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Niemann-Pick C1-like 1 (NPC1L1) is a multi-transmembrane
protein that mediates the absorption of dietary and biliary cho-
lesterol through vesicular endocytosis. The subcellular localiza-
tion of NPC1L1 is regulated by cholesterol. Cholesterol deple-
tion induces the transport of NPC1L1 to plasma membrane
(PM) from endocytic recycling compartment that requires
MyoVb-Rab11la-Rab11-FIP2 triple complex, and cholesterol-re-
plenishment renders the internalization of NPCIL1 together
with cholesterol. Here, we find that GTP-bound Cdc42 interacts
with NPC1L1. Cholesterol depletion regulates the activation of
Cdc42 and enhances NPC1L1-Cdc42 interaction. Overexpres-
sion of constitutive GTP-bound Cdc42 mutant form or knock-
down of Cdc42 inhibits the transport of NPC1L1 to the PM and
disturbs the cholesterol-regulated binding of NPCIL1 to
Rabl1la, MyoVb, and actin. Knockdown of Cdc42 downstream
effectors N-WASP or Arp3 also leads to the similar results. In
liver-specific Cdc42 knock-out (Cdc42 LKO) mice, NPC1L1 fails
to localize to bile canaliculi, and the biliary cholesterol cannot
be efficiently reabsorbed. These results indicate that Cdc42 con-
trols the cholesterol-regulated transport and localization of
NPC1L1, and plays a role in cholesterol absorption.

Intestinal absorption is a major way for mammals to obtain
the exogenous cholesterol, which is mainly mediated by a
multi-transmembrane protein Niemann-Pick Cl-like 1
(NPC1L1)? (1, 2). Human NPCIL1 is highly expressed in small
intestine and liver, and rodent NPC1L1 is selectively expressed
in intestine (1, 2). The NPC1L1 protein localizes on the brush
border membrane of small intestine and canalicular membrane
of liver. It is critical for dietary cholesterol absorption and bili-
ary cholesterol reabsorption (1, 3). In humans the nonsynony-
mous variants of NPC1L1 are associated with cholesterol
absorption variations (4-7).
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NPCIL1 forms a complex with lipid raft proteins Flotillin-1
and -2 (8). Cholesterol depletion induces them to transport to
PM from ERC, which depends on microfilaments and
MyoVb-Rablla-Rab11-FIP2 complex (9, 10). On PM, NPC1L1
binds exogenous cholesterol and form cholesterol-enriched
membrane domains (8, 11). The internalization of these
NPCI1L1-Flotillin‘cholesterol microdomains ensures the effi-
cient uptake of cholesterol (8).

Cdc42, a member of the Rho family of small GTPases, has
been ascribed to numerous functions both in membrane traf-
ficking and cell polarity (12). Cdc42 switches between GDP-
bound inactive state and GTP-bound active state, a process
regulated by guanine nucleotide exchange factors (GEFs),
guanine nucleotide dissociation inhibitors (GDIs), and
GTPase-activating proteins (GAPs). Once bound to GTP,
Cdc42 interacts with N-WASP and releases its autoinhibitory
conformation, which then binds and activates Arp2/3 complex
to initiate branched actin polymerization (13, 14). N-WASP
and Arp2/3 complex are also closely related to the movement of
vesicles and actin polymerization, which is essential for vesicle
budding and trafficking (15, 16).

Here we aim to understand the role of Cdc42 in cholesterol-
regulated transport of NPC1L1. We find that Cdc42 associates
with NPC1L1 and cholesterol depletion activates Cdc42. Over-
expression and knockdown of Cdc42 blocks the transport of
NPC1L1 from ERC to PM upon cholesterol depletion. Co-im-
munoprecipitation (co-IP) assays also demonstrate that Cdc42
together with N-WASP and Arp2/3 are required for cholesterol
regulated binding of NPC1L1 to Rab11a, MyoVb, and actin. In
addition, in vivo analyses in Cdc42 LKO mice indicate that
depletion of Cdc42 disrupts canalicular localization of NPC1L1
and decreases the reabsorption of biliary cholesterol.

EXPERIMENTAL PROCEDURES

Materials—Mouse monoclonal anti-Cdc42 antibodies were
from Millipore and Cytoskeleton, rabbit polyclonal anti-Cdc42
antibody was from Santa Cruz Biotechnology; mouse monoclo-
nal anti-Rac1 antibody was from Millipore, mouse monoclonal
anti-Arp3 antibody was from BD Biosciences, and rabbit anti-
Mrp2 antibody was described previously (17). Mouse monoclo-
nal anti-T7, anti-Myc IgG-9E10, rabbit polyclonal anti-Myc,
anti-EGFP, and secondary antibodies were described previ-
ously (18). Cholesterol, methyl-B-cyclodextrin (CDX), and
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other materials were described previously (9). Cdc42"~/
mice were as described (19).

Cell Culture—CRL1601 (McArdle RH7777 rat hepatoma
cell) and CRL1601-NPC1L1-EGEFP cells that express NPC1L1-
EGEFP were grown in monolayer at 37 °C in 5% CO, (9). Cells
were maintained in medium A (Dulbecco’s modified Eagle’s
medium containing 100 units/ml penicillin and 100 ug/ml
streptomycin sulfate) supplemented with 10% fetal bovine
serum (FBS). For CRL1601-NPCIL1-EGFP cells, 200 wg/ml
G418 was supplemented. Cholesterol-depleting medium is
medium A supplemented with 5% lipoprotein-deficient serum
(LPDS), 10 M compactin, 50 um mevalonate, and 1.5% (w/v)
CDX. Transfection of cells was performed with Fugene HD
(Roche) according to the manufacturer’s manual.

Plasmids—NPC1L1-EGFP, NPC1L1-T7, EGFP-Rab11a, and
EGFP-MyoVb expression plasmids were described previously
(10). Full-length Cdc42 coding sequences were amplified
from human cDNA and inserted in-frame into modified vec-
tors with N-terminal RFP or 5XMyc tags. Cdc42(G12V) and
Cdc42(T17N) mutants were generated by QuickChange
mutagenesis.

Co-immunoprecipitation—24 h after transfection, cells were
treated as indicated, and were immediately washed twice with
ice-cold PBS before harvested in ice-cold lysis buffer (PBS con-
taining 0.5% digitonin, 5 mm EGTA, 5 mM EDTA, protease, and
phosphatase inhibitors). Whole cell lysates were incubated with
anti-EGFP or anti-T7 beads and rotated at 4 °C for 2 h. The
beads were washed five times with lysis buffer, resuspended in
an appropriate amount of SDS-PAGE loading buffer, and incu-
bated at 37 °C for 30 min before loading onto an SDS-PAGE gel.

GST Pull-down/Cdc42 Activity Assay—GST-PAK1-PBD
(amino acids 69-150 of human PAK1) was constructed and
expressed as described (20). 107 CRL1601 cells for each sample
were treated with 1% CDX for indicated times. Cells were
washed twice with ice-cold PBS and then lysed in Mg>™ lysis
buffer (MLB) as described by the Millipore user manual. The
supernatant was incubated with 20 pug of GST-PBD-agarose at
4 °C for 2 h. The beads were washed three times by MLB and
then resuspended in appropriate amounts of SDS-PAGE-load-
ing buffer. Proteins were separated via 15% SDS-PAGE gel and
analyzed via Western blotting.

RNA Interference—Oligo duplexes of siRNA were synthe-
sized by Genepharma (Shanghai, China). The sequences of the
siRNAs were as follows: AGACTCCTTTCTTGCTTGT
(Cdc42-1), TGACAGACTACGACCGTTA (Cdc42-2), CGA-
CAAAGGAAATCTGAAA (N-WASP-1), GTTCCGAAAAG-
CAGTTACA (N-WASP-2), GGTTTATGGAGCAAGTGAT
(Arp3-1), and GAGACCGAGAAGTAGGAAT (Arp3-2).
Transfection of siRNA was carried out as previously described
9).

Adenovirus-mediated Gene Expression—The AdFasy™
Adenovirial vector system was utilized to construct the adeno-
virus expression vectors (21). Adenovirus expressing Cre
recombinase was a kind gift from Dr. Hongbin Ji (Shanghai
Institute of Biochemistry and Cell Biology). For EGFP and
NPCI1L1-EGFP expression, the coding sequences were sub-
cloned into pShuttle-CMV vector and recombined with
pAdEasy vector. The adenoviruses were packaged in HEK293A
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cells and purified with CsCl ultracentrifugation. The viruses
were titered and administrated via tail vein injection (5 X 10°
pfu viruses per mouse for each gene expression). 4 days later,
mouse tissues and bile were collected following 12-h overnight
fasting.

Immunofluorescence—CRL1601 cells were transfected as
described. Cells on coverslips were fixed in 4% formaldehyde
(PFA) for 20 min, then washed with PBS, and mounted. Mouse
livers infected by adenovirus were perfused with PBS followed
by 4% PFA, and further fixed in 4% PFA at 4 °C for 4 h, dehy-
drated in 20% sucrose in PBS overnight, and then were embed-
ded in OCT (Leica Microsystem) and frozen at —80 °C before
preparation of 8-um-thick frozen section. Sections were per-
meabilized and blocked with 0.2% Triton X-100 in PBS contain-
ing 10% FBS for 1 h at room temperature. They were incubated
with anti-Mrp2 antibody (1:200 dilution) overnight at 4 °C and
then Alexa Fluor 555-conjugated second antibody (1:500 dilu-
tion) at room temperature for 1 h. Slides were mounted with
FluorSave (Merk), and images were acquired on a Leica TCS
SP5 imaging microscopy.

Measurements of Hepatic and Biliary Total Cholesterol—
Male mice 8 —10 weeks of age were fed chow diet. Gallbladder
bile was collected after mice were fasted overnight (12 h). For
hepatic cholesterol extraction, 50 mg of liver tissue were snap-
frozen in liquid nitrogen and homogenized in 1 ml of chloro-
form/methanol (2:1) mixed with 200 ul of MilliQ water and
centrifuged at 2000 X g for 10 min; then 20 ul of organic phase
were freeze-dried and applied to measure liver total cholesterol.
To determine biliary lipid concentrations, 5 ul of bile was sol-
ubilized in 45 ul of MilliQ water and extracted with 200 ul of
chloroform/methanol (2:1). The organic phase and aqueous
phase were both freeze-dried and dissolved in ethanol and
MilliQ water, respectively. The organic phase was analyzed for
total cholesterol by enzymatic kits (Wako Cholesterol E).

RESULTS

NPCIL1 Preferentially Interacts with GTP-bound Form of
Cdc42—To identify proteins involved in NPC1L1-mediated
cholesterol absorption, we performed a large-scale co-IP fol-
lowed by SDS-PAGE and tandem mass spectrometry using the
NPCI1L1-EGFP cell line (9). Among the NPC1L1-associated
proteins, Cdc42, a small GTPase of the Rho family, was identi-
fied in one specific band, indicating that Cdc42 plays a role in
NPCI1L1 trafficking. The interaction between NPCIL1 and
Cdc42 was confirmed by co-IP analysis followed by Western
blotting from CRL1601 cells transiently transfected with con-
trol vector or plasmid encoding NPC1L1-T7 (Fig. 14).

Cdc42 switches between GDP-bound inactive state and
GTP-bound active state in response to a variety of stimuli. To
further investigate whether the interaction of NPC1L1 and
Cdc42 depends on the activity of Cdc42, we constructed the
constitutively active (GTP-locked form, G12V) and inactive
(GDP-locked form, T17N) Cdc42 mutants, and performed GST
pull-down assays with GST-PAK1-PBD-agarose (20, 22—24).
As shown in Fig. 1B, GST-PAK1-PBD could effectively interact
with both GTPyS-bound Cdc42 and Cdc42(G12V), while
there is no obvious interaction with GDP-bound Cdc42 and
Cdc42(T17N). Furthermore, NPC1L1 co-precipitated with
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FIGURE 1. Cdc42 interacts with NPC1L1. A, interaction of NPC1L1 with
endogenous Cdc42. The plasmids encoding NPC1L1-T7 or vector pcDNA3
were transfected into CRL1601 cells. 24 h later, the cells were harvested in IP
buffer and immunoprecipitation was performed by pulling down T7-tagged
NPC1L1 with anti-T7 agarose. B, activity of wild type Cdc42, Cdc42-G12V, and
Cdc42-T17N. The plasmids encoding Myc-tagged wild type or mutants of
Cdc42 were transfected into CRL1601 cells. 24 h later, the cells were harvested
in Mg?* lysis buffer, and GST pull-down was performed with GST-PAK1-PBD-
agarose. C, preferential interaction of NPC1LT with GTP-bound Cdc42. The
plasmids encoding NPC1L1-EGFP and Myc-tagged wild type or mutants of
Cdc42 were co-transfected into CRL1601 cells. 24 h later, the cells were har-
vested in IP buffer,and immunoprecipitation was performed by pulling down
EGFP-tagged NPC1L1 with anti-EGFP-agarose.

the constitutively active mutant Cdc42(G12V) but not
Cdc42(T17N), and only weakly bound to wild type Cdc42 (Fig.
1C). These data indicate that NPC1L1 preferentially interacts
with GTP-bound form of Cdc42.

Activity of Cdc42 and Its Interaction with NPC1L1 Are Both
Regulated by Cholesterol Depletion—Previous studies revealed
that cholesterol depletion induced the transport of NPC1L1
toward PM (9, 10). And Cdc42 was reported to be activated by
cholesterol depletion with CDX (25, 26). To investigate the
activation of Cdc42 during NPC1L1-translocation to PM upon
cholesterol depletion, we performed GST-PAK1-PBD pull-
down assays when the cholesterol was depleted. As shown in
Fig. 24, Cdc42 was gradually activated while the cholesterol was
depleted by CDX. After depletion of cholesterol for 20 min,
GTP-bound form of Cdc42 reached the peak level. Then, Cdc42
started to lose its activity even though cholesterol depletion is
continuing. During the cholesterol depletion process, Racl,
another small GTPase with homology to Cdc42, was not acti-
vated, indicating that the activation of Cdc42 induced by cho-
lesterol depletion was specific.

Subsequent co-IP of Myc-tagged wild type Cdc42 and
NPCI1L1 during cholesterol depletion showed that at steady
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FIGURE 2. Cdc42 activity and its interaction with NPC1L1 are both regu-
lated by cholesterol depletion. A, activation of endogenous Cdc42 by cho-
lesterol depletion. CRL1601 cells were depleted of cholesterol with 1% CDX
for various time durations. Then the cells were harvested in Mg?™ lysis buffer,
and GST pull-down was performed with GST-PAK1-PBD-agarose. B, regula-
tion of the interaction between NPC1L1 and Cdc42 by cholesterol depletion.
The plasmids encoding NPC1L1-EGFP and wild type Myc-Cdc42 were
co-transfected into CRL1601 cells. 24 h later, the cells were depleted of cho-
lesterol with 1% CDX for various time durations. Then cells were harvested in
IP buffer and immunoprecipitation was performed by pulling down EGFP-
tagged NPC1L1 with anti-EGFP-agarose.

state (time 0 min) the interaction of Cdc42 with NPC1L1 was
very weak (Fig. 2B, lane 1), but was strengthened to the peak
level after cholesterol depletion for 20 min (Fig. 2B, lane 3).
Similar with the dynamics of Cdc42 activity, the interaction
between Cdc42 and NPC1L1 was gradually reduced by longer
depletion of cholesterol (Fig. 2B). These results demonstrate
that the activity of Cdc42 and its interaction with NPC1L1 are
both regulated by cholesterol depletion at a similar time scale,
suggesting that Cdc42 may play arole in NPC1L1 translocation.

Both Overexpression and Down-regulation of Cdc42 Inhibit
the Transport of NPCIL1 to PM—To directly test whether
Cdc42 is involved in the transport of NPC1L1 to PM, we
expressed RFP-fused wild type (WT), GTP-locked form
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FIGURE 3. Overexpression of Cdc42 inhibits the transport of NPC1L1 to PM. A, plasmids encoding RFP (for control of Cdc42 variants) or RFP-fused wild type
or mutants of Cdc42 were transfected into CRL1601 cells stably expressing NPCTL1-EGFP. 24 h later, the cells were depleted of cholesterol by 1.5% CDX for 60
min. Scale bar represents 10 um. B, quantification of ratio of the intracellular NPC1L1-EGFP shown in A. EGFP fluorescence intensity was measured by Image-Pro
Plus 5.02 as described under “Experimental Procedures.” Error bars represent standard deviations. C, expression level of NPC1L1-EGFP, RFP-fused Cdc42
variants. Transfection and cholesterol depletion were performed as in A, then cells were harvested and subjected to Western blot.

(G12V), and GDP-locked form (T17N) of Cdc42, respectively
in CRL1601 cells stably expressing NPC1L1-EGFP (CRL1601-
NPC1L1-EGEP). At steady state, overexpression of Cdc42(WT),
Cdc42(G12V), or Cdc42(T17N) did not affect the perinuclear
localization of NPC1L1 (results not shown). When cholesterol
was depleted by CDX, NPC1L1 was transported to PM in con-
trol and Cdc42(T17N)-expressing cells (Fig. 3A, white triangle-
labeled cells in the first and fourth panels). In contrast, the
transport of NPC1L1 to PM was inhibited in Cdc42(WT)- and
Cdc42(G12V)-expressing cells (Fig. 3A, white triangle-labeled
cells in the second and third panels). Quantification of intracel-
lular localized NPC1L1 illustrated that after cholesterol deple-
tion, less than 10% of the total NPC1L1 resided within the con-
trol or Cdc42(T17N)-expressing cells (Fig. 3B). However, more
than 50% of the total NPC1L1 was restrained within the cells
expressing Cdc42(WT) or Cdc42(G12V) (Fig. 3B). Meanwhile,
the indistinguishable expression level of Cdc42 variants exam-
ined by immunoblotting indicated that the different effects
caused by these Cdc42 variants were not ascribed to the differ-
ences of expression levels (Fig. 3C). Therefore, we conclude that
excessive GTP-bound Cdc42 inhibits the transport of NPC1L1
to PM.

Because overexpression of GTP-bound Cdc42 showed
strong inhibition of NPC1L1 translocation, we wondered
whether knockdown of endogenous Cdc42 would also affect
the transport of NPC1L1. To answer this question, RNAi of
endogenous Cdc42 in CRL1601-NPC1L1-EGEFP cells was per-
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formed. Western blot analysis showed that Cdc42 protein levels
were substantially reduced by both siRNAs (Fig. 4C). Knock-
down of Cdc42 had no effect on NPC1L1 localization at steady
state (Fig. 4A), whereas, after cholesterol depletion for 60 min
following Cdc42 RNAIi, around 80% of total NPCI1L1 was
retained in perinuclear regions (Fig. 4, A and B). So, lower
Cdc42 level inhibits NPC1L1 translocation to PM.

One possibility was that the ability of CDX to deplete choles-
terol was diminished in Cdc42-deficient cells, thus NPC1L1
remained in ERC as cholesterol depletion was not efficient. To
rule out this possibility, cholesterol concentration was mea-
sured in both control and Cdc42 knockdown cells treated by
CDX for different time durations. Phospholipids were also
measured as a control. CDX decreased cholesterol level in con-
trol and Cdc42 RNA:I cells, while phospholipids remained con-
stant (Fig. 4D). This indicates that cholesterol depletion by
CDX is specific. The indistinguishable curves of cholesterol
level in both control and Cdc42 RNAI cells indicate that Cdc42
deficiency does not interfere with cholesterol depletion by
CDX.

Although CDX is widely used to rapidly deplete cholesterol
in a variety of cells (27-29), another cholesterol depletion
approach was also applied to confirm the results. Cells were
incubated in medium containing LPDS plus 1 um Lovastatin
and 1 ug/ml 25-hydroxycholesterol for 16 h to deplete cellular
cholesterol (27). Substitution of LPDS with FBS prevents the
cells from obtaining cholesterol from lipoproteins. Lovastatin

VOLUME 286+NUMBER 41+-OCTOBER 14, 2011



Cdc42 Regulates the Transport of NPC1L1 to Plasma Membrane

A . B C
Steady State Cholesterol Depletion

Y
N
(=]

u Steady State
oChol-Depletion

siRNA

100

= | Control
N | Cdc42-1
w (Cdc42-2

Control

Intracellular NPC1L1 (% of total)
[}
o

‘\ N 'vq,
: N O D!
<zz siRNA o & CPO
[
@
D
§ 120
2T 100
e i
o —— PL Ri-Control
£33 80 ---m--- PL Ri-Cdc42
o 38 60 -~~~ TC Ri-Control
g I wetes TC Ri-Cdc42
3 ©
° o © 40
o ; 2
5~ 20
Q
« 0
Time 0 15 30 45 60 90 min

siRNA

FIGURE 4. Knockdown of Cdc42 inhibits the translocation of NPC1L1 to PM. A, CRL1601 cells stably expressing NPC1L1-EGFP were transfected with control
siRNAs or siRNAs against rat Cdc42. 48 h later, siRNAs were transfected again. And 24 h later, the cells were depleted of cholesterol by 1.5% CDX for 60 min.
B, quantification of ratio of the intracellular NPC1L1-EGFP shown in A. Error bars represent standard deviations. C, knockdown efficiencies of siRNAs against
Cdc42. siRNAs were transfected two times as in A. Then cells were harvested and subjected to Western blot. D, knockdown of Cdc42 does not interfere with
cholesterol depletion by CDX. siRNAs were transfected two times as in A. The siRNA Cdc42-1 was applied to knockdown Cdc42 in this experiment. Then cells
were treated with 1% CDX for various durations before harvested and lysed in chloroform/methanol (2:1) to extract lipids as described under “Experimental
Procedures.” Total cholesterol (TC) and phospholipids (PL) were measured enzymatically. £, knockdown of Cdc42 inhibits the transport of NPC1L1 to PM upon
cholesterol depletion by LPDS, lovastatin, and 25-hydroxycholesterol. siRNA were transfected as in D. Cells were then incubated in DMEM medium containing

10% FBS (steady state) or DMEM medium containing 5% LPDS, 1 um Lovastatin and 1 ug/ml 25-hydroxycholesterol (cholesterol depletion) for 16 h. Scale bar
represents 10 um.

and 25-hydroxycholesterol inhibit cholesterol biosynthesis
pathway (27, 30). NPC1L1 in control cells was transported to
PM after cholesterol depletion, while NPC1L1 in Cdc42 RNAi
cells still remained in the perinuclear region (Fig. 4E), consis-
tent with the results under CDX treatment (Fig. 4A4). Taken
together, Cdc42 is required for the transport of NPC1L1 to PM
upon cholesterol depletion.

Cdc42 Downstream Effectors N-WASP and Arp2/3 Complex
Are Required for Transport of NPCI1L1 to PM—Previous studies
have shown that the transport of NPC1L1 depends on micro-
filaments (9, 10). As Cdc42 and its downstream effectors
N-WASP and Arp2/3 complex regulate actin polymerization,
which is involved in many intracellular membrane traffic events
(14-16), we next investigated whether they played a role in the
transport of NPC1L1 to the PM using siRNAs-mediated silenc-
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ing. Real-time PCR analysis showed that N-WASP expression was
reduced by ~72% and ~62%, respectively, by siRNAs (Fig. 5C).
After cholesterol depletion following RNA interference, more
than 65% of the NPC1L1 was restrained in intracellular perinu-
clear region in N-WASP knockdown cells, while almost all
NPC1L1 were transported to the PM in the control cells (Fig. 5, A
and B). Similarly, in Arp3 knockdown cells, NPC1L1 localized in
perinuclear region and the cholesterol depletion-induced trans-
port of NPC1L1 to PM was inhibited (Fig. 5, D—F). These results
indicate that Cdc42 downstream effectors N-WASP and Arp2/3
play important role in the transport of NPCI1L1 to PM.

Cdc42, N-WASP, and Arp2/3 Complex Is Involved in the Cho-
lesterol-regulated Binding of NPC1L1 to Rablla, MyoVb, and
Actin—Our studies have demonstrated that MyoVb-Rabl1a:
Rab11-FIP2 was required for the translocation of NPCI1L1
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FIGURE 5. Cdc42 downstream effectors N-WASP and Arp2/3 complex are required for the transport of NPC1L1 to PM. A, knockdown of N-WASP inhibits
the transport of NPC1L1 to PM. CRL1601 cells stably expressing NPC1L1-EGFP were transfected with control siRNAs or siRNAs against rat N-WASP. siRNAs were
transfected 2 times as in Fig. 4A, then the cells were depleted of cholesterol by 1.5% CDX for 60 min. B, quantification of ratio of the intracellular NPC1L1-EGFP
shown in A. Error bars represent standard deviations. C, knockdown efficiencies of siRNAs against N-WASP. siRNAs were transfected the same with A, cells were
harvested in Tri reagent and total RNA was extracted to perform RT Real-time RCR. The amounts of mRNA of N-WASP in siRNA-transfected cells were normalized
with that of cyclophilin. Values with indicated siRNAs represent the normalized amount of mRNA relative to that of cells transfected with control siRNA.
D, knockdown of Arp3 inhibits the transport of NPC1L1 to PM. Cells were treated as in A except that the siRNAs were against Arp3. £, quantification of ratio of
the intracellular NPC1L1-EGFP shown in D. Error bars represent standard deviations. F, knockdown efficiencies of siRNAs against Arp3. siRNAs were transfected
asin D, and cells were harvested and subjected to Western blot. Scale bar represents 10 um.

toward the PM, and Rablla and MyoVb dissociated sequen- decreased after cholesterol depletion. In contrast, overexpres-
tially from NPCIL1 in this process (10). Because Cdc42, sion of Cdc42(T17N) (GDP-locked form) did not affect the
N-WASP and Arp2/3 were also important for the transport of association pattern of NPC1L1 upon cholesterol depletion as
NPCI1L1 from ERC to PM, we then tested whether they affected ~compared with control cells (Fig. 64, lanes 8 —10). These results
the interaction between NPC1L1 and Rabl1la:-MyoVb complex indicated that the binding of GTP-bound Cdc42 to NPC1L1
upon cholesterol depletion. In control cells (without exogenous  complex promoted the association of MyoVb and actin with
expression of Cdc42), NPCIL1 associated with Rablla at NPCI1L1 complex while dissociated Rab11a.

steady state (Fig. 6A, lane 2), and the interaction gradually Then the binding of NPC1L1 to Rablla, MyoVb and actin
decreased (Fig. 64, lanes 2—4) during cholesterol depletion. On  was examined in Cdc42 knockdown cells after cholesterol
the other hand, the binding of NPC1L1 to MyoVb and actinwas  depletion. Disruption of Cdc42 dramatically reduced the inter-
weak at steady state, then increased to the peak level after cho- action between NPC1L1 and Rabl1a, and delayed the associa-
lesterol depletion for 30 min, but was drastically reduced at tion with actin and MyoVb (Fig. 6B, compare lanes 7-10 with
60-min time point (Fig. 64, lanes 2—4), which is similar with the  lanes 2-5), as compared with the control siRNA transfected
binding pattern of NPC1L1 and wild type Cdc42 (Fig. 2B). cells. These results showed that the decreased Cdc42 protein
When Cdc42(G12V) (GTP-locked form) was co-expressed, the resulted in delayed recruitment of MyoVb and actin to
interaction between NPC1L1 and Rabl1a was reduced toalow NPCI1L1, while excessive GTP-bound Cdc42(G12V) acceler-
level in the whole process. Meanwhile, NPC1L1 bound to high  ated this process, indicating the role of Cdc42 is to promote
level of MyoVb and actin at steady state and gradually association of actin and MyoVb with NPCILI.
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FIGURE 6. Cdc42 and its downstream effectors N-WASP and Arp2/3 complex are required for the cholesterol depletion regulated binding of NPC1L1
to Rab11a, MyoVb and actin. A, overexpression of Cdc42(G12V) but not Cdc42(T17N) reduced the binding of Rab11a to NPC1L1 and changed the binding
pattern of MyoVb and actin with NPC1L1. CRL1601 cells were transfected with plasmids encoding NPC1L1-T7, EGFP-Rab11a, EGFP-MyoVb, and Myc-
Cdc42(G12V) or Myc-Cdc42(T17N). 24 h after transfection, the cells were depleted of cholesterol with 1% CDX for various durations. Then cells were harvested
in IP buffer, and immunoprecipitation was performed by pulling down T7-tagged NPC1L1 with anti-T7-agarose. B—D, knocking down the expression of Cdc42
(B), N-WASP (C), or Arp3 (D) reduced the binding of Rab11a to NPC1L1 and changed the binding pattern of MyoVb and actin with NPC1L1. CRL1601 cells were
transfected with control siRNAs or siRNAs against rat Cdc42 (B), N-WASP (C), or Arp3 (D). 24 h later, plasmids encoding NPC1L1-T7, EGFP-Rab11a, and
EGFP-MyoVb were co-transfected into the cells. 24 h later, cells were transfected with siRNAs for a second time. 24 h later, the cells were depleted of cholesterol
with 1% CDX for various durations. Then cells were harvested in IP buffer, and immunoprecipitation was performed by pulling down T7-tagged NPC1L1 with

anti-T7 agarose.

Furthermore, similar results were also observed in cells with
N-WASP or Arp3 knockdown (Fig. 6C-D, respectively), indi-
cating that Cdc42-N-WASP-Arp2/3 complex-mediated actin
polymerization may be required for cholesterol-regulated bind-
ing of NPC1L1 to Rablla and MyoVb.

NPCILI Failed to Localize to Bile Canalicular Membrane in
Cdc42 LKO Mouse Liver, and Biliary Cholesterol Could Not Be
Reabsorbed—NPC1L1 is mainly expressed in the small intes-
tine in mice, whereas it’s highly expressed in both liver and
small intestine in humans (1, 2). Previous studies revealed that
exogenously expressed NPC1L1 in mouse liver localizes to bile

OCTOBER 14,2011 +VOLUME 286+-NUMBER 41

canaliculi and facilitates biliary cholesterol reabsorption (3, 8).
To investigate the physiological role of Cdc42 on the localiza-
tion and function of NPCI1L1 in vivo, liver-specific Cdc42
knock-out mice were generated using adenoviral delivery of
Cre recombinase (Ad-Cre). We performed tail vein injection of
Ad-Cre along with Ad-NPC1L1-EGFP or Ad-EGEFP (as a con-
trol) into Cdc42™’" and Cdc42"*7°* mice. In livers of
Cdc42"°*7°% mice but not Cdc42*" mice, 90% deletion of
Cdc42 was detected after Cre recombinase expression, and
there was no visible loss of Cdc42 in spleen, lung, pancreas, and
muscle measured by immunoblotting (Fig. 7A). The obtained
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FIGURE 7.NPC1L1 failed to localize to canalicular membrane and reabsorb biliary cholesterol in Cdc42 LKO mice. 8-week-old wild type C57B/L6 mice and
Cdc42f/fox (abbreviated as Cdc42™" in a) mice fed on chow diet were tail vein injected with adenovirus expressing Cre recombinase (abbreviated as Ad-cre)
and adenovirus expressing NPC1L1-EGFP (Ad-NPC1L1-EGFP) or EGFP (Ad-EGFP) (10° pfu viruses per mouse, four mice for each group). 4 days later, the mice
were fasted overnight before sacrifice. A, knock-out efficiency and specificity of liver Cdc42 in Cdc42"/"°* mice. The liver Cdc42 level from each mouse was
examined (data not shown here). Liver, pancreas, spleen, kidney, and muscle samples from each group were homogenized and mixed together before
subjected to SDS-PAGE. Cdc42 were recognized by anti-Cdc42 polyclonal antibody (Santa Cruz Biotechnology). Liver-specific Cdc42 deleted Cdc42" " mice
by Ad-Cre were designated as Cdc42 LKO mice henceforth. B, 8-um-thick frozen section sample was subjected to immunostaining with rabbit anti-Mrp2
antiserum and Alexa Fluor 555-conjugated goat anti-rabbit secondary antibody. NPC1L1-EGFP and EGFP were detected by its intrinsic fluorescence excited at
488 nm. Scale bar represents 10 um. Cand D, total cholesterol (TC) in gallbladder and liver were measured. (***: p < 0.001; **:0.001<p < 0.01; *:0.01<p < 0.05;

ns: p > 0.05 (two-way ANOVA). Error bars represent standard deviations.

hepatic Cdc42-deleted mice were referred to as Cdc42 LKO
mice henceforth. Next, we examined the localization of
NPC1L1 in livers of Cdc42*”* and Cdc42 LKO mice. Immuno-
fluorescence studies showed that NPCI1L1 localized to the
canalicular membrane in Cdc42" mice as it co-localized with
the multidrug resistance protein 2 (Mrp2), a canalicular trans-
porter for bile salts (31). In sharp contrast, in liver samples of
Cdc42 LKO mice NPCI1L1 lost its apically polarized distribu-
tion and was dispersed in the whole cell (Fig. 7B). These results
demonstrated that Cdc42 was required for the apical mem-
brane localization of hepatic NPC1L1, which is consistent with
our data in cultured cells (Fig. 44).

The concentrations of cholesterol in bile and liver were sub-
sequently analyzed to investigate whether the function of
hepatic NPC1L1 was dependent on Cdc42. Expression of
NPC1L1 in Cdc42""* mouse liver significantly reduced the
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molar ratio of biliary cholesterol, but increased the liver choles-
terol level (Fig. 7, C and D, compare columns a with b). This
indicates that the hepatic NPC1L1 mediates biliary cholesterol
reabsorption into liver. However, these effects were blunted in
Cdc42 LKO mice (Fig. 7, C and D, compare columns c and d). In
conclusion, the function of NPC1L1 in reabsorbing biliary cho-
lesterol was impaired when hepatic Cdc42 was deleted.

DISCUSSION

In the current study, we elucidate that Cdc42 plays a key role
in the transport of NPC1L1 toward PM upon cholesterol deple-
tion, and provide a potential link between Cdc42 and its effec-
tors, microfilament system and translocation of NPC1L1.

We find that Cdc42 is activated by cholesterol depletion in a
time-dependent manner, which is consistent with previous
studies that CDX-induced cholesterol depletion from lipid raft
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FIGURE 8.Schematic model of Cdc42 regulated transport of NPC1L1 toward PM. At steady state, NPC1L1 associates with Rab11aand localizes in ERC. When
cholesterol level drops, Cdc42 is activated and binds to NPC1L1 complex. The GTP-bound Cdc42 further activates N-WASP and Arp2/3 complex, which
promotes the branched actin assembly. Then Rab11a gradually dissociates from NPC1L1 complex and the vesicles are transported from ERC to PM by MyoVb.
When the cholesterol level is high, cholesterol will induce the internalization of NPC1L1 together with cholesterol from PM (8, 9).

can activate Cdc42 (25, 26). Because the activation of Cdc42 is
generally mediated by specific GEFs (32), cholesterol depletion
may change the structural components of membranes and
cause spatial rearrangement of membrane associated proteins,
which may lead to the contact of GEFs with Cdc42 and the
following activation of Cdc42 (33, 34). This speculation is also
supported by Jaksits et al. report that disruption of lipid rafts,
which bear GEF-like activity, can induce Cdc42 activation (25).

Our studies show that Cdc42 activation is required for the
transport of NPC1L1. However, overexpression of GTP-locked
Cdc42 can retain NPC1L1 in ERC when cholesterol is depleted
(Fig. 3). This implies that the cycling of Cdc42 may be vital for
NPC1L1 movement. At steady state, Cdc42 is mainly main-
tained in GDP-bound form and almost no GTP-bound Cdc42
exists (Fig. 24). When cholesterol is depleted, NPC1L1 associ-
ates with GTP-bound Cdc42, but not GDP-bound form (Figs.
1Cand 6A). Overexpression of GTP-locked Cdc42(G12V) leads
to enhanced binding between NPC1L1 and MyoVb and actin,
and blocks the transport of NPC1L1 to PM. However, this is not
the case for the over-expression of GDP-locked Cdc42(T17N),
as it cannot bind to NPC1L1 and show no impact on the trans-
location of NPC1L1. GTP-locked Cdc42(G12V) may disrupt
the balance of Cdc42 cycling. It may constitutively bind and
activate N-WASP and Arp2/3 complex to initiate actin poly-
merization around NPCIL1 vesicles even at the steady state,
which makes the signaling not properly turned off as in the
control cells (Fig. 6A).

Previous studies have demonstrated that the transport of
NPCI1L1 to PM depends on MyoVb-Rab11la:Rab11-FIP2 triple
complex (10). The co-IP experiments have shown that Rabl1a
binds to NPC1L1 at the steady state (Fig. 6). When the cellular
cholesterol level drops, NPC1L1 translocates to PM, during
which it dissociates from Rab11a and binds MyoVb and micro-
filaments (Fig. 4). After arriving at the PM, MyoVb and actin are
separated from NPC1L1. The current study demonstrates that
Cdc42 plays an essential role in this process. Cholesterol deple-
tion activates Cdc42 and the binding of GTP-bound Cdc42 to
NPC1L1 promotes Rab11a dissociation and MyoVb and actin
association. Meanwhile, GTP-bound Cdc42 may activate
N-WASP-Arp2/3 complex to regulate the actin polymerization
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near NPCI1L1 vesicles, which may drive vesicle budding, scis-
sion, and movement.

In summary, we propose a Cdc42 working model illustrating
itsrole in cholesterol-induced NPC1L1 translocation to the PM
(Fig. 8). At the steady state, Rablla binds to NPCIL1 and
bridges the interaction between NPC1L1 and MyoVb. When
the cellular cholesterol level drops, Rablla dissociated from
NPC1L1-MyoVb complex and Cdc42 is activated to bind this
complex. The GTP-bound Cdc4?2 further activates its down-
stream effectors N-WASP and Arp2/3, which promotes actin
assembly. Then the vesicle budding is initiated, which further
allows export of NPC1L1:-MyoVb complex out of ERC. With
the dynamics of Cdc42, NPC1L1 vesicles are transported to
PM.

In summary, our study demonstrates that Cdc42, which is
activated by cholesterol depletion, interacts with NPC1L1 and
facilitates its transport to the PM upon cholesterol depletion.
The actin polymerization mediated by Cdc42 may contribute to
the translocation of NPC1L1 to the PM. In vivo study demon-
strates that the localization and cholesterol absorption function
of NPC1L1 is dependent on Cdc42.
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