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Cubilin- and megalin-mediated uptake of albumin in cultured interest on the mechanisms behind renal tubular reab-
proximal tubule cells of opossum kidney. sorption of albumin. Although several binding sites of

Background. Reabsorption of albumin from the glomerular albumin to proximal tubule cells have been characterizedfiltrate occurs via receptor-mediated endocytosis in the proxi-
by kinetic studies, the receptor(s) responsible for themal tubule. This process is initiated by binding of albumin in

apical clathrin-coated pits, followed by endocytosis and degra- binding remains obscure.
dation in lysosomes. Although binding sites have been charac- Our previous micropuncture study demonstrated that
terized by kinetic studies, the receptors responsible for the in vivo, the reabsorption of albumin in the kidney isbinding of albumin have not been fully identified. Two giant

achieved by endocytosis and transport into endocyticglycoproteins, cubilin and megalin, constitute important endo-
cytic receptors localized to the kidney proximal tubule. compartments mediated by megalin [1], a 600 kD multili-

Methods. In the present study, we examined the colocaliza- gand endocytosis receptor [2]. Furthermore, low molecu-
tion of cubilin and megalin in the endocytic pathway and the lar weight albumin binding proteins (ABPs) have beenrelationship between the uptake of albumin and the expression

purified from brush border membranes of rat renal proxi-of cubilin and megalin in opossum kidney (OK) proximal tu-
bule cells by immunocytochemistry and immunoblotting. mal tubule and have been characterized by their distribu-

Results. OK cells expressed both cubilin and megalin. The tion at microvilli and in apical endosomes along the prox-
light microscope labeling patterns for cubilin and megalin were imal tubule by immunocytochemistry [3].almost identical and were mainly located at the surface area

Cubilin, identical to intrinsic factor receptor (IFR) [4],of the cells. Cubilin and megalin were also shown to colocalize
on cell surface microvilli, in coated pits, and in endocytic com- and megalin constitute endocytic membrane glycopro-
partments at the electron microscope level. Endocytosed bo- tein receptors in renal proximal tubule epithelium. Meg-
vine serum albumin (BSA) was identified exclusively in cells alin is expressed in many absorptive epithelial cells [5,expressing megalin and cubilin. Uptake of BSA-FITC was satu-

reviewed in 6], whereas cubilin constitutes a slightlyrable and inhibited by receptor-associated protein (RAP) and
by intrinsic factor-vitamin B12 complex (IF-B12) at high concen- smaller, 460 kD endocytic glycoprotein receptor [7], re-
trations. Significant inhibition was also observed by specific cently cloned [8] and detected so far in only renal proxi-
antibodies to cubilin, and megalin and cubilin antisense oligo-

mal tubule [9], yolk sac [9], and ileal enterocytes [10].nucleotides likewise significantly reduced albumin uptake. Egg
Only a few ligands for cubilin have been identified toalbumin did not affect the uptake of BSA.

Conclusion. The present observations suggest that the two date, including intrinsic factor-vitamin B12 (IF-B12) [4, 7],
receptors cubilin and megalin are both involved in the endo- apolipoprotein A-I [11], high density lipoprotein (HDL)
cytic uptake of albumin in renal proximal tubule cells.

[11], and myeloma light chains [12]. Cubilin and megalin
are coexpressed and colocalized in the brush border and
the endocytic pathway of the renal proximal tubule epi-Albuminuria is an important indicator and possible
thelium as well as yolk sac epithelial cells [8, 9]. They alsopathogenic factor in renal disease, focusing significant
copurify from solubilized rabbit renal cortex by using
receptor-associated protein (RAP) as an affinity targetKey words: renal protein uptake, endocytosis, albumin binding pro-

teins, glycoprotein receptor, vitamin B12, tubular reabsorption. [7]. The absence of functional cubilin produces protein-
uria in patients suffering from hereditary intestinal mal-Received for publication September 28, 1999
absorption of IF-B12 [13, 14] and in dogs with an inheritedand in revised form March 29, 2000

Accepted for publication April 28, 2000 functional deficiency of cubilin [15], and the absence of
megalin produces proteinuria in megalin knockout mice 2000 by the International Society of Nephrology
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[16–19]. The observation that cubilin lacks an obvious anti-rat megalin [28], polyclonal rabbit anti-rat cubilin
(L242, 403) [29], and monoclonal mouse anti-rat cubilintransmembrane domain and a cytoplasmic tail [8] sug-

gests that its internalization and intracellular trafficking (mAb 75) [9] were obtained as previously described. Sheep
serum (x0503), rabbit anti-sheep serum (z0138), rabbit se-could be accomplished with the aid of another membrane

receptor. Since cubilin calcium dependently and with rum (x0902), swine anti-rabbit-TRITC Ig (R156), rabbit
anti-mouse-TRITC Ig (R270), and rabbit anti-sheep-high affinity binds to megalin [8], these observations to-

gether might suggest an interaction between the two re- FITC Ig (F135) were from Dako A/S (Copenhagen,
Denmark). For inhibition experiments, the immunoglob-ceptors in mediating endocytic uptake of different ligands.

Opossum kidney (OK) cells, an established OK cell ulins, specific and nonspecific, were purified by protein-
A affinity chromatography.line, possess similarities to the proximal tubule epithe-

lium in terms of membrane transport and electrical prop- Human IF-B12 complexes were kindly provided by Pro-
fessor Ebba Nexø (Department of Clinical Biochemistry,erties [20, 21]. Therefore, this cell line has been widely

used as a model system for investigating binding of albu- Aarhus University Hospital, Aarhus, Denmark).
min to the cell membrane, receptor-mediated endocyto-

Immunoblotting/Western blottingsis, and regulation of the endocytic pathway [22–26].
Preparation of opossum kidney cell membranes. OKTo characterize the binding sites for albumin on the

cells at confluency were detached from the bottom of theplasma membrane of renal proximal tubule and the sub-
flasks by scraping in dissection buffer [0.3 mol/L sucrose,cellular colocalization of cubilin and megalin, we studied
25 mmol/L imidazol, 1 mmol/L ethylenediaminetetra-the relationship between the uptake of albumin and the
acetic acid (EDTA), pH 7.2]. The cells were spun downexpression of cubilin and megalin. We suggest that cubi-
at 1000 3 g, 48C, for five minutes. The pellet containinglin and megalin are both involved in the tubular reab-
the cells was resuspended in 1.5 mL dissection buffer,sorption of albumin.
and the cells were homogenized by five strokes at 1250
r.p.m. and centrifuged by 4000 3 g at 48C for 15 minutes.METHODS
The pellet was homogenized and centrifuged again as de-

Cell culture scribed previously in this article. The supernatants were
Opossum kidney cells were purchased from American pooled and ultracentrifuged (L8-70 M ultracentrifuge;

Type Culture Collection (ATCC; CRL-1840, Rockville, Beckman Instruments, Fullerton, CA, USA) for one hour,
MD, USA). Cells (passages 17 to 42) were routinely 48C, at 200,000 3 g. The final pellet containing the cellu-
grown in plastic culture flasks (75 cm2; catalog no. 430720 lar membranes was resuspended in sample buffer.
Corning Costar, Badhoevedorp, Holland), in Eagle mini- Western blotting. Sodium dodecyl sulfate-polyacryl-
mum essential medium (EMEM; catalog no. 12-136F; amide gel electrophoresis (SDS-PAGE) was performed
Bio-Whittaker, Walkersville, MD, USA), with 10% fetal with 4 to 16% polyacrylamide gradient gels and 3% SDS
calf serum (lot no. 055,54; Biological Industries, Fredens- in the sample buffer. The proteins were electroblotted
borg, Denmark), 2 mmol/L l-glutamine (catalog no. 17- onto nitrocellulose membranes (Hyperbond ECL nitro-
605E; Bio-Whittaker), and 50 U/mL penicillin and 50 cellulose; Amersham, Buckinghamshire, UK). After blot-
mg/mL streptomycin (catalog no. 17-603E; Bio-Whitta- ting, the membranes were blocked for one hour in phos-
ker), at 378C in a humidified atmosphere containing 5% phate-buffered saline (PBS)/0.1% Tween/5% low fat dry
CO2. The cells were passaged every third day after plat- milk, followed by washing three times for 25 minutes
ing with a split ratio of 1:5 by 15-minute trypsinization totally in PBS/0.1% Tween. Subsequently, the blots were
(500 mg/L Trypsin, 200 mg/L Versene; catalog no. 17- incubated with rabbit anti-rat cubilin antibodies or sheep
161E; Bio-Whittaker). Experiments were conducted anti-rat megalin antibodies diluted 1:5000 and 1:20,000,
with confluent monolayers of OK cells cultured either respectively, in PBS/0.1% Tween/1% BSA/2 mmol/L so-
in eight chamber glass slides (catalog no. 154534; Nalge dium azide, overnight at 48C. The blots were washed as
Nunc International, Naperville, IL, USA) for immuno- described previously in this article and incubated for one
histochemical and uptake studies, or on Transwell inserts hour with horseradish peroxidase-conjugated secondary
(catalog no. 3450; diameter of 24 mm; pore size of 0.4 mm; antibodies (goat anti-rabbit Ig 1:3000 or rabbit anti-sheep
Costar, Cambridge, MA, USA) for electron microscope Ig 1:9000). After washing, the labeling was visualized by
investigations. Cell handling was performed in a laminar enhanced chemiluminescence (Amersham). As positive
flow hood, and cultured cells were observed with an controls, affinity-purified cubilin and megalin were used.
inverted microscope (Leitz, Wetzlar, Germany).

Immunofluorescence microscopy
Antibodies and chemicals To study the uptake of the BSA-FITC and the expres-

sion of cubilin and megalin, direct and indirect double-Bovine serum albumin (BSA)-FITC, BSA, and egg al-
bumin were purchased from Sigma Chemical Co. (Poole, labeling immunofluorescence techniques were applied to

the confluent monolayer of OK cells grown in chambers.Dorset, UK). Recombinant RAP [27], polyclonal sheep
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Coexpression of cubilin and megalin. After fixation were grown on plastic Petri dishes, and the experiments
with 2% formaldehyde for two minutes and preincuba- were performed at day 9 after seeding. Prior to the deter-
tion with PBS (0.01 mol/L, pH 7.4) containing 0.1% low mination of BSA uptake, the monolayers were washed
fat dry milk for 15 minutes, the confluent monolayers of thoroughly three times at pH 6.0 in order to remove
cells were incubated with a mixture of primary antibodies proteins or amino acids that were present during the pre-
(monoclonal mouse anti-rat cubilin 0.5 mg/mL and poly- incubation period. Subsequently, the monolayers were
clonal sheep anti-rat megalin 1:2000 for one hour) and incubated with Ringer solution containing 10 mg/mL of
then incubated with a mixture of secondary antibodies, FITC-labeled BSA (Sigma, 83039 Deisenhofen, Ger-
TRITC coupled to rabbit anti-mouse 1:20, and FITC many), 14C-BSA (ARC, St. Louis, MO, USA), or 20
coupled to rabbit anti-sheep 1:40 for one hour. A mixture nmol/L FITC-IF-B12 for 15 minutes at 378C. The IF-B12
of mouse and sheep immunoglobulins was used as con- complexes were labeled by FITC as described by the
trol. All steps described previously in this article were per- manufacturer (Pierce, Rockford, IL, USA). As described
formed at room temperature. The slides were mounted before, albumin is taken up by endocytosis under these
in 50% glycerol containing 2% N-propylgallat and 2.4% experimental conditions [25, 30, 31]. Uptake was stopped
Tris and were examined in an immunofluorescence mi- by rinsing the monolayers eight times with ice-cold Ring-
croscope (Leica DMR) equipped with a Sony 3CCD er’s solution. The last rinsing step was controlled rou-
color video camera attached to a Sony Digital Still re- tinely for fluorescence, which was not significantly differ-
corder. Images were processed using Adobe Photoshop ent from background. Nonspecific uptake was determined
4.0 and printed on Epson photo quality paper with an by including 1000-fold excess of unlabeled albumin. Non-
Epson Stylus 740 color printer. specific uptake was approximately 10% for FITC-BSA

Colocalization of the uptake of BSA and cubilin or and for 14C-BSA. 14C-BSA was used with high concentra-
megalin. Confluent monolayers of cells were preincu- tions of inhibitors in order to repeat the experiments,
bated for 24 hours with serum-free EMEM containing despite the limited availability of some substances. When
2 mmol/L glutamine, followed by incubation with 40 we compared the inhibitory effects of our maneuvers on
mg/mL BSA-FITC for one hour under the same condi- FITC-BSA and 14C-BSA uptake, there was no significant
tions mentioned previously in this article. After fixation difference. Thus, the data were pooled, and we refer to
with pure acetone for one minute or 2% formaldehyde FITC-BSA and 14C-BSA as labeled BSA. Cells were
for two minutes, the cells were incubated with rabbit disintegrated by detergent (Triton X-100 0.1% vol/vol in
anti-rat cubilin antibodies 1:500 or sheep anti-rat megalin MOPS solution, which guaranteed that all fluorescence
antibodies 1:2000 for one hour, subsequently incubated measurements were performed at pH 7.4), and the cell-
with TRITC-coupled swine anti-rabbit Ig 1:20 or rabbit

associated fluorescence was measured using a spec-anti-sheep serum 1:10,000 for one hour, followed by incu-
trofluorometer according to Gekle et al [30]. Cell-associ-bation with TRITC-coupled swine anti-rabbit Ig 1:20.
ated radioactivity was determined by b-counting. ProteinFor uptake of BSA only, incubation with unlabeled BSA
was determined by the method of Lowry et al [32]. Ring-was used as control, and for the colocalization studies,
er’s solution was composed of (mmol/L) NaCl 122.5, KClnonspecific rabbit and sheep serums were used as con-
5.4, CaCl2 1.2, MgCl2 0.8, Na2HPO4 0.8, NaH2PO4 0.2,trols. The antibody incubations were carried out at room
glucose 5.5, and HEPES 10 (titrated to different pHtemperature.
values with 1 mol/L NaOH or HCl). The inhibition con-Competitive inhibition experiments of binding of BSA
stant (IC50) was calculated according to DeLean, Mun-to receptors. After preincubation for 24 hours in serum-
son, and Rodbard [33] using the formula, J 5 J0/[1 1free medium, OK cells were incubated for 10 minutes
((C/IC50)n)], where J0 is the control uptake, C is the con-with 10 mg/mL BSA-FITC mixed with the following
centration of the inhibitor, IC50 is the half-maximal inhib-potential competitors of uptake: 0.25 to 1 mmol/L RAP,
itor concentration, and n is the slope of the curve. Curve30 mmol/L intrinsic factor, 30 mmol/L unlabeled BSA,
fitting was performed according to the least-square30 mmol/L egg albumin, 100 to 400 mg/L purified sheep
method using the Sigma Plot for Windows 2.1 softwarepolyclonal anti-rat megalin IgG, or rabbit polyclonal
(Jandel Scientific, Corte Madera, CA, USA).anti-rat cubilin IgG. The cells were fixed with 2% formal-

To gain insight into whether interference with the ex-dehyde for two minutes, further processed as described
pression of cubilin may affect albumin uptake, transientpreviously in this article, and examined in the microscope
transfection with phosphorothioate-modified cubilin anti-for uptake of BSA.
sense or sense oligonucleotides was performed. To selectAs controls for antibody inhibition experiments, puri-
a relevant oligonucleotide sequence, the cDNA pro-fied nonspecific sheep IgG and rabbit IgG were used.
duced by reverse transcription of mRNA from OK cells

Quantitative uptake studies was amplified by PCR using two primers located within
the first CUB domain of rat cubilin (upper, TGCCTACQuantitative uptake studies were performed as de-

scribed earlier [25, 30, 31]. Briefly, OK cell monolayers CACAGCCCAAATGA, and lower, AGAGCCACA
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ATGACTGCAG). The amplified 0.4 kb fragment was shown in Figure 1, the specific antibodies identified two
high molecular weight proteins at the position corre-subcloned in PGEM (Promega, Madison, WI, USA) and
sponding to either cubilin or megalin.end sequenced. The 59 sequence (first 70 bases) was

95% homologous with rat cubilin, including the exact
Immunocytochemical colocalization of cubilinsequence of the upper primer. The 39 sequence showed
and megalin75% homology only with rat cubilin. Consequently, the

Coexpression of the two giant glycoprotein receptorsfollowing OK-cubilin sequences were used (MWG-Bio-
was demonstrated by a double-labeling immunofluores-tech AG, Ebersberg, Germany): antisense, 59-TCATTT
cence technique on the confluent monolayers. The label-GGGCTGTGGTAGGCA-39, sense, 59-TGCCTACCA
ing patterns for cubilin and megalin were almost identi-CAGCCCAAATGA-39.
cal, that is, expressed in the same cells, and were mainlyFor these experiments, cells were transfected for 72
located at the surface of OK cells. The intensity of label-hours in serum-free medium using PerFect Lipid (pFx-4)
ing among cells varied significantly from area to areareagent (Invitrogen, Groningen, The Netherlands) as
(Fig. 2A, B), and in some areas, the cells did not expressrecommended by the manufacturer. Thereafter, albumin
the two receptors at all. The subcellular distribution ofuptake was determined in control cells, cells treated with
cubilin and megalin was also visualized at the electrontransfection reagent alone, or the oligonucleotides.
microscope level by double-labeling immunocytochemis-
try. Both receptors were similarly distributed at micro-Immunocytochemistry
villi areas and often concentrated in clathrin-coated pitsTo examine the subcellular localization of cubilin and
and invaginations at the apical cell membrane and colo-megalin in OK cells, double gold labeling immunocyto-
calized in small and large endocytic vacuoles, as well aschemistry was carried out.
in dense apical tubules (Fig. 3).Opossum kidney cells at confluent monolayers were

detached from Transwell inserts by scraping and sedi- Colocalization of uptake of BSA-FITC, cubilin,
mentation. The cells were fixed in 0.1 mol/L sodium and megalin
cacodylate buffer, pH 7.2, containing 2% formaldehyde,

The relationship between the uptake of BSA-FITCfor 10 minutes, and were then spun down at 500 3 g for
and expression of cubilin or megalin is shown in Figure2 minutes at 48C. The cells were washed three times in
2C and D. Cells showing punctuate labeling with BSA-cacodylate buffer, had a few drops of 15% gelatin added,
FITC throughout the cytoplasm representing endocy-and were infiltrated for 30 minutes with 2.3 mol/L sucrose
tosed BSA were also peripherally labeled with TRITC

containing 2% paraformaldehyde. The blocks containing
coupled to antibodies against cubilin or megalin. Con-

the cells were frozen in liquid nitrogen. Cryosections with versely, in areas where the cells were not labeled with
a thickness of 70 to 90 nm were prepared for electron BSA-FITC, there was also no labeling for cubilin and
microscopy with a FCS Reichert Ultracut E ultramicro- megalin, indicating an association between these two
tome. For EM double labeling experiments, sections receptors and the endocytic uptake of albumin. Although
were incubated with a mixture of primary antibodies: the intensity of BSA-FITC varied from area to area, the
polyclonal rabbit anti-rat cubilin diluted 1:200 to 1:400 labeling pattern was the same. On control slides substitut-
and polyclonal sheep anti-rat megalin diluted 1:2000 to ing nonspecific serum for specific serum, the cells labeled
1:4000 in 0.01 mol/L PBS with 0.05 mol/L glycine and with BSA-FITC were not labeled with TRITC.
0.1% nonfat dry milk overnight at 48C. After probing
with primary antibodies, the sections were incubated with Qualitative and quantitative evaluation of competitive
5 nm gold-conjugated goat anti-sheep Ig (1:50; British inhibition of BSA uptake
BioCell International, Cardiff, UK) mixed with 10 nm The uptake of BSA-FITC was significantly reduced by
gold-conjugated goat anti-rabbit IgG (1:50). Finally, the the presence of different inhibitors. As shown in Figure 4,
sections were embedded in 2% methylcellulose con- uptake of BSA-FITC was inhibited strongly by RAP and
taining 0.3% uranylacetate and were examined in a Phil- IF-B12 complex, was partially inhibited by unlabeled BSA
lips CM 100 electron microscope. (discussed later in this article), and was not inhibited at

all by egg albumin. Uptake was also significantly inhib-
ited by specific antibodies and to a certain extent by non-RESULTS
specific IgG, especially the rabbit IgG (discussed later

Identification of cubilin and megalin on OK in this article).
cell membranes These morphologic results are consistent with those

The expression of cubilin and megalin on purified mem- from the quantitative analysis of competitive inhibition
branes of OK cells was analyzed by Western blotting of uptake of albumin (Fig. 5). The addition of the mega-

lin-ligand RAP resulted in a dose-dependent reductionusing polyclonal anticubilin and megalin antibodies. As
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Fig. 1. Detection of cubilin (A) and megalin
(B) on opossum kidney (OK) cellular mem-
branes by Western blotting. From right to left,
the lanes represent purified cubilin (A) or
megalin (B) and increasing concentrations of
membrane proteins. Details are discussed in
the Methods section.

Fig. 2. (A and B) Immunofluorescent localization of cubilin and megalin illustrating colocalization of cubilin (TRITC) and megalin (FITC) in
confluent OK cells. The central part in (B) represents one cell. The yellow color illustrates exact colocalization of the two receptors (A 31100,
B 31800). (C ) Immunofluorescent colocalization of BSA-FITC and cubilin or megalin (D) illustrated by TRITC labeling. The yellow color
represents exact colocalization of endocytosed BSA and the receptor (C and D 31400).
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Fig. 3. Electron microscope immunocytochemical double labeling for megalin and cubilin. Megalin, 5 nm gold particles, and cubilin, 10 nm gold
particles, are distributed together at the apical plasma membrane (arrows) and in endocytic vacuoles (arrowheads) in OK cells. Apical microvilli
(MV) are seen in top of the micrograph (386,000).

of albumin endocytosis. The calculated inhibitory con- (10 mmol/L) did not affect albumin endocytosis at all
(albumin uptake in the presence of egg albumin was 96 6stant (IC50) was 17 nmol/L, a value close to the affinity

constant of RAP binding to megalin [34]. The addition 5% of control, N 5 6). By contrast, 10 mmol/L unlabelled
albumin reduced the uptake of labeled albumin signifi-of the cubilin ligand IF-B12 complex also resulted in a

dose-dependent reduction of albumin uptake. The IC50 cantly to 30 6 5% of control (N 5 8), and 100 mmol/L
reduced uptake to approximately 10% of control [25].value for IF-B12 was 1.7 mmol/L and was therefore higher

as compared with the affinity constant of IF-B12 [7]. This The addition of specific antibodies to megalin or cubi-
lin led to a significant inhibition of albumin uptake as com-suggests that the binding site for albumin is different

from the high affinity binding site for IF-B12 in CUB pared with nonspecific IgG (Fig. 6), about 30 and 40%,
respectively. However, the nonspecific IgG also exerteddomain 5 to 8 of cubilin [35]. To test whether RAP and

IF-B12 interact with albumin endocytosis at the same an inhibitory action on albumin uptake at concentrations
of $200 mg/L. The inhibitory effect of nonspecific IgGsite, we added 3 mmol/L IF-B12 in the presence of 300

nmol/L RAP (that is, at maximum RAP inhibition). Al- was not surprising because cubilin has been reported to
bind light chains [12]. Because of this nonspecific effectbumin uptake in the presence of 300 nmol/L RAP 1 3

mmol/L IF-B12 was significantly lower (42 6 3% of con- of IgG, we did not test higher antibody concentrations
or the combination of the two specific antibodies.trol, N 5 4) as compared with uptake in the presence

of 300 nmol/L RAP alone (60 6 2% of control, N 5 4). Incubation of OK cells with cubilin antisense oligonu-
cleotides led to a significantly reduced rate of albuminThese data indicate that RAP and IF-B12 inhibit albumin

uptake, at least in part, at different sites. Egg albumin uptake, as compared with cubilin sense oligonucleotides
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Fig. 4. Immunofluorescence microscopy of inhibition experiments on confluent OK cell monolayers. (A) The uptake of BSA-FITC in control
experiments. (B) No inhibitory effect of 30 mmol/L egg albumin. (C ) Almost complete inhibition of uptake by 1 mmol/L RAP. (D) Very strong
inhibition by 30 mmol/L human intrinsic factor (A, B and D 3300; C 3800).

or transfection reagent alone. Incubation with 1 mmol/L munocytochemistry and Western blotting. We therefore
used the OK cell line to reveal the qualitative and quanti-antisense oligonucleotide reduced albumin uptake to

79 6 4% of control (N 5 12, P , 0.05), whereas 1 mmol/L tative relationship between the expression of both glyco-
protein receptors and the uptake of albumin.sense oligonucleotide or transfection reagent did not ex-

Previous kinetic studies on binding of albumin toert significant effects (102 6 2% and 98 6 5% of control,
brush-border membrane vesicles from renal proximalrespectively, N 5 12). At 10 mmol/L, the oligonucleotides
tubules [36] and to the cell membrane of OK cells [23,exerted toxic effects, as seen by a decrease in cell number
24, 26] suggested that the reabsorption of albumin along(data not shown).
the renal proximal tubule lumen occurs by receptor-me-Furthermore, in similar experiments, the uptake of
diated endocytosis and that the glycoprotein scavengerFITC-IF-B12 in sense-treated cells was 86 6 8% of control
receptor(s) is involved in this saturable binding process(N 5 8). Uptake in antisense-treated cells as compared
[22]. Furthermore, there are several indications that cub-with sense-treated cells was 71 6 7% (N 5 8, P , 0.05).
ilin and megalin are both involved in the process of the
reabsorption of protein and possibly albumin, including

DISCUSSION (1) a similar subcellular distribution at microvilli areas
In the present study, we have identified cubilin and of the cell surface and endocytic compartments in rat

megalin in OK cell membranes and demonstrated coex- renal proximal tubule and yolk sac epithelial cells [8, 9];
(2) both receptors mediate binding and subsequent inter-pression and colocalization of both glycoproteins by im-
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The present study shows that megalin and cubilin are
both involved in albumin uptake in OK cells. First, the
colocalization of megalin and cubilin was established in
OK cells both at the light microscopic and the ultrastruc-
tural level. Furthermore, a clear correlation between the
expression level of the two receptors on individual cells
was identified by immunofluorescence. Double labeling
using fluorescent albumin and antibodies against either
of the two receptors always showed a strong correlation
between the expression of both receptors and the uptake
of albumin. The variation in receptor expression between
individual cells is most probably due to cellular develop-
mental differences. Thus, mature cells with a high level of
receptor expression were also most effective in albumin
uptake. Second, inhibition of albumin uptake was ob-
served with antibodies against both megalin and cubilin
as well as with RAP and IF-B12. RAP serves as a chaper-
one for members of the low-density lipoprotein receptor
family, of which only megalin has been identified in renal
proximal tubule cells. Binding of virtually all ligands to
megalin [6, 38–41], including cubilin [8], is significantly
inhibited by RAP, and as we have previously shown, in
vivo RAP is a strong inhibitor of albumin uptake in the
proximal tubule [1]. RAP also binds with low affinity to
cubilin; however, it does not affect binding of IF-B12 to
cubilin [7]. Thus, the inhibitory effect of RAP on albumin
uptake may be explained by different mechanisms, in-
cluding a decreased binding of albumin to megalin or
possibly cubilin and/or a decreased binding of cubilin to
megalin. The present study does not allow for distin-
guishing between these possible modes of action. The
significant reduction in albumin uptake induced by IF-B12

supports the involvement of cubilin, since this is the only
identified IF-B12 binding protein. An additive inhibitory
effect was observed with RAP and IF-B12 at RAP con-
centrations above that which gave maximal inhibition.
This indicates that RAP and IF-B12 do not act at a single,
identical site, as also demonstrated previously by plas-
mon resonance analysis [7]. The difference in the results
between the IC50 for IF-B12 found in this study and the

Fig. 5. Concentration-dependent inhibition of albumin uptake by re- previous observed affinity constant of IF-B12 [7] rather
ceptor-associated protein (A) or by intrinsic factor-B12 complex (B). suggests that the observed inhibition of albumin uptakeN 5 6 to 9; *P , 0.05.

by IF-B12 is due to additional low affinity binding sites
shared by the two proteins. Accordingly, two distinct
binding sites or two functional uptake components might
exist in the proximal tubule. Indeed, it has been shownnalization of proteins in proximal tubule epithelium and

probably during fetal development in yolk sacs [6]; (3) that albumin reabsorption in rabbit proximal tubule can
be described by the combination of a low- and a high-functional defects of both receptors cause proteinuria

[16–19, 37]; (4) studies from our lab have shown that affinity transport mechanism [42]. The authors tentatively
ascribed these two processes to the fluid phase and ad-albumin can bind to megalin [1]; and (5) cubilin has

no apparent molecular signal for internalization of the sorptive endocytosis without ruling out the possibility of
binding sites. However, the low-affinity high capacityreceptor-ligand complex and does bind to megalin with

a calcium-dependent high affinity, suggesting megalin to uptake of albumin is not likely to be due to fluid phase
endocytosis, since this would only account for a minormediate the internalization of cubilin in complex with

IF-B12 [7, 8]. uptake, but is rather due to low-affinity binding sites. The
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Fig. 6. (A) Inhibition of albumin uptake by
cubilin antibody as compared with nonspecific
IgG. Notice that also the nonspecific rabbit
IgG at 200 mg/mL significantly reduces the
uptake of albumin. Left, rabbit; right, a-cubu-
lin. (B) Inhibition of albumin uptake by mega-
lin-antibody as compared with nonspecific IgG
at each appropriate concentration. Left, sheep;
right a-megalin. N 5 9. *P , 0.05.

observed inhibition of albumin uptake by nonspecific binding proteins for albumin. However, the data suggest
immunoglobulin can be explained by the recent finding a significant role of these two receptors in albumin up-
of cubilin acting as a scavenger receptor for light chains take. In addition, the present study demonstrates mem-
[12]. Recent studies have shown that specific anticubilin brane-associated cubilin and megalin in OK cells and
antibodies were effective in decreasing uptake and deg- establishes their subcellular colocalization, thereby iden-
radation of HDL, whereas there was no effect of nonspe- tifying a suitable model system to study the relationship
cific immunoglobulins [11]. This apparent discrepancy between uptake of protein and the expression of cubilin
with the present study may simply be explained by the and megalin.
fact that the high-affinity ligand HDL does not share
binding sites with nonspecific IgG, whereas the low-af- ACKNOWLEDGMENTS
finity ligand albumin does. The possibility of a nonspe-

This work was supported by grants from the Danish Medical Re-cific inhibition by just any protein can be excluded, since
search Council, the Novo Nordic Foundation, the Danish Biotechnol-egg albumin was without effect. Finally, the involvement ogy Program, University of Aarhus Research Foundation, Deutsche

of cubilin was substantiated by the use of cubilin anti- Forschungsgemeinschaft, SFB 176/A6, and ARC #9914 (P.J.V.). The
study was presented in part at the 51st Annual Meeting of the Scandina-sense oligonucleotides. Incubation with cubilin antisense
vian Society for Electron Microscopy, Bergen, Norway, 1999, and atled to a significantly reduced albumin uptake as com-
the 32nd Annual Meeting of the American Society of Nephrology,

pared with sense or transfection reagents alone. Thus, Miami, FL, USA, 1999. The authors thank Ms. Hanne Sidelmann, Ms.
Ann V. Steffensen, and Ms. Inger Blenker Kristoffersen for excellentthe contribution of cubilin to albumin uptake has been
technical assistance.demonstrated by three independent approaches. As men-

tioned in the Methods section, the OK cubilin sequence
Reprint requests to Erik Ilsø Christensen, M.D., Ph.D., Department

is not 100% homologous to rat cubilin. The precise func- of Cell Biology, Institute of Anatomy, University of Aarhus, DK-8000
tional consequences of these sequence differences, if any, Aarhus C, Denmark.

E-mail: eic@ana.au.dkare not known at present. It is conceivable that the affinity
constants for IF-B12 or albumin may be shifted as com-
pared with rat cubilin. However, the antibody and anti- REFERENCES
sense data make it unlikely that there are fundamental 1. Cui S, Verroust PJ, Moestrup SK, Christensen EI: Megalin/
qualitative differences in the behavior of OK cubilin as gp330 mediates uptake of albumin in renal proximal tubule. Am

J Physiol 271:F900–F907, 1996compared with rat cubilin.
2. Saito A, Pietromonaco S, Loo AK, Farquhar MG: CompleteThe present data do not allow for the identification

cloning and sequencing of rat gp330/“megalin,” a distinctive mem-
of specific binding sites on either megalin or cubilin, and ber of the low density lipoprotein receptor gene family. Proc Natl

Acad Sci USA 91:9725–9729, 1994do not exclude the possibility that there are additional



Zhai et al: Receptor-mediated endocytosis of albumin1532

3. Cessac-Guillemet AL, Mounier F, Borot C, Bakala H, Peri- 21. Malmstrom K, Murer H: Parathyroid hormone regulates phos-
phate transport in OK cells via an irreversible inactivation of achon M, Schaeverbeke M, Schaeverbeke J: Characterization and
membrane protein. FEBS Lett 216:257–260, 1987distribution of albumin binding protein in normal rat kidney. Am

22. Brunskill NJ, Nahorski S, Walls J: Characteristics of albuminJ Physiol 271:F101–F107, 1996
binding to opossum kidney cells and identification of potential4. Seetharam B, Christensen EI, Moestrup SK, Hammond TG,
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mond TG: Myeloma light chains are ligands for cubilin (gp280). 32. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Protein
Am J Physiol 275:F246–F254, 1998 measurement with the folin phenol reagent. J Biol Chem 193:265–

13. Imerslund O: Idiopathic chronic megaloblastic anemia in children. 275, 1951
Acta Paediatr Scand 49(Suppl 119):1–115, 1960 33. Delean A, Munson PJ, Rodbard D: Simultaneous analysis of
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