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Recent studies have ascribedmany non-pumping functions to
theNa/K-ATPase.We showhere that graded knockdown of cel-
lular Na/K-ATPase �1 subunit produces a parallel decrease in
both caveolin-1 and cholesterol in light fractions of LLC-PK1
cell lysates. This observation is further substantiated by imaging
analyses, showing redistribution of cholesterol from the plasma
membrane to intracellular compartments in the knockdown
cells. Moreover, this regulation is confirmed in �1�/� mouse
liver. Functionally, the knockdown-induced redistribution
appears to affect the cholesterol sensing in the endoplasmic
reticulum, because it activates the sterol regulatory element-
binding protein pathway and increases expression of hydroxym-
ethylglutaryl-CoA reductase and low density lipoprotein recep-
tor in the liver. Consistently, we detect a modest increase in
hepatic cholesterol as well as a reduction in the plasma choles-
terol. Mechanistically, �1�/� livers show increases in cellular
Src and ERK activity and redistribution of caveolin-1. Although
activation of Src is not required in Na/K-ATPase-mediated reg-
ulation of cholesterol distribution, the interaction between the
Na/K-ATPase and caveolin-1 is important for this regulation.
Taken together, our new findings demonstrate a novel function
of the Na/K-ATPase in control of the plasmamembrane choles-
terol distribution. Moreover, the data also suggest that the
plasma membrane Na/K-ATPase-caveolin-1 interaction may
represent an important sensing mechanism by which the cells
regulate the sterol regulatory element-binding protein pathway.

The Na/K-ATPase, also called the sodium pump, is an ion
transporter that mediates active transport of Na� and K�

across the plasma membrane by hydrolyzing ATP (1, 2). The
functional sodium pump is mainly composed of � and � sub-
units. The � subunit is the catalytic component of the holoen-
zyme; it contains both the nucleotide and the cation binding
sites (3). So far, four isoforms of � subunit have been discov-
ered, and each one shows a distinct tissue distribution pattern
(4, 5). Interestingly, studies during the past few years have
uncovered many non-pumping functions of Na/K-ATPase
(6–10). Recently, we have demonstrated that more than half of
the Na/K-ATPase may actually perform cellular functions other

than ion pumping at least in LLC-PK1 cells (11). Moreover, the
non-pumping pool of Na/K-ATPase mainly resides in caveolae
and interacts with a variety of proteins such as Src, inositol 1,4,5-
trisphosphate receptor, and caveolin-1 (12–14). While the inter-
action between Na/K-ATPase and inositol 1,4,5-trisphosphate
receptor facilitates Ca2� signaling (13) the dynamic association
betweenNa/K-ATPase and Src appears to be an essential step for
ouabain tostimulatecellularkinases (15).Morerecently,wereport
that the interaction between the Na/K-ATPase and caveolin-1
playsan important role for themembrane traffickingofcaveolin-1.
Knockdown of the Na/K-ATPase leads to altered subcellular dis-
tribution of caveolin-1 and increases the mobility of caveolin-1-
containing vesicles (16).
Caveolin is a protein marker for caveolae (17). Caveolae are

flask-shaped vesicular invaginations of plasma membrane and
are enriched in cholesterol, glycosphingolipids, and sphingo-
myelin (18). There are three genes and six isoforms of caveolin.
Caveolin-1 is a 22-kDa protein and is expressed in many types
of cells, including epithelial and endothelial cells. In addition to
their role in biogenesis of caveolae (19), accumulating evidence
has implicated caveolin proteins in cellular cholesterol homeo-
stasis (20). For instance, caveolin-1 directly binds to cholesterol
in a 1:1 ratio (21). It was also found to be an integral member of
the intracellular cholesterol trafficking machinery between
internal membranes and plasma membrane (22, 23). The
expression of caveolin-1 appears to be under control of
SREBPs,2 themaster regulators of intracellular cholesterol level
(24). Furthermore, knockout of caveolin-1 significantly affected
cholesterol metabolism in mouse embryonic fibroblasts and
mouse peritoneal macrophages (25). Because we found that the
Na/K-ATPase regulates cellular distribution of caveolin-1, we
propose that it may also affect intracellular cholesterol distri-
bution and metabolism. To test our hypothesis, we have inves-
tigated whether sodium pump �1 knockdown affects choles-
terol distribution andmetabolism both in vitro and in vivo. Our
results indicate that sodium pump �1 expression level plays a
role in the proper distribution of intracellular cholesterol.
Down-regulation of sodium pump �1 not only redistributes
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cholesterol between the plasma membrane and cytosolic com-
partments, but also alters cholesterol metabolism in mice.

EXPERIMENTAL PROCEDURES

Material—The antibodies and their sources are as follows:
Themonoclonal anti-�1 antibody (�6F) was obtained from the
Developmental Studies Hybridoma Bank at the University of
Iowa. The polyclonal anti-Tyr(P)418-Src antibody was from
Biosource (Camarillo, CA). The polyclonal anti-SREBP2 anti-
body was from Cayman Chemical (Ann Arbor, MI). The poly-
clonal anti-HMG-CoA reductase antibody was from Upstate
Biotechnology Inc. (Lake Placid, NY). The monoclonal anti-
LDL receptor was from Calbiochem. All the other antibodies
included in this study were from Santa Cruz Biotechnology
(Santa Cruz, CA). Optitran nitrocellulose membrane was from
Schleicher & Schuell. Enhanced chemiluminescence SuperSig-
nal kit was purchased from Pierce. Lipofectamine 2000 was
purchased from Invitrogen. An Amplex Red Cholesterol Assay
Kit was purchased from Molecular Probes, Inc. (Eugene, OR).
The Src inhibitor, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)-
pyrazolo[3,4-d]pyrimidine (PP2), was from Calbiochem.
Cell Culture—The control LLC-PK1 and P-11 cell lines,

caveolin-1 knockdown C2–9 cell line, the Na/K-ATPase �1
knockdown cell lines (A4–11, PY-17, and TCN23-19), the rat
�1-rescued PY-17 cell line (AAC-19) or the caveolin-binding
motif mutant rat �1-rescued PY-17 cell line (mCBM) and the
�1 N terminus-YFP expressing LLC-PK1 cells (NT-YFP) were
derived from the LLC-PK1 cells as previously described (14, 16,
26, 27). The relative level of Na/K-ATPase �1 in control, �1
knockdown, and rescued cell lines is listed in Table 1. The cells
were cultured in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum, penicillin (100 units/ml)/strepto-
mycin (100 �g/ml), and 1 �g/ml puromycin in a 5% CO2-hu-
midified incubator. After cells reached 90% confluence, they
were serum-starved for 12 h and used for experiments unless
indicated otherwise.
PlasmidConstructs andTransfection—The rat�1 pump-null

mutant (D371N) was generated as previously described (16).
When the Na/K-ATPase �1 knockdown cells reached �70%
confluence, they were transfectedwith the plasmid or an empty
vector by Lipofectamine 2000 as described previously (16).
Experiments were performed 6 h after transfection.
Experimental Animal—Na/K-ATPase �1�/� and �1�/�

mice were generated as previously described (3). Genomic
DNA was obtained from tail biopsies and used for PCR-based
genotyping. Adult mice at 16�20 weeks were used for the
study. All mice were kept in a 12-h dark/light cycle and fed
standard chow ad libitum. All procedureswere approved by the
Institutional Animal Care andUseCommittee at theUniversity
of Toledo, Health Science Campus.

Phenotypic Analysis—Following a 4-h fast, mice were eutha-
nized with sodium pentobarbital (150 mg/kg). The animal was
weighed before the abdominal cavity was opened, and whole
liver organ was carefully dissected and weighed. The live
weight/body weight ratio was calculated. Subsequently, liver
tissueswere immediately frozen in liquid nitrogen and stored at
�80 °C for cholesterol assay and Western blot analysis. Mean-
while, blood was drawn from the inferior vena cava, stored on
ice for 20�30min, and centrifuged at 2800 � g for 10 min. The
supernatant (plasma) was transferred to a fresh Eppendorf tube
and sent to the University Medical Center immediately for
plasma lipid profile analysis.
Purification of Caveolin-rich Membrane Fractions—Caveo-

lin-richmembrane fractionswere obtained via sucrose gradient
fractionation as described previously (14). Briefly, cells were
washed with ice-cold phosphate-buffered saline and scraped in
2 ml of 500 mM sodium carbonate, pH 11.0. The cell lysates
were homogenized by a Polytron tissue grinder (three 6-s
bursts) and subjected to sonication (three 40-s bursts). The
homogenates were then adjusted to 45% sucrose by addition of
2 ml of 90% sucrose in MBS (25 mM Mes, 0.15 M NaCl, pH 6.5)
and placed at the bottomof ultracentrifuge tubes. The ultracen-
trifuge tubes were then loaded with 4 ml of 35% sucrose and 4
ml of 5% sucrose (both in MBS containing 250 mM sodium
carbonate) and centrifuged at 39,000 rpm for 16–20 h in an
SW41 rotor (Beckman Instruments). Twelve gradient fractions
of 1 ml were collected from the top to the bottom. Among the
fractions, fraction 4 and 5 were combined and diluted with 4ml
of MBS, then centrifuged at 40,000 rpm in a Beckman type 65
rotor for 1 h. The pellet was resuspended in 250 �l of MBS and
is considered as caveolin-enriched caveolar fraction.
Separation of Cytosol and Cellular Membrane—Cells were

washed with ice-cold phosphate-buffered saline and scraped in
2 ml of sucrose buffer A (30 mM histidine, 250 mM sucrose, 1
mM EDTA-Na, pH 7.4). The cell lysates were homogenized by a
Polytron tissue grinder (three 6-s bursts) and subjected to son-
ication (three 40-s bursts). Then cell lysates were transferred to
a 15-ml Falcon centrifuge tube and subjected to centrifugation
at 1,000 rpm for 5 min to remove cell debris. The supernatants
were transferred to ultracentrifuge tubes and were centrifuged
at 100,000 � g in a Beckman type 65 rotor for 1 h. The super-
natants (taken as cytosol fraction), were collected in the Eppen-
dorf tubes. The pellets, taken as the membrane fraction, were
resuspended in 250 �l of buffer A.
Western Blot Analysis and Immunostaining of Caveolin-1—

Protein concentration of cell lysates was measured by Protein
Assay Kit from Bio-Rad (Hercules, CA). Cell lysates with equal
amounts of proteins were loaded onto the gel and 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 using a Bio-Rad GS-670
imaging densitometer. Immunostaining of caveolin-1 was per-
formed as previously described (16).
Cholesterol Assay—Cholesterol was measured by Amplex

Red Cholesterol Assay Kit according to the manufacturer’s
instructions, and the signals were detected by a microplate
spectrofluorometer (excitation: 560 nm; cut off: 570 nm; emis-
sion: 590 nm).

TABLE 1
Sodium pump expression level in different LLC-PK1 derived cell lines

Cell line Na�/K�-ATPase �1 subunit
Content (%)

P-11 1004 negative control cell
A4–11 404 knockdown cell
PY-17 104 knockdown cell
AAC-19 1004 rescued cell
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Filipin Staining—Filipin stainingwas performed as described
before (28). Filipin signalswere viewed by a fluorescencemicro-
scope with a UV filter.
Data Analysis—Data are given as mean � S.E. Statistical

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

RESULTS

Knockdown of the Na/K-ATPase �1 Redistributes Both
Caveolin-1 and Cholesterol—We previously reported that the
Na/K-ATPase �1 was concentrated in caveolae and interacted
dynamically with caveolin-1 in LLC-PK1 cells (14). Moreover,
knockdown of the �1 increased the mobility of caveolin-1,
resulting in decreases in the number of caveolae and the
amount of caveolin-1 in the plasma membrane (16). Because
cholesterol plays an important role in regulation of themobility
of caveolin-1 and the formation of caveolae, we reasoned that
knockdown of the �1 might also alter the membrane distribu-
tion of cholesterol. To test this hypothesis, cell lysates were
fractionated using a detergent-free and carbonate-based den-
sity gradient fractionation procedure (14, 29). The low density
fractions 4/5 prepared from the control LLC-PK1 cells con-
tained �50% of caveolin-1, and the Na/K-ATPase �1 and was
taken as caveolin-1-enriched caveolar fraction (Fig. 1A) (16).
Consistent with what was reported in the literature (30), this
caveolar fraction also contained �50% of total cellular choles-

terol (Fig. 1B).When caveolin-1, Na/K-ATPase �1, and choles-
terol content weremeasured in this fraction prepared from dif-
ferent cell lines, we found that the Na/K-ATPase knockdown
caused an �1 amount-dependent decrease in both caveolin-1
and cholesterol (Fig. 1C). Although cholesterol in A4–11 cells
showed a 20% reduction in comparison to that in control cells,
a 35% decrease was recorded in PY-17 cells. Moreover, when
PY-17 cells were rescued by knocking in a rat �1, we found that
expression of rat �1 was sufficient to restore both caveolin-1
and cholesterol content (Fig. 1C). Finally, when total cellular
cholesterol was measured in different cell lines, we found no
difference among these cell lines (Fig. 1D). These findings
suggest that theNa/K-ATPase plays an important role inmain-
taining the plasmamembrane pool of both caveolin-1 and cho-
lesterol in LLC-PK1 cells and that knockdown of the Na/K-
ATPase likely redistributes cholesterol from the plasma
membrane to other cellular compartments.
Knockdown of the Na/K-ATPase �1 Redistributes Cholesterol

from the Plasma Membrane to the Cytosolic Compartments—
To further confirm the above observation,we investigated cellular
distribution of cholesterol using a fluorescent cholesterol probe,
filipin, in both control (P-11) and the knockdown (PY-17) cells. In
P-11 cells, a majority of filipin signals (which labels non-esterified
cholesterol)were detected in the plasmamembrane.Weak signals
were also detected in the perinuclear region and in the form of

FIGURE 1. Down-regulation of Na/K-ATPase �1 reduces both caveolin-1 and cholesterol in caveolar fractions. A, cell lysates from P-11 and PY-17 cells
were subjected to sucrose gradient fractionation as described under “Experimental Procedures.” Caveolin-enriched fractions (4/5) together with fractions
6�11 were taken for Western blot analysis of Na/K-ATPase �1 and caveolin-1. A representative Western blot of five independent experiments is shown. B, cell
lysates from P-11 cells were fractionated as in panel A, and all 12 fractions were assayed for cholesterol. The percentage of the cholesterol amount in each
fraction was calculated. C, a representative Western blot of three experiments showing the amount of Na/K-ATPase �1 and caveolin-1 in caveolin-enriched
fractions (4/5). Cholesterol content was measured from caveolin-enriched fractions. **, p � 0.01 compared with P-11 control cells, n � 5. D, cholesterol content
was measured from total cell lysates, no difference was detected, n � 3.
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intracellular vesicles (as indicated byarrows) (Fig. 2A). These find-
ings are consistent with what has been reported in the literature
(31).Whencompared, PY-17 cells exhibitedweaker plasmamem-
brane filipin signals.This is in accordancewith the resultsdepicted
in Fig. 1. Concomitantly, increases in filipin labelingwere noted in
the perinuclear region in PY-17 cells. Moreover, PY-17 cells con-
tainedmanyvesicles thatwere strongly labeledwith filipin (as indi-
cated by the arrows) (Fig. 2B). Taken together, the above studies
indicate that knockdown of the Na/K-ATPase redistributed cho-
lesterol from theplasmamembrane to intracellular vesicles aswell
as the perinuclear region.
To test whether cholesterol is redistributed from light caveo-

lar fraction (fraction 4/5) to higher densitymembrane fractions,
we fractionated the cell lysates as in Fig. 1. Afterward, the
caveolar fraction (4/5) and non-caveolar fractions (6–11) were
diluted and centrifuged at 100,000 � g � 60 min. The mem-
brane pellets were collected and subjected to cholesterol meas-
urement. Interestingly, no changes in cholesterol content were
detected in the combined non-caveolar fractions in the �1
knockdown cells (data not shown). These findings indicate that
the plasmamembrane cholesterol must be redistributed to cel-
lular compartments (e.g. vesicles) that are too light to be
pelleted down by 100,000 � g � 60 min. To further test this
postulate, we separated the cell lysates from the control and
Na/K-ATPase knockdown cells into two fractions, namely the
crude membrane pellet and the cytosol fraction obtained after

100,000 � g � 60-min centrifugation. When cholesterol was
measured in these two fractions, we detected a decrease in cho-
lesterol in the membrane faction (Fig. 3A) and a concomitant
increase in the cytosol cholesterol (Fig. 3B) in cell lysates pre-
pared from the knockdown cells. As expected, the differences in
cholesterol distribution among these cells became more obvi-
ous when ratios of cytosol over membrane cholesterol were
calculated and compared, especially in the case of A4–11 cells
(Fig. 3C). Consistent with the findings depicted in Fig. 1, knock-
ing in a rat �1 was sufficient to restore the cytosol and mem-
brane cholesterol to a level comparable to that in the control
P-11 cells (Fig. 3). Taken together, these studies provided fur-
ther support to the notion that knockdown of cellular Na/K-
ATPase redistributed cholesterol from the plasma membrane
to other cellular compartments. The findings also demon-
strated that this centrifugation analysis can be used to detect
the Na/K-ATPase-mediated cholesterol redistribution.
The Interaction between Na/K-ATPase and Caveolin-1, but

Not Src, Is Involved in Control of PlasmaMembrane Cholesterol

FIGURE 2. Effects of alterations in Na/K-ATPase or caveolin-1 on cellular
cholesterol distribution. A, B, C, D, and E show filipin staining of free choles-
terol from P-11, PY-17, C2–9, AAC-19, and mCBM cells, respectively. Arrows
point to the intracellular vesicular filipin signals. Scale bar: 20 �m.

FIGURE 3. Effects of changes in Na/K-ATPase amount on cytosol and
membrane cholesterol content. Cytosol and membrane fractions were pre-
pared from cell lysates as described under “Experimental Procedures.” Cho-
lesterol was measured from the membrane fractions (A) and the cytosol frac-
tions (B). The ratio between cytosol and membrane cholesterol is also shown
(C). *, p � 0.05 or **, p � 0.01 compared with P-11 control cells, n � 5.
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Distribution—The Na/K-ATPase interacts and keeps Src in an
inactive state andknockdownof theNa/K-ATPase increases basal
Src activity and consequently the activity of ERK1/2 (26). It is
known that Src andERK1/2play an important role in regulationof
cholesterol synthesis (32, 33). Moreover, Src is involved in regula-
tionofcaveolin-1 trafficking (16,34).Therefore,we testedwhether
inhibition of Src by PP2 would restore the normal cellular distri-
bution of cholesterol. As previously reported, exposure of PY-17
cells to 1 �M PP2 for 2 h was sufficient to restore cellular Src and
reduce themobility of caveolin-1 vesicle (16). However, it failed to
change intracellular cholesterol distribution in either control P-11
cells or PY-17 cellswhen the cytosol/membrane ratioswere calcu-
lated and compared (Fig. 4A).
It is known that caveolin-1 directly binds cholesterol and affects

cholesterol trafficking. Because the Na/K-ATPase knockdown
changes cellular distribution of caveolin-1, we reasoned that the
interaction between the Na/K-ATPase and caveolin-1 could be
important for cholesterol trafficking to the plasmamembrane. To
test this postulation, we first determined the effect of caveolin-1
knockdown on intracellular cholesterol distribution. Caveolin-1
knockdown cell line C2–9 was generated as previously described
using small interference RNA (14). As depicted in Fig. 4B, these
cells express �20% of caveolin-1 in comparison to that in control
P-11 cells. Interestingly, knockdown of caveolin-1, like Na/K-

ATPase knockdown, significantly increased the cytosol/mem-
brane ratio of cholesterol (Fig. 4C). In accordance, filipin staining
showed an accumulation of cytosolic cholesterol vesicles with a
concomitant decrease in the plasma membrane cholesterol in
C2–9 cells (Fig. 2C).
To further test the role ofNa/K-ATPase-caveolin-1 interaction,

we repeated the above experiments in PY-17 cells rescued by a
caveolin-binding motif mutant (mCBM) rat �1. The �1 subunit
contains a highly conserved caveolin-binding motif at the N ter-
minus. The mCBM rat �1 was generated by mutating two of the
aromatic amino acid residues in the binding motif to Ala (F97A
and F100A). We showed previously that these mutations abol-
ished the interaction between the Na/K-ATPase and caveolin-1
(16). As depicted in Fig. 2, expression of mCBM rat �1 (Fig. 2E),
unlike the expression ofwild-type rat�1 (Fig. 2D), failed to reduce
the vesicular cholesterol staining. Consistently, it also did not
restore the cytosol/membrane cholesterol ratio (Fig. 4C).
To seek further support and test whether the N terminus of

�1 can function as a dominant negative mutant, we transfected

FIGURE 4. The interaction between the Na/K-ATPase �1 and caveolin-1 is
important for proper cholesterol distribution. A, P-11 and PY-17 cells were
treated with 1 �M PP2, an Src inhibitor for 2 h. Afterward, cell lysates were
fractionated into cytosol and membrane fractions and then subjected to cho-
lesterol measurement. Data are mean � S.E., n � 4. B, caveolin-1 protein level
was assayed in P-11 and C2–9 cells by Western blot. C, cell lysates were pro-
cessed as in Panel A and measured for cholesterol. The cholesterol ratio
between cytosol and membrane was calculated. *, p � 0.05 or **, p � 0.01
compared with P-11 control cells, n � 3.

FIGURE 5. Overexpression of N terminus of Na/K-ATPase �1 redistributes
cellular cholesterol. A, a typical confocal image showing the cellular distri-
bution of NT-YFP (bottom left) and the endogenous caveolin-1 protein in the
LLC-PK1 cells (top right) or in the NT-YFP cells (bottom right). Immunostaining
of caveolin-1 was performed as described under “Experimental Procedures.”
B and C, filipin staining of cellular cholesterol from control P-11- and NT-YFP-
expressing LLC-PK1 cells. Scale bar: 20 �m. D, cell lysates were processed as
described in Fig. 3, and the cholesterol ratio between cytosol and membrane
was calculated. **, p � 0.01 compared with P-11 control cells, n � 3.
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LLC-PK1 cells with a YFP-tagged N terminus (amino acids
1–160) of �1 (NT-YFP) and generated a stable cell line (27).
Confocal imaging analyses revealed that the expressedNT-YFP
resided mainly in the intracellular compartments (Fig. 5A).
Interestingly, expression of NT-YFP led to accumulation of the
caveolin-1 protein in the perinuclei regions. Furthermore, fili-
pin staining showed that expression of NT-YFP was sufficient
to alter the cholesterol distribution as did by Na/K-ATPase
knockdown (Fig. 5, B and C). Consistently, it also increased
cytosol/membrane ratio of cholesterol (Fig. 5D).
Expression of a Pump-null �1D371N Mutant Is Capable of

Restoring Intracellular Cholesterol Distribution in the Knock-
down Cells—To probe whether the pumping function of Na/K-
ATPase is required for the regulation of cholesterol distribu-
tion, we transfected PY-17 cells with a pump-null mutant
(YFP-�1D371N).We showed previously that expression of this
mutant was sufficient to restore the plasma membrane distri-
bution of caveolin-1 (16). Consistently, we found that, like YFP-
�1, expression of YFP-�1D371N mutant in PY-17 decreased
the cytosol cholesterol and concomitantly increased the mem-
brane cholesterol, resulting in significant reduction in the ratio

of cytosol/membrane cholesterol (Fig. 6, A and B). It is impor-
tant to note that these measurements were made in transiently
transfected PY-17 cells, because we could not generate stable
cell lines that express YFP-�1D371N. To seek further evidence,
we transfectedTCN23-19 cells with the samemutant construct
and then stained transfected cells with filipin. Like PY-17 cells,
TCN23-19 cells express �10% of Na/K-ATPase (26). Unlike
PY-17 cells, these cells donot express green fluorescent protein,
making it easier to conduct imaging analyses of YFP-�1D371N
distribution. As shown in Fig. 6C, the plasma membrane
expression of the pump-null D371N mutant was able to
increase the filipin signal in the plasma membrane. However,
because of low transfection efficiency, this increase in the
plasma membrane cholesterol appeared to be modest. Taken
together, these findings indicate that the Na/K-ATPase can
regulate cholesterol distribution independent from its pump-
ing function.
Down-regulation of Na/K-ATPase �1 Subunit in Mice Leads

to Hepatic Cholesterol Redistribution—The data from LLC-
PK1 cells indicated that the Na/K-ATPase �1 interacts with
caveolin-1 and plays an important role in regulating intracellu-
lar cholesterol distribution. To further test the physiological
relevance of the above findings, we determined whether reduc-
tion of the �1 expression in �1�/� mice could alter cellular
cholesterol distribution. Because liver plays an essential role in
the cholesterol metabolism, here we focused on liver tissue
samples from �1�/� and �1�/� mice. As illustrated in Fig. 7A,
Western blot analysis showed a 30% decrease in �1 expression
in the �1�/� livers, which was consistent with previous report
on other tissues (3). When cholesterol was measured, we

FIGURE 6. Effects of the expression of �1D371N mutant on cellular cho-
lesterol distribution. Relative cholesterol content was assayed and calcu-
lated in the cytosol and membrane fractions from PY-17 cells and AAC-19
cells, which is wild-type �1-transfected PY-17 cells (A) and the vector-trans-
fected and the pump-null D371N transfected PY-17 cells (B). *, p � 0.05 or **,
p � 0.01 compared with control cells, n � 6. C, the representative confocal
images of three separate experiments showing (left panel) YFP-D371N
mutant signal (middle panel) filipin signal and (right panel) merged image
from the pump-null D371N-transfected TCN cells. Arrows indicate the plasma
membrane signals. Scale bar: 20 �m.

FIGURE 7. Down-regulation of Na/K-ATPase �1 in mice liver leads to cho-
lesterol redistribution. A, Western blot analysis showed the down-regula-
tion of �1 level in the �1�/� mice liver (n � 5). B, liver samples from both
�1�/� and �1�/� mice were processed as in Fig. 3. Cholesterol from cytosol
and membrane fractions was measured, and the ratio was calculated. **, p �
0.01 compared with �1�/�, n � 6.
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observed that reduction of the �1 expression in liver signifi-
cantly increased the cytosol/membrane ratio of cholesterol
(Fig. 7B), which is consistent with the data obtained in cultured
cells (Fig. 3).
To be sure that reduction in the cellular amount of Na/K-

ATPase alters the interaction among the Na/K-ATPase and its
partners in vivo, we measured cellular Src and ERK activity as
well as caveolin-1 distribution.As shown in Fig. 8A, we detected
a significant increase in cellular Src and ERK1/2 activity in
�1�/� liver samples. Moreover, knockdown of the Na/K-
ATPase significantly redistributed caveolin-1 from fraction 4/5
to high density fractions in liver tissues as detected in cultured
cells (Fig. 8B) (16).
Taken together, the above in vitro and in vivo studies indicate

that the Na/K-ATPase plays a role in regulation of cellular cho-

lesterol distribution. Knockdown of
the Na/K-ATPase could reduce the
plasma membrane pool of choles-
terol, resulting in a concomitant
increase in cholesterol in the
“cytosol.”
Reduction of Cellular Na/K-

ATPase Activates SREBP2, Result-
ing in an Increase in Cellular HMG-
CoA Reductase and LDL Receptor in
Vivo—It is known that the ER cho-
lesterol is highly regulated by the
plasma membrane cholesterol (35).
Therefore, it is conceivable that the
Na/K-ATPase knockdown-induced
reduction in the plasma membrane
cholesterol could alter the ER cho-
lesterol and then the activity of
SREBP2, a cholesterol-sensitive
transcription factor (36). These
studies were performed on liver
samples from both �1�/� and
�1�/� mice, because our prelimi-
nary studies failed to detect SREBP2
using the commercially available
antibodies in LLC-PK1 cells. As
depicted in Fig. 9A, we observed a
40% increase in the amount of active
SREBP2 in liver samples from the
�1�/� mice, supporting the
notion that knockdown of the �1
may be sufficient to alter the ER
cholesterol sensing process. To
seek additional support, we meas-
ured the amount of HMG-CoA
reductase in the liver samples. As
shown in Fig. 9B, a 100% increase
in HMG-CoA reductase was
recorded in �1�/� mouse liver.
Increases in the amount of HMG-
CoA reductase could be the result
of two ER cholesterol-mediated
regulations. Although a decrease

in the ER cholesterol reduces the degradation of HMG-CoA
reductase (37), activation of the SREBP pathway increases
the expression of the enzyme. Thus, to determine whether
increases in the active form of SREBP2 stimulate the expres-
sion of SREBP2-responsible genes, we also measured the cel-
lular amount of LDL receptor. Consistently, there was also a
40% increase in cellular LDL receptor in livers from �1�/�

mice (Fig. 9C).
AReduction in Cellular Na/K-ATPase Is Sufficient to Change

Liver Cholesterol Metabolism and Affect Plasma Lipid
Profile—To further explore the significance of Na/K-ATPase in
cholesterol metabolism, we tested whether increases in cellular
HMG-CoA reductase and LDL receptor affect total cellular
cholesterol. As depicted in Table 2, we found a 15% increase in
total cellular cholesterol in livers from �1�/� mice. Consis-

FIGURE 8. Down-regulation of Na/K-ATPase �1 in mouse liver leads to the activation of Src and ERK1/2
and redistribution of caveolin-1. A, Western blot analysis showed the increase in active Src (Src-pY418) and
pERK1/2 in �1�/� mice liver samples. The quantitative data are presented as mean � S.E. n � 6. B, liver samples
from �1�/� mice and �1�/� mice were subjected to sucrose density fractionation as in Fig. 1. Caveolin-
enriched fractions (4/5) together with fractions 6�11 were taken for Western blot analysis of caveolin-1. A
representative Western blot from three independent experiments is shown. The percentage of signals from
caveolin-enriched fractions against total signals is shown below. *, p � 0.05 compared with �1�/�.
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tently, when plasma cholesterol was measured, plasma choles-
terol content was significantly decreased in the �1�/� mice.
Moreover, the livers from the�1�/� mice appeared to be larger
(Fig. 9D). Taken together, these data indicate that reduction of
the Na/K-ATPase redistributes hepatic cholesterol, which sub-
sequently alters cholesterol metabolism in vivo.

DISCUSSION

In this study, we have demonstrated that the Na/K-ATPase
regulates intracellular cholesterol distribution via its interac-
tion with caveolin-1. This takes place not only in cultured cells
but also in intact animals. We have further revealed that cho-
lesterol redistribution in the�1�/�mouse liver is accompanied
by alteration of cholesterol metabolism. Taken together, these
results strongly suggest that the Na/K-ATPase that pumps and
signals may also play a role in maintaining cholesterol pool in
the plasmamembrane, thus providing a sensingmechanism for
cells to regulate cellular cholesterol metabolism.
Regulation of Intracellular Cholesterol Distribution by the

Na/K-ATPase—Wehave recently suggested that there is a large
pool of non-pumping Na/K-ATPase in LLC-PK1 cells. It

FIGURE 9. SREBP2 pathway is activated in �1�/� mice liver. A–C, samples from both �1�/� and �1�/� mice livers were analyzed by Western blot for the
active form of SREBP2, HMG-CoA reductase, and LDL receptor, respectively. A representative Western is shown, and quantitative data are collected from 5
�1�/� and 5 �1�/� mice livers. D, the liver weight/body weight ratio was calculated from four �1�/� mice and seven �1�/� mice livers. *, p � 0.05, **, p � 0.01
compared with �1�/�.

TABLE 2
Down-regulation of �1 affects liver cholesterol content and plasma
lipid profile

�1�/� �1�/�

Cholesterol/unit of protein (% of WT) 100 � 2 115 � 5a
Plasma cholesterol (mg/dl) 120 � 11.1 81.7 � 25.8b

a p � 0.05 compared to �1�/�.
b p � 0.01 compared to �1�/�.
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appears that a large portion of the non-pumping Na/K-ATPase
resides in caveolae and dynamically interacts with various pro-
teins, including caveolin-1 and Src (14). Moreover, we found
that reduction of this pool of Na/K-ATPase mobilized caveo-
lin-1, resulting in a decrease in plasma membrane caveolin-1
and a concomitant accumulation of caveolin-1 in intracellular
vesicles (16). Here, we have further established that knockdown
of cellular Na/K-ATPase also reduced the amount of choles-
terol in the plasma membrane. Filipin labeling indicated that
the plasmamembrane cholesterol was redistributed to intracel-
lular compartments in the knockdown cells (Fig. 2B). When
total cell lysates were separated into membrane and cytosol
pools, we found that the membrane cholesterol was redistrib-
uted to the cytosol fractions in the �1 knockdown cells. More-
over, this redistribution effect was correlated to the amount of
cellular Na/K-ATPase (Fig. 3). This increase was reversible.
Expression of an exogenous rat �1 restored not only cellular
Na/K-ATPase, but also cholesterol distribution in PY-17 cells
(Fig. 3). Furthermore, it appears that the effect of Na/K-ATPase
on cellular cholesterol distribution is independent of its pump-
ing activity, because expression of a pump-null mutant �1
(D371N) was capable of restoring membrane distribution of
cholesterol in the knockdown PY-17 cells (Fig. 6). Consistently,
we found that A4–11 cells exhibit similar pumping activity as
that of PY-17 cells, but much less change in cholesterol distri-
bution (Fig. 3) (11). Finally, similar changes were detected in
livers from�1�/�mice (Figs. 7 and 8). Knockdownof theNa/K-
ATPase �1 not only increased basal Src and ERK1/2 activity,
but also altered caveolin-1 and cholesterol distribution.
Changes in cellular cholesterol distribution have been

reported (38–40). The most notable is the case of Niemann-
Pick type C1 (NPC1) disease, which is characterized by a mas-
sive accumulation of cholesterol in cytoplasmic vacuoles. These
structures resemble lysosomes/late endosomes, and are of low
buoyant density (41). Similar accumulation has also been
observed when a truncated caveolin-3mutant was expressed in
epithelial cells (39). Moreover, accumulation of cholesterol in
late endosomes occurred when cells were exposed to drug
U18666A. Interestingly, these alterations appear to be caused
by the accumulation of cholesterol in late endosomes, which is
probably due to a defect of the cholesterol trafficking between
plasmamembrane and late endosomes (38).We showed that, in
the Na/K-ATPase knockdown cells, filipin labeling of intracel-
lular vesicles was clearly increased (Fig. 2B). In addition, these
vesicles are too buoyant to be centrifuged down at 100,000 �
g � 60 min. Thus, it is tempting to suggest that the Na/K-
ATPase knockdown produced a similar change in cellular cho-
lesterol distribution as in NPC1 cells or in cells exposed to
U18666A. Alternatively, it is known that there is a pool of sol-
uble caveolin/cholesterol complexes that appear to play a role
in intracellular cholesterol trafficking (22).
The Interaction between Na/K-ATPase and Caveolin-1 Is

Important for Maintaining the Plasma Membrane Pool of
Cholesterol—Na/K-ATPase is known to interact with caveo-
lin-1 and Src directly (14). Moreover, these interactions play a
pivotal role in regulation of caveolin-1 trafficking (16). Finally,
it is known that caveolin-1 directly binds cholesterol in a 1:1

ratio (21) and that caveolin-1 regulates cholesterol trafficking
from and to the plasma membrane (22, 23). Thus, the Na/K-
ATPase knockdown could reduce caveolin-1 and consequently
cholesterol in the plasma membrane. The notion appears to be
supported by our new findings presented in Figs. 2–8. First,
knockdown of caveolin-1 was sufficient to alter cholesterol dis-
tribution as did theNa/K-ATPase knockdown. Second, expres-
sion of a wild-type rat �1, but not a CBMmutant rat �1, could
restore cholesterol distribution in PY-17 cells. Finally, overex-
pression of the N terminus of �1 subunit that contains the
caveolin-binding motif was equally effective in redistributing
cholesterol from the plasmamembrane to intracellular vesicles.
However, other alternatives should also be noted. It is known
that cholesterol affects both the pumping and signaling func-
tion of Na/K-ATPase (11, 14, 42–44). Several of these early
studies suggested that cholesterol directly interacts with the
Na/K-ATPase. Interestingly, when we searched the �1 for a
potential cholesterol binding consensus (-(L/V)X1–5YX1–5(R/
K)-) (45), we found three potential binding sites, one at the first
transmembrane domain and two at the last transmembrane
domain. Moreover, they are highly conserved within mammals
and even toad and fish. Thus, it is plausible that the potential
interaction between the Na/K-ATPase and cholesterol may
also play a role in regulation of cholesterol distribution. Need-
less to say, this issue remains to be resolved.
Regulation of Cholesterol Sensing by the Na/K-ATPase in

Vivo—Liver plays an essential role in cholesterolmetabolism. It
is one of the major organs for de novo cholesterol biosynthesis
and is the predominant site for LDL uptake via LDL receptor-
mediated endocytosis, which is a major factor for lowering the
plasma LDL level (46). Generally, hepatic cholesterol level is
tightly regulated by the cellular cholesterol sensingmechanism.
Lowering the ER cholesterol will reduce the binding of choles-
terol to SCAP, which will activate the transcription factor
SREBP2 and prolong the half-life of HMG-CoA reductase (47).
Activation of SREBP2 can also increase the transcription of
HMG-CoA reductase and LDL receptor. It is known that most
of cellular cholesterol resides in the plasmamembrane and that
the ER cholesterol is highly sensitive to the plasma membrane
cholesterol (35). Thus, it is conceivable that lowering the
plasma membrane cholesterol by knockdown of the Na/K-
ATPase may abolish the cholesterol transport from the plasma
membrane to the ER, resulting in a reduction in the ER choles-
terol and subsequent activation of SREBP2. Consistently, our
results showed an activation of the SREBP2 pathway in �1�/�

mouse livers. This notion is further supported by increases in
both HMG-CoA reductase and LDL receptor (Fig. 9). Interest-
ingly, as illustrated in Table 3, changes in cholesterol metabo-

TABLE 3
Comparison between NPC1 knockout mice and �1�/� mice shows
many similarities in terms of the alteration of cholesterol
metabolism

NPC1�/�a �1�/�

Body weight No change No change
Liver weight/body weight Little1 but not significant Little increase
Liver cholesterol content 1 1
Total plasma cholesterol 2 2
SREBP2 1 (mRNA) 1 (protein)

a1, increase;2, decrease.
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lism detected in �1�/� mice share many similarities with those
found in NPC1�/� mice (48). NPC1 knockout caused signifi-
cant activation of SREBP2, resulting in an increase in hepatic
cholesterol and a decrease in plasma cholesterol (48). As
expected, the �1�/� and SREBP2 transgenic mice also share
many similarities (36). Taken together, our data suggest that
reduction of cellular Na/K-ATPase may decrease the ER cho-
lesterol and subsequently alter cellular cholesterol metabolism
via the activation of a SREBP2-dependent pathway. These find-
ings are significant. First, to our knowledge, this is the first
report showing the involvement of Na/K-ATPase in control of
cholesterol sensing. Second, the data suggest thatmaintaining a
stable pool of Na/K-ATPase is important for controlling the ER
cholesterol and thus cholesterolmetabolism.To this end, it is of
interest to mention that the expression of Na/K-ATPase is sig-
nificantly reduced inmetabolic diseases such as atherosclerosis
(49), obesity (50), and type 2 diabetes (51, 52). Thus, our new
findings warrant further investigation of the role of Na/K-
ATPase in regulation of cholesterol metabolism.
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