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ARH is a newly discovered adaptor protein required for the effi-
cient activity of low density lipoprotein receptor (LDLR) in selected
tissues. Individuals lacking ARH have severe hypercholesterolemia
due to an impaired hepatic clearance of LDL. It has been demon-
strated that ARH is required for the efficient internalization of the
LDL-LDLR complex and to stabilize the association of the receptor
with LDL in Epstein-Barr virus-immortalized B lymphocytes. How-
ever, little information is available on the role of ARH in liver cells.
Here we provide evidence that ARH is codistributed with LDLR on
the basolateral area in confluentHepG2-polarized cells. This distri-
bution is not modified by the overexpression of LDLR. Conversely,
the activation of the LDLR-mediated endocytosis, but not the bind-
ing of LDL to LDLR, promotes a significant colocalization of ARH
with LDL-LDLR complex that peaked at 2 min at 37 °C. To further
assess the role of ARH in LDL-LDLR complex internalization, we
depleted ARH protein using the RNA interference technique.
Twenty-four hours after transfectionwithARH-specific RNA inter-
ference, ARH protein was depleted in HepG2 cells by more than
70%. Quantitative immunofluorescence analysis revealed that the
depletion of ARH caused about 80% reduction in LDL internaliza-
tion. Moreover, our findings indicate that ARH is associated with
other proteins of the endocytic machinery. We suggest that ARH is
an endocytic sorting adaptor that actively participates in the inter-
nalization of the LDL-LDLR complex, possibly enhancing the effi-
ciency of its packaging into the endocytic vesicles.

The low density lipoprotein receptor (LDLR)2 plays a pivotal role in
the regulation of cholesterol metabolism (1). LDLR is a ubiquitous cell
surface glycoprotein of 839 amino acids that is able to bind low density
lipoprotein (LDL), themajor cholesterol transport vehicle in the plasma.

The cellular and molecular biology of LDLR has been revealed through
studies on familial hypercholesterolemia (FH) (1). FH is inherited as a
co-dominant trait (2), and affected subjects show a markedly impaired
LDLR function because of mutations in the LDLR gene (2). As a conse-
quence, they present a decreased removal rate of circulating LDL and a
dramatic increase in plasma cholesterol levels. Early studies on normal
and FH fibroblasts demonstrated that LDLRs, shortly after being syn-
thesized, appear on the cell surface where they gather in coated pits (1).
These are specialized regions of cell membranes that are lined on the
cytoplasmic surface by a protein called clathrin (3). After formation of
the LDL-LDLR complex, the coated pits invaginate to form coated
endocytic vesicles. Very quickly, the clathrin coat dissociates and mul-
tiple endocytic vesicles fuse to create endosomes (4–6). At the acid pH
in endosomes, the LDL dissociates from the receptor, which returns to
the surface to initiate another cycle of endocytosis (7, 8).
Recently, the identification of the molecular defect responsible for a

recessive form of hypercholesterolemia that clinically resembles FH
provided new insights into LDLR physiology. This disorder, called
Autosomal Recessive Hypercholesterolemia (ARH), is caused by muta-
tions in the putative adaptor protein ARH (9). In vivo studies demon-
strated that ARH patients show a markedly reduced hepatic uptake of
LDL similar to that found in homozygous FH (10).
ARH protein contains an �130-residue phosphotyrosine-binding

domain evolutionarily related to other adaptor proteins. Adaptor pro-
teins containing phosphotyrosine-binding domains bind the conserved
sequencemotif NPXY located in the cytoplasmic domain of various cell
surface receptors and mediate several cellular functions, including
receptor trafficking and endocytosis. The LDLR cytoplasmic tail con-
tains a singleNPXYmotif that is required for clustering and endocytosis
of the receptor in fibroblasts. Point mutations in this highly conserved
LDLR sequence eliminate binding of ARH to LDLR in vitro. The phos-
photyrosine-binding sequence also binds inositol phospholipids, which
may anchor the protein to the plasma membrane (11). The C-terminal
portion of ARH protein contains a canonical clathrin box sequence
(LLDLE in the human sequence) that binds the heavy chain of clathrin.
ARH protein also has a highly conserved 27-amino acid sequence that
binds the �2 adaptin subunit of AP-2, which is a structural component
of the clathrin-coated pits. On the basis of these data it has been pro-
posed that ARH may function as a specific LDLR adaptor protein.
Elucidation of the specific role of ARH in the LDLR endocytosis has

been hampered by the fact that cultured skin fibroblasts from ARH
patients do not showmajor defects in LDL uptake and degradation (12).

* This work was supported by Telethon Grant GGP02149 and an Ateneo 2004 grant (to
M. A.) and by grants from Ministero dell’ Instruzione, Università e Ricera, from the
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Therefore, the majority of studies so far available have been carried out
on lymphocytes from ARH patients, in which the LDLR function is
significantly impaired (13, 14). It has been observed that the distribution
of the immunodetectable LDLR is significantly altered in these cells and
that it mostly resides on the plasma membrane. Moreover, although
LDL degradation appears to be markedly reduced in lymphocytes, cell
surface LDL binding is increased. This strongly indicates that ARH pro-
tein may be involved in the internalization of the LDL-LDLR complex
(13).
How ARH works in hepatocytes is less known. It has been hypothe-

sized that ARH may direct LDLR to the sinusoidal membrane. Experi-
ments performed in ARH-deficient mice demonstrated that this was
not the case. In arh �/� mouse livers, LDLR appears to be normally
sorted to the sinusoidal surface (15). ARH might play a role in LDLR
clustering, either by transporting the receptor to the coated pits or sim-
ply by anchoring the receptor in the pits (16). Itmust be noted, however,
that LDLRs are dispersed on the plasma membrane of hepatocytes but
clustered in coated pits on fibroblasts (17). Therefore, it is unlikely that
an inappropriate anchorage of LDLR in coated pits is themajor cause of
LDLRmalfunction in arh�/� hepatocytes.Moreover, immunoprecipi-
tation experiments demonstrated that, at the steady state, the majority
of ARH protein appears in fractions from which the LDLR receptor is
absent (15), clearly indicating that ARH is not constitutively associated
with the LDLR-clathrin complex. An alternative possibility is that the
ARH protein is directly involved in the endocytic internalization of
LDLR.We further investigated this possibility in the human hepatocyte
cell line HepG2. To evaluate the consequence of the absence of ARH
protein on LDLR trafficking we employed short interfering RNA
(siRNA)methodology. This has been demonstrated to be themost pow-
erful way to selectively reduce the intracellular concentration of pro-
teins (18, 19). The siRNA-transfected cells were examined by immuno-
fluorescence, Western blotting, and functional endocytosis assay. Our
results indicate that ARH is not constitutively associated with LDLR at
the plasma membrane; instead, ARH is mainly recruited to the mem-
brane after LDL binding, thus facilitating the endocytosis of the LDL-
LDLR complex. Collectively, our data provide evidence that the ARH
protein is an important component of the endocyticmachinery of LDLR
in hepatocytes.

MATERIALS AND METHODS

Reagents—Enhanced chemiluminescence (ECL) Western blotting
detection reagents, Hybond ECL nitrocellulose membrane, and Protein
G/Protein A-Sepharose 4 Fast-Flow beads were from Amersham Bio-
sciences. Protease inhibitor mixture tablets with and without EDTA
were purchased from Roche Diagnostics. Laemmli sample buffer and
phosphate-buffered saline with Tween 20 (PBST, pH 7.4) were obtained
from Sigma. Transfections were done with a TransMessenger transfec-
tion kit from Qiagen GmbH (Hilden, Germany). A Bio-Rad protein
assay kit was purchased from Bio-Rad Diagnostics.

Antibodies—Rabbit polyclonal antibodies against Rab-4 (D-20) and
anti-lysosome-associated membrane glycoprotein (LAMP-1) (H-228),
anti-early endosomal antigen 1 (EEA1), goat polyclonal antibodies
against �-adaptin (N-19), Dab2 (C-20), and clathrin heavy chain (C-20)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rab-
bit polyclonal antibodies against ARH and LDLR were a kind gift from
Dr. H. H. Hobbs (University of Texas Southwestern Medical Center,
Dallas, TX).Mousemonoclonal antibody against LDLR (Ab-1) was pur-
chased from Oncogene Research Products (Boston, MA). Horseradish
peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies
were from Amersham Biosciences. Horseradish peroxidase-conjugated

goat antibody and rabbit polyclonal antibody against actin were from
Sigma.

Cell Culture—Human HepG2 cells (obtained from ATCC) were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum plus antibiotics (Sigma). To reach different levels of
confluence, HepG2 cells were plated on round glass coverslips coated
with 2% gelatin (Sigma) at a density of 1 � 105 cells. To ensure that bile
canaliculus-like regions were formed de novo during the culture period,
cells were vigorously separated before plating. Cells were allowed to
grow for 72 h to obtain confluent polarized cells. After this culture
period, HepG2 cells develop bile canaliculus-like structures (BC)
located between adjacent cells at the apical pole of the cell (20). The
plasmamembrane of BC has manymicrovilli that contain high concen-
trations of F-actin (21).

Sucrose Gradients—HepG2 cells were cultured as described above.
Sucrose gradient fractions were obtained according to Stockinger et al.
(22). Briefly, confluent dishes were serum starved for 16 h, kept on ice,
and suspended in 300 �l of buffer (3 mM imidazole, pH 7.4, 1�M EDTA,
Sigma protease inhibitor mixture) containing 8.5% sucrose. Cells were
disrupted by 20 strokes in a Dounce homogenizer, and the efficiency
was monitored by microscopy (Olympus Italia, Segrate, Milan, Italy).
Nuclei were removed by 10 min of centrifugation at 1000 � g, and the
supernatant was loaded on top of 4 ml of a 10–40% continuous sucrose
gradient and spun for 16 h in a Beckman ultracentrifuge (swinging
bucket rotor, SW60 Ti) at 40,000 rpm. Fractions (200�l) were collected
from the bottom of the tube by puncturing with an 18-gauge needle and
analyzed by Western blotting using anti-ARH polyclonal antibody and
anti-LDLR monoclonal antibody (Ab-1) as well as anti-LAMP-1, anti-
EEA1, or anti-Rab-4 polyclonal antibodies.

Short Interfering RNA—21-nucleotide RNAduplexeswith symmetric
2-nucleotide 3�(2�-deoxy) thymidine overhangs (corresponding to the
ARH gene nucleotides 88–112 relative to the start codon) were pur-
chased from Xeragon (Zurich, Switzerland). RNA sequences were:
sense, 5�-GCUGCCUGAGAACUGGACAdTdT-3�; antisense, 5�-UG-
UCCAGUUCUCAGGCAGCdTdT-3�. Selected sequences were sub-
mitted to BLAST searches against the human genome sequence to
ensure that only the desired mRNA was targeted. The silencing effi-
ciency of selected siRNAs was first tested in cell culture experiments.
The experimental conditions were as follows: to obtain 50–80% con-
fluence in 24 h, about 2� 105 cells/well were seeded in 12-well plates on
the day before transfection. On the day of transfection, the cells were
washed with PBS and then each well received 600 �l of RPMI 1640
growth medium containing 200 �l of buffer EC-R, 1.6 �g of siRNA, 3.2
�l of Enhancer R, and 8 �l of TransMessenger prepared following the
TransMessenger kit directions. After 3 h of incubation at 37 °C, cells
were washed and normal growth medium (1 ml) was added. After 24
and 48 h, Western blot analysis of ARH was carried out. siRNA-treated
cells were trypsin digested in 12-well plates at 37 °C until the cells
detached. The cells were washed twice with PBS and then lysed in lysis
buffer (1% Triton, 50 mM Tris, pH 8.0, 2 mM CaCl2, 80 mM NaCl)
supplemented with protease inhibitors. Total protein content of cell
lysates was determined by Bio-Rad protein assay. Lysate volumes con-
taining comparable amounts of total proteins were used for Western
blotting.

Western Blotting—Lysate samples were boiled for 5 min in Laemmli
sample buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004%
bromphenol blue, and 0.125 MTris-HCl, pH 6.8) and separated by SDS-
PAGE on 10% running gels. The proteins were transferred to Hybond
ECL nitrocellulose membranes that had been blocked for 1 h at 37 °C
with PBST containing 5% dry milk and 5% calf serum. The membranes
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were then incubated for 1 h at 37 °C with primary antibodies, followed
by horseradish peroxidase-conjugated secondary antibody and detec-
tion by ECL.

Co-immunoprecipitation—HepG2 cells (5� 106 cells) were seeded in
100-mm dishes and grown for 2 days to reach confluence. Cells were
serum starved for 16 h and kept on ice for 30min. Purified LDL (50–100
�g) was added, and the cells were left for 1 h at 4 °C and then incubated
at 37 °C for an additional 2, 3, 5, or 10 min before lysis. Cells were
scrapedwith 1ml of incubation buffer (5mMTris, pH7.5, 100mMNaCl,
2mMCaCl2, 2mMMgCl2) in the presence of protease inhibitorswithout
EDTA and lysed by sonication for 5 s at room temperature. As a control,
HepG2 cells were serum starved for 16 h and immediately lysed; in
addition, one 100-mmdishwas serum starved for 16 h, incubated at 4 °C
for 1 h with purified LDL, and lysed. The amounts of protein in the
lysates were estimated by spectrophotometry, and concentrations were
normalized by addition of buffer. Lysates (an estimated 500 �g of pro-
tein)were incubatedwith 25�l of ProteinG/ProteinA-Sepharose beads
in 25 �l of incubation buffer for 1 h. The beads were removed by cen-
trifugation, and the supernatants were incubated with anti-Rab-4, anti-
clathrin, and anti-�-adaptin at 4 °C overnight. The antibody complexes
were captured by addition of 25 �l of Protein G/Protein A-Sepharose
beads in 25 �l of incubation buffer and a 1-h incubation at 4 °C in a
rotating shaker. Bead-bound immune complexes were washed twice
with incubation buffer, collected by centrifugation, resuspended in 30
�l of Laemmli sample buffer, and visualized by SDS-PAGE andWestern
blotting.

Microinjection—siRNA (100 nM in 1 ml of PBS buffer containing
dextran-FITC at 1 mg/ml) or buffer with dextran-FITC alone as a con-
trol were microinjected into the cytoplasm of HepG2 cells to induce
RNA interference and consequent ARH silencing (23). Microinjec-
tion was performed using an Eppendorf microinjector (Eppendorf,
Hamburg, Germany) and an inverted microscope (Zeiss, Oberkochen,
Germany). Injection pressure was set at 30–80 hPa and the injection
time at 0.3–0.5 s. Microinjected cells were left for 8 h at 37 °C, serum
starved for 16 h, and then treated with the fluorescent conjugate DiI-
LDL (Molecular Probes, Eugene, OR) as below.

Functional Assay of LDLR—The function of LDLR was tested by
using Dil-LDL or anti-LDLR C7 monoclonal antibody. For DiI-LDL
treatment, confluent polarizedHepG2 cells were serum starved for 16 h,
washed with medium, treated with medium containing 5 �g/ml DiI-
LDL or anti-LDLR C7 antibody for 5 min at 37 °C to induce LDLR
internalization, and immediately fixed with 4% p-formaldehyde in PBS
for 30 min. Alternatively, cells serum starved for 16 h were washed with
cold medium, incubated with medium containing 5 �g/ml DiI-LDL for
1 h at 4 °C, and either immediately fixed or washed with prewarmed
medium and incubated at 37 °C for an additional 2, 5, and 10min before
fixation.

Immunofluorescence Microscopy—For conventional immunofluo-
rescence, cells grown on coverslips were fixed with 4% p-formaldehyde
in PBS for 30min at 25 °C and permeabilizedwith 0.1%TritonX-100 for
5 min. In double immunofluorescence experiments, cells were incu-
bated with anti-ARH polyclonal antibody (1:50 in PBS) and anti-LDLR
monoclonal antibody (1:100 in PBS). The primary antibodies were visu-
alized using FITC-conjugated goat anti-rabbit IgG (1:300 in PBS;Cappel
Research Products, Durham, NC), Texas Red-conjugated goat anti-rab-
bit IgG (1:100 in PBS; Jackson Immunoresearch Laboratories Inc.,West
Grove, PA), or Texas Red-conjugated goat anti-mouse IgG (1:100 in
PBS; Jackson Immunoresearch Laboratories). F-actin in microvilli of
bile canaliculus was stained with TRITC-conjugated phalloidin
(TRITC-Ph) (1:50 in PBS; Sigma) for 45 min at 25 °C. Fluorescent

images were recorded and analyzed using a cooled CCD color digital
camera SPOT-2 (Diagnostic Instruments Inc., Milan, Italy) and FISH
2000/H1 software (Delta Sistemi, Rome, Italy). Colocalization of the
fluorescence signals was evaluated using a Zeiss confocal laser scan
microscope (Zeiss, Oberkochen, Germany). To prevent cross-talk
between the two signals, themultitrack function was used. Quantitative
analysis of the DiI-LDL internalization in uninjected or injected cells
was performed evaluating five different areas of each slide randomly
taken from three different experiments; results are expressed as per-
centage of cells presenting internalized DiI-LDL.

RESULTS

The Intracellular Localization of ARH Protein Is Related to Cell
Polarity—To analyze ARH expression and distribution in human hepa-
tocytes, we investigated the intracellular localization of ARH protein
and the possible colocalization with LDLR in HepG2 cells, a hepatoma
cell line that grows to subconfluent monolayers in 12 h or to confluent
polarized monolayers in 72 h. As previously described for primary cul-
tured fibroblasts and the HeLa epithelial cell line (11), we found that in
non-confluent, non-polarized HepG2 cells the ARH signal appears
punctate and homogenously dispersed throughout the cytoplasm (Fig.
1A). In confluent HepG2 monolayers, the cells are polarized and form
distinct bile canaliculus-like structures that contain a well organized
actin cytoskeleton and can be intensely stained with TRITC-phalloidin
(21). The ARH signal in these cells is also punctate but prevalently
distributed in the basolateral regions, and to a lesser extent evident in
the proximity of the apical poles (Fig. 1B, arrow).

To compare the localization ofARHandLDLR,we performed double
immunofluorescence experiments in confluent, polarized cells using
anti-ARH polyclonal antibody and anti-LDLR monoclonal antibody. In
this experiment, ARH appeared to be colocalized with the receptor in
the basolateral area of the cells (Fig. 1C).

Activation of LDLR Promotes ARH Recruitment to Plasma Mem-
brane—We then investigated the ARH and LDLR localization after the
up-regulation of LDLR expression by serum starvation for 16 h.
Although these conditions increase the presence of receptors on the cell
surface, they did not modify the ARH and/or LDLR distribution or
induce a colocalization of ARH with LDLRs on the plasma membrane
(Fig. 2A).
To determine whether ARH distribution is affected by binding of

LDL to LDLR, we serum starved HepG2 cells for 16 h and then treated
them with DiI-LDL for 5 min at 37 °C before fixation. Double immuno-
fluorescence with anti-ARH polyclonal antibodies showed that ARH
and DiI-LDL colocalized at the plasma membrane (Fig. 2B), suggesting
that ARH could be partially recruited to the plasma membrane after
LDL binding to the LDLR. To further explore whether the ARH recruit-
ment might be the direct result of ligand binding to the receptor or due
to lipid transfer, we performed additional experiments in which the
LDLR pathway was activated by addition of anti-LDLR C7, an antibody
directed against the extracellular portion of the LDLR. Anti-LDLRC7 is
known to induce internalization and recycling of LDLR similarly to LDL
particles (24). Double immunofluorescence with anti-ARH polyclonal
antibodies showed that ARH protein partially colocalizes with LDLR-
anti-LDLR complexes (Fig. 2C).
As noted in the Introduction, LDLR tends to cluster in clathrin-

coated pits on the cell surface under defined conditions. Low tempera-
ture permits LDL binding to LDLR on the plasmamembrane but inhib-
its the clustering in clathrin-coated pits of LDL-LDLR complexes.
Subsequent warming to 37 °C induces a synchronous wave of endocy-
tosis, with amassive clustering of LDL-LDLR complexes in the clathrin-
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coated pits. To discriminate whether the recruitment of ARH to the cell
surface was dependent on the binding of LDL to LDLR or on the LDL-
LDLR clustering in the clathrin-coated pits, we serum starved HepG2
cells for 16 h as above, treated them with DiI-LDL for 1 h at 4 °C, and
then warmed the cells to 37 °C for different times. Double immunoflu-

orescence and subsequent confocal analysis showed that, after treat-
ment at low temperature, ARH colocalized only weakly with DiI-LDL
distributed on the plasma membrane (Fig. 3). In fact, colocalization of
ARH with fluorescent LDL at the level of the plasma membrane
appeared maximal after 2 min at 37 °C (Fig. 3) and rapidly decreased,
although it was still evident after 5 min (Fig. 3) when LDL appeared also
in intracellular endocytic dots. These results indicate that ARH could be
involved in the early steps of LDLR endocytosis. Very weak ARH/LDL
colocalization after treatment with the ligand at low temperature and

FIGURE 1. Immunofluorescence analysis of the
intracellular localization of ARH protein. A, sub-
confluent HepG2 cells were fixed and labeled with
anti-ARH polyclonal antibody; the ARH signal is
punctate and sparse all over the cell cytoplasm. B,
confluent, polarized HepG2 cells were fixed and
double labeled with anti-ARH polyclonal antibod-
ies and phalloidin-TRITC; the ARH punctate signal
(green) is mainly distributed in the basolateral
region of the cells and is less evident in the prox-
imity of the bile canalicular apical region identified
by phalloidin-TRITC-positive (red) dots (arrow). C,
double immunolabeling with anti-ARH polyclonal
antibodies and anti-LDLR monoclonal antibody
shows codistribution of ARH protein (green) and
LDLR (red) on the same basolateral region of the
cell. Bars, 10 �m.

FIGURE 2. Confocal analysis of the colocalization of ARH with LDLR induced by LDL
binding to the receptor. A, confluent polarized HepG2 cells were serum starved for 16 h,
fixed, and double immunolabeled with anti-ARH polyclonal and anti-LDLR monoclonal
antibodies. The confocal analysis reveals that the up-regulation of LDLR induced by
serum starvation does not modify ARH (green) and/or LDLR (red) distribution and that
ARH protein does not appear to colocalize with LDLR on the plasma membrane. B, con-
fluent polarized HepG2 cells were serum starved for 16 h and treated with DiI-LDL for 5
min at 37 °C. Immunolabeling with anti-ARH polyclonal antibody and subsequent con-
focal analysis reveals that, after LDL treatment, ARH protein (green) and DiI-LDL-LDLR
complexes (red) colocalize on the plasma membrane. The extent of colocalization is
shown in yellow after merging. C, confluent polarized HepG2 cells were serum starved as
above and treated with anti-LDLR C7 monoclonal antibody for 5 min at 37 °C. Double
immunofluorescence with anti-ARH antibody and anti-LDLR and confocal analysis
reveals that ARH protein (green) and anti-LDLR bound to the receptor (red) colocalize on
the plasma membrane. Colocalization is shown in yellow after merging. Bars, 10 �m.

FIGURE 3. Confocal analysis of the colocalization of ARH with LDL during ligand-
receptor clustering in clathrin-coated pits. Confluent polarized HepG2 cells were
serum starved for 16 h, treated with DiI-LDL for 1 h at 4 °C, and warmed to 37 °C for 2 and
5 min. Immunolabeling with anti-ARH polyclonal antibodies and subsequent confocal
analysis reveals that ARH protein (green) and DiI-LDL-LDLR complexes (red) colocalize
only slightly at 4 °C, whereas colocalization of the two signals at the cell plasma mem-
brane appears evident after warming to 37 °C for 2�. At 5� time point of warming, the
extent of colocalization decreases, although it is still evident at the cell surface as well as
in intracellular dots. The extent of colocalization is shown in yellow after merging and as
white dots in masked images.
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the maximal ARH/LDL overlap at very early time points of warming to
37 °C strongly suggest that ARH protein could play a role in the recruit-
ment of LDL-LDLR complexes in clathrin-coated pits (Fig. 3).
We also attempted to analyze the relative distribution ofARHand the

LDLR within the various endocytic compartments in cells before and
after stimulation of LDLR pathway by adding LDL. Analytical centrifu-
gation was performed to fractionate vesicles from HepG2 cells on a
continuous sucrose gradient (Fig. 4). LAMP-1, EEA1, and Rab-4 anti-
bodies were also used in Western blot analyses to determine the posi-
tion of endocytic structures. As previously reported (15), in control
untreated cells the majority of ARH co-sedimented with vesicles con-
taining EEA1 and Rab-4 (Fig. 4A). Only a small percentage of ARH was
present in the same fractions as the LDLR (Fig. 4A). Conversely, 2 min
after LDL addition, ARH distribution showed a marked shift toward
higher density fractions where LDLR was mainly localized (Fig. 4B).
These findings are consistent with ARH being recruited to LDLR-con-
taining early endocytic vesicles when LDLR internalization is
stimulated.
To provide a more direct confirmation of immunofluorescence as

well as subcellular fractionation experiments, we evaluated the associa-
tion of ARH with LDL-LDLR complexes in clathrin-coated pits at dif-
ferent times of incubation with LDL (Fig. 5). Cell-free lysates were
immunoprecipitated using the anti-clathrin monoclonal antibody fol-
lowed by Protein G/Protein A-Sepharose beads. Western blot analysis
using the anti-ARHantibody revealed a positive band in samples treated
with LDL for 2 min. The band was still evident after 5 min of treatment
and declined thereafter. As expected, no association was found in con-
trol untreated cells. These findings further indicate that ARH could be
partially recruited to the plasmamembrane during early steps of LDLR-
mediated endocytosis.

Silencing of ARH Is Able to Block LDL-LDLR Endocytosis—To deter-
mine the involvement of ARH in binding of the LDL-LDLR complex to
the clathrin-coated pits, we inhibited the expression of the ARHprotein
in the human hepatic HepG2 cell line using an siRNA duplex that tar-
geted the segment 88–112 of the ARH open reading frame (Fig. 6A).

This strategy couldmimic the in vivo pathological loss of function of the
hepatic LDL uptake in ARH patients. Cells were transfected with
siRNA, or with duplex of unrelated scrambled sequence as a positive
control, or with transfection reagent alone as negative control. To quan-
titate the reduction of ARH expression, the cells were lysed 24, 48, and
72 h after transfection and analyzed by immunoblotting with anti-ARH
or anti-actin antibodies as a control (Fig. 6B). Twenty-four hours after
the transfection, the amounts of ARH protein were strongly reduced
(�70–80% decrease), whereas the amount of actin had changed only
slightly. The lysates obtained 48 h after incubation with siRNA showed
a slight increase of ARH, and this was more evident 72 h after transfec-
tion. Thismay have been due to the growth of cells transfected poorly or
not at all.
HepG2 cells were microinjected with a mixture of siRNA for ARH

and dextran-FITC to identify injected cells or with dextran-FITC alone
as a control. After microinjection, cells were left at 37 °C for 8 h and

FIGURE 4. Sucrose gradient analysis of the local-
ization of ARH and LDLR. Cells were harvested
and postnuclear supernatant prepared and
loaded on top of a 10 – 40% continuous sucrose
gradient as described under “Materials and Meth-
ods.” After centrifugation, fractions were col-
lected, and samples (30 �l) of each fraction were
separated by SDS-PAGE and analyzed by Western
blot using antibodies against ARH, LDLR, EEA1,
Lamp-1, and Rab-4. After LDL treatment (2 min)
ARH is shifted toward higher densities where LDLR
is localized.

FIGURE 5. ARH co-immunoprecipitates with clathrin after LDL treatment. HepG2
cells were lysed and immunoprecipitated with anti-clathrin antibody, and the precipi-
tated proteins were separated by 10% SDS-PAGE and immunoblotted with anti-ARH
antiserum (1:1000) as described under “Materials and Methods.” The immunoprecipita-
tion assay was carried out at different times of LDL incubation. Lane 1, control untreated
cells immunoprecipitated with anti-clathrin antibody; lane 2, cells treated with LDL for 2
min and immunoprecipitated with anti-clathrin antibody; lane 3, cells treated with LDL
for 5 min and immunoprecipitated with anti-clathrin antibody; lane 4, cells treated with
LDL for 10 min and immunoprecipitated with anti-clathrin antibody; lane 5, cells treated
with LDL for 2 min and immunoprecipitated with a nonspecific IgG antibody. ARH asso-
ciates with clathrin after 2 and 5 min of LDL treatment.
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FIGURE 6. Effect of the microinjection of siRNA for ARH on LDL internalization. A, sequence of the siRNA used for the microinjection experiments. B, effect of the transfection of
siRNA for ARH on the ARH protein expression in HepG2 cells. HepG2 cells were transfected with the siRNA for ARH or with a non-related siRNA. After 24 h, ARH protein expression was
evaluated by Western blot using anti-ARH polyclonal antibodies. Approximately equal protein loading of the gel was verified using an anti-actin antibody. Lane 2, HepG2 transfected
with ARH siRNA; lane 3, control HepG2 transfected with a non-silencing RNA sequence (fluorescein-labeled duplex siRNA); lane 1, negative control. C, confluent polarized HepG2 cells
were microinjected with a mixture of Dextran-FITC and siRNA for ARH and/or with Dextran-FITC alone as a control. After microinjection, cells were incubated at 37 °C for 24 h and then
treated with DiI-LDL for 10 min at 37 °C before fixation. Immunofluorescence analysis shows that in cells injected with siRNA for ARH (arrows), DiI-LDL internalization is blocked,
whereas in uninjected cells (arrowheads) or in cells injected with dextran-FITC alone (arrows), DiI-LDL internalization appears to be unmodified, and the ligand appears concentrated in the
intracellular endocytic dots. D, quantitative analysis of DiI-LDL internalization expressed as percentage of cells presenting internalized DiI-LDL. A total of 100 cells microinjected with siRNA for
ARH and dextran-FITC or with Dextran-FITC alone were compared with uninjected cells. Results represent the mean values � one S.D. from three different experiments. Bars, 10 �m.
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serum starved for an additional 16 h. At 24 h after microinjection, cells
were treatedwithDiI-LDL for 10min at 37 °C and then fixed formicros-
copy. In uninjected cells and cells injected only with dextran-FITC as a
control, DiI-LDL was concentrated in intracellular endocytic dots,
whereas in cells microinjected with siRNA and dextran-FITC mixture
no intracellular LDL-positive dots were visible (Fig. 4C). Thus, the
silencing of ARH was sufficient to functionally block DiI-LDL internal-
ization. This suggests that, at least in HepG2 cells, ARH protein plays an
essential role in the LDLR endocytic process. Quantitative analysis per-
formed by counting uninjected or injected cells presenting internalized
LDL in five different areas of each slide randomly taken from three
different experiments revealed that the inhibition of LDL endocytosis
was evident in 80% of the cells injected with siRNA (Fig. 4D).

Interaction of ARH with Endocytic Proteins in Polarized HepG2
Cells—Todemonstrate interaction ofARHwith other proteins involved
in the clathrin-mediated internalization process in vivo, we carried out
immunoprecipitations with anti-�-adaptin, anti-Dab2, and anti-Rab-4
followed by immunoblotting for ARH. All experiments were carried out
at baseline and after stimulating the endocytic pathway by addition of
purified LDL to the cell culture medium (Fig. 7). As already reported in
the literature (14), we observed co-immunoprecipitation of the ARH
protein with several components of the plasma membrane endocytic
system, including the � subunit of the AP-2 complex (�-adaptin) and
the Dab2 protein. In addition, we observed co-immunoprecipitation of
ARH with the small GTPase Rab-4, which is a component of the early
endosome and recycling arms of the endocytic pathway. It is interesting
to note that the pattern of co-immunoprecipitation of ARH with
�-adaptin, Dab2, and Rab-4 was already present at 4 °C and was not
apparently modified at later times after LDL addition.

DISCUSSION

The results of this study demonstrate that the adaptor protein ARH
plays a crucial role in the internalization of LDLR by hepatocytes. Tran-
sient loss of ARH by siRNA resulted in the failure of LDL endocytosis
and the almost complete absence of the LDL-LDLR complex in the
internal compartment of hepatocytes. In fact, the immunofluorescence
analysis revealed that in hepatocytes lacking ARH, most of the LDL
resides on the cell surface.
The role of ARH in LDLR function has been extensively investigated

in circulating lymphocytes based on the fact that transformed lympho-
cytes andmonocyte-derivedmacrophages obtained fromARH patients
are unable to take up and degrade 125I-LDL (13, 25, 26). The results of
these studies clearly suggested that ARH is required for the efficient
endocytosis of LDLR in these cells. More recently, it has been observed
that lymphocytes obtained from ARH-negative patients did not accu-
mulate LDL-gold complex inmultivesicular bodies characteristic of late
endosomes and lysosomes, thus confirming the lack of internalization of
LDL in these cells (27). Less information is available on the role of ARH
in LDLR function in liver cells. In a recent study,Harada-Shiba et al. (28)
observed that after in vivo injection of [3H]cholesteryl oleyl ether-la-
beled LDL, less radioactivity is recovered from the liver of ARH-defi-
cient mice than from livers of wild-type mice. Surprisingly, the same
authors reported that uptakes of [3H]cholesteryl oleyl ether-labeled
LDL, 125I-LDL, andDil-LDLwere all normal when arh�/� hepatocytes
were cultured. This is in contrast with our finding that the loss of ARH
arrested the LDLR trafficking cycle at the point of endocytosis from the
cell surface in HepG2 cells. On the other hand, our observations concur
with the evidence that hepatic clearance of LDL from plasma is mark-
edly retarded in arh�/� mice as well as in ARH patients (12, 15).
Several hypotheses have been proposed to explain howARHmight be

involved in the endocytosis of LDL-LDLR complex. One is that ARH
acts by facilitating the interaction between the cytoplasmic tail of LDLR
and some structural components of the coated pits, such as the AP2
protein and the clathrin heavy chain. This is mainly based on the obser-
vation that ARH protein can bind to LDLR, clathrin, and AP-2 (14).
However, some of our evidence contradicts this hypothesis. In particu-
lar, we observed that the majority of ARH protein in hepatocytes
appears in fractions where the LDLR receptor is absent, clearly indicat-
ing that ARH is not constitutively associated with the LDLR-clathrin
complex (15). The second major finding from our study is that ARH
protein is recruited to plasmamembrane after stimulation of LDL inter-
nalization. In fact, we observed by immunofluorescence that the overlap
of ARH protein with the LDL-LDLR complex at the level of the plasma
membrane was almost negligible at 4 °C but became significant at 37 °C.
After 10 min, when LDL appeared exclusively in intracellular endocytic
dots, no more ARH protein could be colocalized with the LDL-LDLR
complex. These findings were corroborated by our subcellular fraction-
ation and immunoprecipitation time course experiments, in which
clathrin-associated LDL-LDLR complexes showed co-immunoprecipi-
tation with ARH transiently 2–5 min after the LDLR pathway was acti-
vated. Those results indicated that ARH is recruited to LDLR-contain-
ing early endocytic compartments. Our result is consistent with the
report by Mishra et al. (11) that ARH associates with the LDLR during
the early stages of endocytosis in HeLa cells. Moreover, Mishra et al.
suggested that the kinetics of intracellular juxtaposition of LDLR and
ARH are consistent with those occurring within the clathrin-coated
buds and/or vesicles. On the other hand, they also documented (11) that
ARH protein is not enriched in liver or in brain clathrin-coated vesicles,
as one might expect if this protein were a constitutive part of the clath-
rin-coated pit machinery. Conversely, their observations favor the
hypothesis that ARH may be an endocytic sorting adaptor that could
actively participate in the sorting of endocytic cargo but does not pro-
gress with it into the budded vesicles. There are several examples of

FIGURE 7. �-Adaptin, Dab2, and Rab-4 co-immunoprecipite with ARH. After 1 h of
incubation with LDL at 4 °C, HepG2 cells were lysed and immunoprecipitated with the
specific antibody, and the precipitated proteins were separated by 10% SDS-PAGE and
immunoblotted with anti-ARH antiserum (1:1000) as described under “Materials and
Methods.” The immunoprecipitation assay was carried out at different times of LDL incu-
bation: lane 1 corresponds to 1 h of incubation with LDL at 4 °C, and lanes 2, 3, and 4
correspond to immunoprecipitation carried out after 2, 5, and 10 min of incubation with
LDL at 37 °C, respectively. Lane 5 is a negative control experiment where 25 �l of Protein
G/Protein A-Sepharose beads were incubated with anti-�-adaptin at 4 °C overnight
without cell lysate.
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mechanisms like this, including eps15 and epsin (29). Another interest-
ing question is whetherARH recruitment is due to lipid transfer or is the
direct result of ligand binding to the LDLR. Our immunofluorescent
experiments carried out using anti-LDLR C7, a non-physiological
ligand containing neither apolipoprotein B nor lipids, clearly suggest
that the activation of LDL internalization is the signal that induces
movement and recruitment of ARH.
Clathrin-coated vesicles move cell surface receptors to the endo-

somes. Some of these endosomes are recycled, that is, returned to the
plasma membrane (30). Principal structural components of plasma
membrane-derived clathrin-coated vesicles are clathrin and the het-
erotetrameric adaptor protein AP-2. In addition to adaptors, a number
of accessory proteins are involved in the clathrin-coated vesicle assem-
bling and movement. To explore the interactions between ARH with
other endocytic proteins, we carried out several co-immunoprecipita-
tions experiments before and after addition of LDL to the cell culture
medium.We found that ARH is associated with �-adaptin and Dab2, in
agreement with similar findings by Mishra et al. (11). In addition, we
observed that Rab-4 may colocalize with ARH. We were unable to
detect any kinetics in these associations. This may be due either to the
limited sensitivity of our semiquantitative Western blotting or to diffi-
culty in establishing the stoichiometry of ARH complexes with these
proteins. Stable transfection of HepG2 with anti-ARH siRNA might
allow clarification of these aspects. In this regard, Jones et al. (15)
reported that at steady state ARH co-sediments with Rab-5 and EEA1,
bothmarkers of the early endosomal compartment. These observations
strongly suggest that ARHmay associate with endocytic accessory pro-
teins of the early endosome compartment. Association of ARH with
Rab-4 is particularly interesting, because Rab-4 is a component of the
early endosome compartment and it also participates in the recycling
arms of the endocytic pathway (31, 32). Therefore, it can be hypothe-
sized that ARH is allowed to enter into another cycle of endocytosis
through its association with Rab-4. Further studies are needed to better
clarify the relationship between ARH and the other endocytic accessory
proteins.
In summary, our findings demonstrate that ARH protein is required

to promote the internalization of the LDL-LDLR complex into hepato-
cytes. At steady state, ARH appears to be colocalized with endocytic
accessory proteins in the liver cells. After LDL-LDLR complex has been
formed, its internalization is promoted by the juxtaposition of ARH to
the complex, and by this mechanism LDL fluxes through early endo-
somes. Therefore, ARH appears to act as a molecular usher, gathering
the LDL-LDLR complex into the clathrin-coated vesicles and presum-
ably enhancing the efficiency of vesicle packaging. In hepatocytes of
ARH patients, defective function of this sorting adaptor may lead to
faulty LDLR traffic and hypercholesterolemia.
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