11, 22). Indeed, we found that
the regulatory effect of cholesterol on �1 Na/K-ATPase
required the activation of Src kinase (Figs. 4 and 5).
The NPC1 disease is characterized by accumulation of intra-

cellular cholesterol within the late endosome/lysosomes, which
is believed to be due to a defect of the cholesterol trafficking
between internal membranes and the plasma membrane. The
disease is marked by neuronal dysfunction and cell death in the
central nervous system (23). However, it is not well understood
how these two events are connected. On the other hand, Na/K-
ATPase is known to be a major force in maintaining the resting
membrane potential and neuron excitability. Recent studies
have further demonstrated that it also regulates cell growth (13,
40) and plays a key role in neuronal cell survival/death (41).
Thus, our new findings warrant a need of further investigation
as to whether the down-regulation of �1 Na/K-ATPase con-
tributes to the pathogenesis of NPC1 disease. Moreover, these
studies are also relevant to many other neurodegenerative dis-
eases (e.g. Alzheimer and Parkinson) because deregulation of
cholesterol metabolism has been well documented in the cen-
tral nervous system of these patients.
Peripherally, the liver represents the most affected organ in

NPC1�/� mouse. Hepatic enlargement and dysfunction are
well documented. Interestingly, although total hepatic choles-
terol has increased several-fold in the NPC1�/� liver, choles-
terol synthesis and uptake are continuously increased. This
abnormality is apparently due to the decrease in cholesterol
content in the plasma and ER membranes and the subsequent
activation of SREBP (28, 42). Interestingly, we observed a sig-
nificant decrease in cellular �1 Na/K-ATPase in the NPC1�/�

liver. This decrease may be relevant to the abnormal regulation
of cholesterol metabolism. We reported that knockdown of
hepatic �1 Na/K-ATPase activated SREBP and consequently
increased hepatic cholesterol synthesis and uptake. Moreover,
it also enlarged the liver (8). These changes are similar to the
phenotypic changes observed in the NPC1�/� liver. At the
molecular level, it is known that most of the cellular cholesterol
localizes and functions in the plasma membrane and that the

FIGURE 7. The proposed model of the Src-dependent interplay among
the �1 Na/K-ATPase, caveolin-1, and cholesterol. This interplay estab-
lishes a feed-forward signaling mechanism that allows cells to regulate cho-
lesterol distribution and Na/K-ATPase expression.
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ER cholesterol pool is controlled by the plasmamembrane cho-
lesterol content (29, 43). Thus, we speculate that the Na/K-
ATPase/cholesterol interaction could act as a cholesterol sen-
sor in the plasma membrane. Disruption of this interaction
would impair the ability of cells to properly regulate intracellu-
lar cholesterol trafficking and, consequently, cholesterol syn-
thesis and metabolism. On the other hand, the proper opera-
tion of the feed-forward mechanism described above would
provide cells with a robust signaling mechanism to activate
SREBP pathways and, thus, cholesterol synthesis.
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