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Background: Localization and function of the lipocalin-2/NGAL/24p3 receptor (24p3R) in the kidney are unknown.
Results: 24p3R is expressed in apical plasmamembranes of the distal nephron andmediates high-affinity protein endocytosis in
renal cells.
Conclusion: 24p3R contributes to protein endocytosis and nephrotoxicity in distal nephron segments.
Significance: This is the first study to investigate localization and function of 24p3R in relevant epithelia.

In the kidney, bulk reabsorption of filtered proteins occurs in
the proximal tubule via receptor-mediated endocytosis (RME)
through the multiligand receptor complex megalin-cubilin.
Other mechanisms and nephron sites for RME of proteins are
unclear. Recently, the secreted protein 24p3 (lipocalin-2, neu-
trophil gelatinase-associated lipocalin (NGAL)), which is
expressed in the distal nephron, has been identified as a sensi-
tive biomarker of kidney damage. A high-affinity receptor for
24p3 (24p3R) that is involved in endocytotic iron delivery has
also been cloned. We investigated the localization of 24p3R in
rodent kidney and its role in RME of protein-metal complexes
and albumin. Immunostaining of kidney tissue showed expres-
sion of 24p3R in apical membranes of distal tubules and collect-
ing ducts, but not of proximal tubule. The differential expres-
sion of 24p3R in these nephron segments was confirmed in the
respective cell lines. CHO cells transiently transfected with
24p3R or distal tubule cells internalized submicromolar con-
centrations of fluorescence-coupled proteins transferrin, albu-
min, or metallothionein (MT) as well as the toxic cadmium-MT
(Cd2�

7-MT) complex, which caused cell death. Uptake ofMTor
transferrin and Cd2�

7-MT toxicity were prevented by picomo-
lar concentrations of 24p3. An EC50 of 123 � 50 nM was deter-
mined for binding ofMT to 24p3R bymicroscale thermophore-
sis.Hence, 24p3Rbinds proteins filtered by the kidneywith high
affinity andmay contribute to RME of proteins, including 24p3,
and to Cd2�

7-MT toxicity in distal nephron segments.

The kidney plays a major role in controlling physiological
urinary protein excretion. Plasma proteins, which are filtered
by the glomeruli, are efficiently reabsorbed by renal tubules so
that less than 5% of filtered proteins are detected in the urine (1,
2). The majority of filtered proteins are reabsorbed in the PT3

(3) by RME via themultiligand high-capacity receptor complex
megalin-cubilin-amnionless (4, 5) and degraded in lysosomes
(4). It is current dogma that neither the DT nor the collecting
duct (CD) has specific features for RME, although both seg-
ments have the capability for protein endocytosis (6). In fact,
several micropuncture studies indicated that distal parts of the
nephron are able to reabsorb significant amounts of filtered
proteins under physiological conditions (3, 7–12). However,
the contribution of the DT to protein reabsorption varies
depending on the nature of the proteins, their concentration,
the tubular flow rate, and the experimental animal and ranges
between 3 and 25%of filtered proteins (3, 7–12) butmay further
increase when the capacity for protein reabsorption in the PT is
exceeded, as in the case of glomerular or PT damage (6, 13, 14).
A variety of noxious events can cause glomerular or PT dam-

age, including infectious, immunologic, genetic, hypoxic, or
toxic processes. For instance, exposure to toxic metals, such as
cisplatinum or cadmium (Cd2�), targets the PT to induce
necrotic or apoptotic cell death (15, 16). Following chronic low-
dose Cd2� exposure, Cd2� is complexed to the high-affinity
metal-binding protein metallothionein (Cd2�

7-MT), which is
the major form of Cd2� in the circulation (17). With a molec-
ular mass of �7 kDa, Cd2�

7-MT is a low molecular weight
protein complex, which is easily filtered by the glomeruli and
reabsorbed via megalin-mediated RME by the PT (18, 19).
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toxicity affects the DT as well, both in experimental animals
(20) and in Cd2�-exposed workers (21), although the mecha-
nism of distal tubule damage has remained unresolved.
Recently, urinary neutrophil gelatinase-associated lipocalin

(NGAL, rodent 24p3/human lipocalin-2) has emerged as a
novel high-sensitivity biomarker of kidney damage that is up-
regulated by kidney injuries (22–25). NGAL binds iron through
association with bacterial (26) as well as mammalian sidero-
phores (27, 28), thereby affecting iron homeostasis of target
cells and hence their survival and proliferation. During the
course of renal insults, NGAL is secreted by the thick ascending
limb of Henle loop, DT, and CD and excreted into the urine
(25). It has been postulated that uptake of NGAL-siderophore-
iron complexes by damaged nephron segments limits injury
and promotes regeneration of damaged epithelia (29), but the
underlying mechanisms are still unclear. Previously, Devireddy
et al. (30) cloned a receptor for murine 24p3 whose affinity for
24p3/NGAL is almost 1000-fold higher (KD �92 pM) (31) than
that of megalin (KD �60 nM) (32). The 24p3 receptor (24p3R)
protein is expressed in the kidney and Madin-Darby canine
kidney cells (30). Surprisingly, its localization and function in
the nephron have not yet been investigated.
We have generated specific antibodies against rodent 24p3R

and investigated its localization in rodent kidney as well as its
function in transiently transfected Chinese hamster ovary
(CHO) and renal DT cells. Here we demonstrate that 24p3R is
expressed in the DT and medullary CD and is responsible for
high-affinity RME of the low molecular weight protein MT as
well as high molecular weight proteins, transferrin, and albu-
min in cultured cells. Furthermore, 24pR mediates Cd2�

7-MT
toxicity in cultured cells.

EXPERIMENTAL PROCEDURES

Materials—Metallothionein (rabbit apo-MT-1A or apo-
MT-2) was from Bestenbalt LLC (Poska, Estonia) or IKZUS
Proteomics (Genova, Italy). 24p3 was obtained from Enzo Life
Sciences (Lörrach, Germany). Lipofectamine 2000 was from
Invitrogen (Darmstadt, Germany). 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT), paraformalde-
hyde (PFA), protease inhibitor mixture, and FITC-labeled
bovine serumalbuminwere purchased fromSigma.Alexa Fluor
546-carboxylic acid succinimidyl ester and Alexa Fluor 546-
transferrin (Tf) from human serum were from Molecular
Probes Europe BV (Invitrogen).
Antibodies—Polyclonal antibodies were generated in rabbits

against the rat peptide sequence for 24p3R (GenBankTM acces-
sion number NP_803156.2). The epitope sequences for 24p3R
COOH-terminal (�-CT-24p3R) and NH2-terminal (�-NT-
24p3R) antibodies were CDHVPLLATPNPAL and GALPP-
NASGWEQPPNSC, respectively. Rabbits were immunized
thrice intracutaneously, and after final bleeding, antibodies
were purified by Sepharose affinity purification (HPLC profile
and mass spectrometry with minimum 80% purity) by Immu-
noGlobe GmbH (Himmelstadt, Germany). Both epitopes
selected show 100% identity in mouse (GenBank accession
number Q9D9E0) and rat 24p3R. Preimmune serum and anti-
genic peptide preabsorption experiments confirmed antibody
specificity (supplemental Fig. 1). Commercially available anti-

bodies were used at the following dilutions: �1-subunit of
Na�,K�-ATPase (Cell Signaling Technology; 1:500), cathepsin
L clone 33/2 (Abcam; 1:150), calbindin (Swant; 1:2500). Sec-
ondary antibodies were as follows. Horseradish peroxidase
(HRP)-anti-rabbit IgG (GEHealthcare EuropeGmbH,Munich,
Germany) was used for immunoblotting and diluted 1:1000 to
1:5000; Alexa Fluor 488-conjugated anti-rabbit IgG and Alexa
Fluor 633-conjugated anti-mouse IgG (Molecular Probes),
FITC-conjugated anti-mouse IgG (Jackson ImmunoResearch
Laboratories, Suffolk, UK), HRP-conjugated anti-rabbit IgG
(DAKO, Hamburg, Germany), and indocarbocyanine (Cy3)-
coupled anti-rabbit IgG (Jackson ImmunoResearch Laborato-
ries) were used for immunostaining.
Immunofluorescence and Peroxidase Light Microscopy of

Mouse Kidney—Experiments onmice were carried out in strict
accordance with state health and ethical regulations. Care of
animals was in accordance with institutional guidelines. The
protocol for sacrifice of animals was approved by the Commit-
tee on the Ethics of Animal Experiments of the University of
Freiburg (permit number X-07/27A). C57/BL6male adult mice
were anesthetized with ketamine (90 mg/kg of body weight)
and xylazine (12 mg/kg of body weight) and fixed with 4% PFA
by perfusion through the heart. Kidneyswere excised, postfixed
in 4% PFA overnight at 4 °C, dehydrated, and embedded in par-
affin. Staining was performed as described previously (33) Sec-
tions were incubatedwith�-CT-24p3R (1�g/ml) andwith Cy3
(1:600) or HRP (1:50) anti-rabbit IgG. For double immunoflu-
orescence, fixed �-CT-24p3R was incubated together with
anti-calbindin antibody. Sections were viewed with a Zeiss
Axioplan2 fluorescence microscope with ApoTome module
(Jena, Germany). Control experiments were performed by sub-
stituting the primary antibody with preimmune serum (supple-
mental Fig. 1A).
Immunohistochemistry of Rat Kidney—Animal housing con-

ditions and experiments on maleWistar rats (Taconic Europe)
were approved by theDanishMinistry of Justice.All procedures
have been described in detail previously (34). �-CT-24p3R was
used at 0.25 �g/ml. For preincubation experiments, affinity-
purified antibodies were preincubated at 4 °C overnight with
10-fold molar excess of antigenic peptide. Images were taken
using an HCX PL APO 63 oil objective lens on a Leica DMRE
microscope (Leica Microsystems, Herlev, Denmark).
Cell Culture—CHO-K1 (Chinese hamster ovary; � passage

40) cells were provided by Dr. H. Koepsell (University of Wür-
zburg) and cultured in F12 medium supplemented with 10%
fetal bovine serum and 100 �g/ml penicillin/streptomycin.
Immortalizedmouse distal convoluted tubule cells (mDCT209;�
passage 40) were a gift from Dr. P.A. Friedman (University of
Pittsburgh) (35). Immortalized WKPT-0293 Cl.2 cells (� pas-
sage 70) isolated from the S1 segment of rat PTwere cultured as
described previously (36). Unless otherwise indicated, cells
were grown for 48 h prior to experiments.
Transient Transfections—The full-length clone of rat 24p3R

(GenBank accession number NM_177421.3) (IRAKp961A-
13231Q, I.M.A.G.E. clone 7312276) was obtained from imaGenes
(Berlin, Germany) and cloned into the expression vector
pcDNA3.1� carrying neomycin (G418) and ampicillin resistance
(Invitrogen). CHOcells were transiently transfected 24 after seed-
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ing using Lipofectamine 2000 in medium without antibiotics.
After 6 h, medium was replaced, and cells were incubated for an
additional 48 h. For isolation of plasma membranes, transfected
cells were transferred to 75-cm2 flasks 48 h after transfection.
24p3R-positive cells (24p3R-CHO) were selected in 500 �g/ml
G418 supplemented medium for 2 weeks with medium change
every 48 h.
Reverse Transcription-Polymerase Chain Reaction (RT-

PCR)—cDNA was synthesized from 2 �g of total RNA, and
RT-PCR was carried out withMaximaTMHot Start Green PCR
master mix (Fermentas). Primers, cycling protocols, GenBank
accession numbers, and product sizes are shown in supplemen-
tal Table 1.
Isolation of Plasma Membranes—Plasma membranes were

obtained by differential ultracentrifugation at 4 °C. Cells were
homogenized by nitrogen pressure cavitation in a Parr Instru-
ments 45-ml cell disruption vessel (Moline, IL) for 2 min at
350 p.s.i. To remove unbroken cells, nuclei, and large debris,
homogenate was centrifuged at 300 � g for 10 min. Mitochon-
dria were pelleted at 4000 � g for 10 min, and the resulting
supernatant was centrifuged for 30 min at 35,000 � g to yield a
microsomal fraction in the pellet. Plasmamembranes were iso-
lated by discontinuous sucrose gradient ultracentrifugation
exactly as described previously (37). The plasma membrane
fraction was washed with 10� volume of 5 mM Tris/HCl, pH
7.4, centrifuged for 30min at 233,000� g, and resuspended in 5
mM Tris/HCl, pH 7.4, supplemented with protease inhibitor
mixture. Plasma membrane enrichment was verified by immu-
noblotting and showed about 20-fold enrichment of Na�,K�-
ATPase (data not shown).
Immunoblotting—Cells were lysed by sonication (Branson

Sonifier S-250D, Danbury, CT), and protein concentration was
determined by Bradford assay (38). Equal protein (0.5–5 �g)
was subjected to 7.5% SDS-PAGE and immunoblotted, as
described previously (39). Signals were quantified using ImageJ
or TINA 2.09 software.
Cell Viability Assay—Cd2�

7-MT was prepared from rabbit
apo-MT (19), and cell viability was determined by theMTT test
(36), both as described previously.
Immunofluorescence Microscopy of Cultured Cells—In most

experiments, cells were fixed, permeabilized, stained, and
imaged as described previously (39). Briefly, cells were fixed
with 4% PFA and permeabilized with 1% SDS. MTwas coupled
to Alexa Fluor 546, as reported previously (40). Primary �-CT-
24p3R and �-NT-24p3R antibodies were used at 5 �g/ml, and
secondary Cy3 or Alexa Fluor 488 anti-rabbit IgG was diluted
1:600. Where indicated, confocal microscopy using a TCS SP5
confocal laser scanning microscope (Leica, Wetzlar, Germany)
was performed essentially as described previously (40).
Live Immunofluorescence Staining of Cultured Cells—Exper-

iments with non-permeabilized cells (see Fig. 3, B and D) were
performed as described elsewhere (41) with the followingmod-
ifications. Cells were blocked for 1 h with 1% bovine serum
albumin and incubated with 5 �g/ml �-NT-24p3R for 2 h fol-
lowed by Alexa Fluor 488-conjugated secondary antibody
(1:600) for 1 h before fixationwith 4%PFAat room temperature
for 30 min.

Quantification of 24p3R-mediated Internalization of Fluores-
cent Dye-labeled Proteins—MT was coupled to Alexa Fluor
546, as described previously (40). Concentration depen-
dence of uptake of Alexa Fluor 546-coupledMT, Alexa Fluor
546-Tf, and FITC-albumin was estimated following a 24-h
incubation period in serum-free medium. In addition, time-
dependent uptake of 1.4 �M Alexa Fluor 546-coupled MT
was determined after 6–36 h in serum-free medium. For
each experiment, 10 images of transfected and non-trans-
fected cells were acquired and quantified as described earlier
(39) or by counting the percentage of transfected cells with
internalized fluorescent dye-labeled proteins (positive cells).
To determine 24p3R-specific uptake of fluorescent dye-la-
beled proteins, fluorescence values in the vector-transfected
cells were subtracted from the fluorescence values in the
corresponding 24p3R-transfected cells.
Microscale Thermophoresis—Binding interactions between

24p3R-CHO plasma membrane vesicles and the ligand Alexa
Fluor 546-MT were measured using microscale thermophore-
sis, which determines differences in the thermophoretic
properties of single molecules or ligands and ligand-receptor
complexes inmicroliter volumes on aMonolithNT.015 (Nano-
Temper Technologies GmbH, Munich, Germany). Thermo-
phoresis is based on the thermodiffusive properties of biomol-
ecules in liquids (42–44). Binding of a fluorescent ligand to its
receptor changes the hydration shell of the receptor and
thereby its entropy. An infrared (IR) laser diode creates a hot
spot, which induces movement of the complex along the tem-
perature gradient and depends on the concentration of the
ligand-receptor complex. For each plasma membrane prepara-
tion, specific binding of Alexa Fluor 546-MT (0.7 �M) to 24p3R
membrane vesicles was compared with nonspecific binding to
vector membrane vesicles by serial vesicle dilutions in 5 mM

Tris/HCl, pH 7.4. The vesicle concentration showing the great-
est “signal-to-noise” ratio was used for determining EC50 val-
ues. Briefly, a titration series with constant 24p3R and varying
ligand Alexa Fluor 546-MT was preincubated for 30 min at
37 °C in the dark to achieve ligand-receptor binding equilib-
rium. All measurements were performed in hydrophobic cap-
illaries at room temperature. Plotting normalized fluorescence
Fnorm at a given time t against the Alexa Fluor 546-MT concen-
tration resulted in a binding curve, and EC50 values were
obtained from fitting the binding curves with the Hill equation
assuming a Hill coefficient of 1.0.
Statistics—Unless otherwise indicated, the experiments

were repeated at least three times. Analyses by unpaired Stu-
dent’s t test or for more than two groups, one-way analysis of
variance assuming equality of variance with Levene’s test,
and Tukey’s post hoc test were carried out with GraphPad
Prism 5.0. Results with p � 0.05 were considered to be sta-
tistically significant.

RESULTS

24p3R Is Expressed Apically in Rodent DCT and IMCD
Cells—The 24p3R has been previously found by immunoblot-
ting to be expressed in mouse kidney tissue and Madin-Darby
canine kidney cells, a DT cell line (30). Using the specific anti-
body against the C-terminal sequence of 24p3R (�-CT-24p3R),
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immunolabeling was present in both renal cortex and medulla
in mouse kidney (Fig. 1, A and B). Medullary outer stripe and
medullary CD revealed strong 24p3R immunostaining, which
appeared sharp and partly localized to apical cell membranes.
In renal cortex, prominent 24p3R apical and intracellular
immunostaining was observed in the distal convoluted tubules
(DCT) (Fig. 1, C and D, arrows). In contrast, in glomeruli and
PT 24p3R, expression was not detectable. Double labeling for

24p3R and calbindin, a marker for late DCT and connecting
tubule (calbindin is expressed in some cortical collecting duct
cells in the rat, but its abundance is drastically reduced when
compared with late DCT and connecting tubule) (45, 46),
showed a complex cellular labeling pattern (Fig. 1E).Themajor-
ity of DCT cells demonstrated co-localization of the two pro-
teins, 24p3R apically and calbindin intracellularly. Other cells,
however, were 24p3R-positive but calbindin-negative, suggest-

FIGURE 1. Cellular distribution of 24p3R in murine kidney by immunoperoxidase (A, C, and D) and immunofluorescence (B and E) microscopy. A, 24p3R
immunolabeling with �-CT-24p3R is observed at the apical membrane (arrows) of distinct tubular segments in both renal cortex and medulla. B, labeling
pattern of 24p3R in murine renal cortex and medulla shows strong luminal localization (arrows) of the protein. C, in the renal cortex, cells resembling the DCT
are positive for 24p3R (arrows), but not renal PT and glomeruli (G). D, higher magnification of an area in murine renal cortex showing prominent apical 24p3R
labeling (arrows) in most cells of the DCT but not in the PT and glomeruli. E, double immunofluorescence labeling for 24p3R (red) and calbindin (green) in
murine renal cortex shows co-localization of the proteins in several cells, indicating expression of 24p3R in the DCT and connecting tubules.
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ing that 24p3R is expressed in both early and late DCT. When
sections were incubated with preimmune serum, a diffuse,
weak, nonspecific labeling throughout the renal tissue could be
observed, demonstrating specificity of the labeling obtained
with �-CT-24p3R (supplemental Fig. 1A).
In rat kidney, 24p3Rwas also predominantly expressed in the

DCT cells, both apically (Fig. 2A, arrows) and intracellularly
(Fig. 2A). Glomeruli and other cortical tubular segments (includ-
ing PT) were not stained (Fig. 2A, asterisks). Another location of
strong 24p3R expression was inner medullary collecting ducts
(IMCD) (Fig. 2, B–D). At higher magnification, 24p3R was clearly
localized luminally (Fig. 2,C andD, arrows) and laterally (Fig. 2,C
andD,arrowheads). Intracellularpunctate24p3Rstainingwasalso
detected (Fig. 2, C and D), suggesting intracellular vesicles. No
staining was observed after preabsorption of the peptide with the
immunizing peptide (not shown). Overall, the distribution of
24p3R was comparable in mouse and rat kidney. Similar results
were obtained with �-NT-24p3R, although the antibody showed
more nonspecific background.
24p3R Is Expressed in the Rodent Distal Tubule Cell Line

mDCT209—The expression of 24p3R was further investigated
in immortalized DCT (mDCT209 (35)) and PT (WKPT-0293
Cl.2 (36)) cell lines. As shown in Fig. 3A, strong staining of
24p3Rwas detectedwith the specific antibody against theNH2-
terminal sequence of 24p3R (�-NT-24p3R) in mDCT209 cells
by laser scanning confocal microscopy, which extended to cel-
lular borders, whereas no major staining was detected in
WKPT-0293 Cl.2. This is in agreement with the distribution of
24p3R in the corresponding nephron segments in rodent kid-
neys (Figs. 1 and 2). Plasma membrane localization of 24p3R in
mDCT209 cells was confirmed by live staining with �-NT-
24p3R using non-permeabilized cells (Fig. 3B, upper panel,
arrows). Both rat and murine full-length cDNAs of 24p3R con-
tain a single open reading frame of 520 amino acids (30), and an

�60-kDa polypeptide should be detected.No signal was detect-
able for 24p3R in bothhomogenate andplasmamembranes (PM)
of WKPT-0293 Cl.2 cells (Fig. 3B). In contrast, a double band at
�60 kDawas clearly detectable in PMofmDCT209 cells (Fig. 3B,
lower panels, arrows), but not in homogenate, indicating an
enrichment of 24p3R. Furthermore, when �-CT-24p3R was pre-
absorbedwith a 10-fold excess of the antigenic peptide, the double
bandat�60kDavanished, confirmingspecificityof the signal (Fig.
3B). An additional signal at �140 kDa was also detected in
mDCT209 cells, which disappeared by co-incubation with anti-
genic peptide (Fig. 3B) and could represent a 24p3R dimer. These
data were complemented by RT-PCR for 24p3R in mDCT209
cells, which yielded only one band (Fig. 3C).
24p3R Mediates Endocytosis of MT, Tf, and Albumin in

24p3R-CHOandmDCT209 Cells—In contrast toHEK293 cells
in which expressed 24p3R was trapped intracellularly (supple-
mental Figs. 1B and 2),4 CHO cells expressed 24p3R in the PM,
thus allowing study of putative functions of the receptor. Tran-
sient transfection of 24p3R induced overexpression of the gene
product (Fig. 3, D–F, supplemental Fig. 1C) that could be
detected in the PM using both �-NT-24p3R (Fig. 3D, arrows)
and �-CT-24p3R (Fig. 3E, supplemental Fig. 1D, arrows).
Moreover, live staining of non-permeabilized cells clearly dem-
onstrated surface staining of 24p3R using �-NT-24p3R (Fig.
3D, arrowheads).
Next we investigated the internalization of the filtered low

molecular weight proteinMT as well as of the highmolecular
weight proteins albumin and Tf, which are all ligands of the
megalin-cubilin-amnionless complex in the PT ((18, 19);
reviewed in Refs. 4–6). 24p3R- and vector-CHO cells were
exposed to 0.35–2.8 �M Alexa Fluor 546-MT, Alexa Fluor

4 C. Langelueddecke and F. Thévenod, unpublished results.

FIGURE 2. Immunohistochemical localization of 24p3R in the rat kidney. A, in the renal cortex, using �-CT-24p3R 24p3R localizes to tubules that morpho-
logically resemble the DCT. Diffuse staining of the DCT cells is observed, but some labeling is associated with the apical plasma membrane (arrows). PT are not
labeled (asterisks). G � glomerulus. B, 24p3R is detected throughout the IMCD. C and D, at higher magnification, 24p3R labeling is clearly associated with both
the apical (arrows) and the lateral cell membrane (arrowheads).
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546-Tf, or FITC-albumin for 24 h. The magnitude of ligand
uptake in 24p3R-transfected cells was about 2–3-fold that of
vector-transfected cells and showed high-affinity saturating
at �1 �M of the ligand with the exception of MT, which
showed the greatest magnitude of uptake (Fig. 4, A and B).
Furthermore, co-localization of internalized Alexa Fluor
546-MT (1.4 �M for 18 h) with the lysosomal marker cathe-
psin-L was demonstrated in 24p3R-CHO cells, thus proving
24p3R-mediated endocytosis and subsequent trafficking to

lysosomes (Fig. 4C). Similarly, Alexa Fluor 546-MT (2.8 �M

for 24 h) was internalized by mDCT209 cells, which express
24p3R (Fig. 4D).
24p3R Mediates Cd2�

7-MT Toxicity in 24p3R-CHO and
mDCT209Cells—Inprevious studies (39, 47), we demonstrated
that in PT cells, the divalent metal transporter DMT1 is
expressed in lysosomal membranes where it mediates efflux of
Cd2� from endocytosed Cd2�

7-MT into the cytosol and subse-
quent mitochondrial apoptosis (reviewed in Refs. 48 and 49).

FIGURE 3. A–C, 24p3R is expressed in a distal convoluted tubule (mDCT209) but not in a proximal tubule (WKPT-0293 Cl. 2) cell line. A, laser scanning confocal
immunofluorescence micrographs reveal 24p3R using �-NT-24p3R in plasma membranes and intracellular compartments of mDCT209, but not in WKPT-0293
Cl.2 cells. B, immunoblots of homogenates (Ho) and the PM are performed in the absence or after preabsorption of �-CT-24p3R with 10-fold excess of antigenic
peptide. A specific double band at �60 kDa (arrows) is detected in the PM of mDCT209 cells only (lower panels) in accordance with live immunofluorescence
staining of mDCT209 cells (upper panel). C, a PCR product of 332 bp is amplified from mDCT209 cDNA using specific primers for murine 24p3R (�RT), but not
from the control reaction without reverse transcriptase (�RT). D–F, CHO cells transiently express rat 24p3R. D, immunofluorescence microscopy with �-NT-
24p3R reveals 24p3R in plasma membranes (arrows) and intracellular compartments of 24p3R-CHO cells only. Live immunofluorescence staining of non-
permeabilized cells confirms surface expression of 24p3R (arrowheads). E, immunoblotting of the PM with �-CT-24p3R show strong immunoreactive signals in
24p3R-CHO cells only. F, in 24p3R-CHO cells, a PCR product of 540 bp is amplified (lane 4). Lane 1, no template; lane 2, no transfection; lane 3, vector transfection.
The housekeeping gene �-actin is used as a control.
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Here we tested whether this mechanism is also operative in
24p3R-CHO cells as another approach to monitor the function
of 24p3R. Hence, we measured cell viability with and without
Cd2�

7-MT as an “end point” of 24p3R-mediated RME. As
shown in Fig. 5A, cell viability, as measured byMTT assay, signif-
icantly decreased as a function of the Cd2�

7-MT concentration
(up to 2.8�MMTsaturatedby 20�MCd2� for 24h),which clearly
mirrored the concentration dependence of Alexa Fluor 546-MT
internalization (Fig. 5A).A similar relationshipbetweencell viabil-
ity and Alexa Fluor 546-MT internalization was observed in the
kinetics of a fixed Cd2�

7-MT concentration (1.4 �M MT and 9.8
�M Cd2�) for 0–36 h (Fig. 5B). Similarly, mDCT209 cells, which
express 24p3R, showed a concentration-dependent decrease of
cell viability induced by Cd2�

7-MT (Fig. 5C).
To prove that both Alexa Fluor 546-MT internalization and

Cd2�
7-MT cell death were caused by 24p3R in 24p3R-CHO

cells, MT binding was competed with a saturating concentra-
tion of 500 pM 24p3 (KD for 24p3R �92 pM (31)). As shown in
Fig. 5, D and E, 500 pM 24p3 largely prevented Alexa Fluor
546-MT (0.7�M) uptake andCd2�

7-MT (0.7�M) toxicity when
compared with no difference in vector-CHO cells (data not
shown). This experiment was repeated with Alexa Fluor 546-Tf
(0.7 �M) and also confirmed 24p3R-mediated uptake of Tf that
could be abolished by co-incubation with 500 pM 24p3 (Fig. 5F)
(comparable results were obtained with 2.8 �M Alexa Fluor
546-Tf; data not shown). Similar results were also obtained in
mDCT209 cells where Alexa Fluor 546-MT (0.7 �M for 24 h)

internalization and Cd2�
7-MT toxicity (0.35 �M MT/2.45 �M

Cd2� for 24 h) were significantly reduced (but not abolished,
possibly due to concomitant 24p3R-independent endocytosis)
by co-incubation with 500 pM 24p3 (Fig. 5, G and H).
24p3R Binds Alexa Fluor 546-MTwith High Affinity—Direct

Alexa Fluor 546-MT binding to 24p3R was quantified by
microscale thermophoresis (42–44). For each transfection
experiment, specific binding of Alexa Fluor 546-MT to
24p3R-CHO PM vesicles was compared with unspecific
binding to vesicles from vector-CHO cells (Fig. 6A). In fact,
the thermophoretic signal of the Alexa Fluor 546-MT-24p3R
complex linearly depended on the 24p3R expression level
(Fig. 6B). A typical thermophoresis experiment with con-
stant 24p3R-CHO PM and varying Alexa Fluor 546-MT
ligand concentration (20 nM-10 �M) is shown in Fig. 6C. In
three different experiments, an EC50 of 123 � 50 nM was
determined (mean � S.D.).

DISCUSSION

We investigated the distribution of 24p3R in rodent kid-
ney, which was identically distributed in mouse and rat kid-
ney (Figs. 1 and 2). In the cortex, it was mainly found in the
DCT, but not in the PT (Figs. 1, C–E, and 2A), and in the
medulla, strong levels of expression were detected in IMCD
(Figs. 1, A and B, and 2, B–D), both intracellularly and in
plasma membranes. This differential 24p3R expression was
also observed in cell lines derived from proximal and distal

FIGURE 4. A–C, 24p3R mediates endocytosis of metallothionein, transferrin, and albumin in 24p3R-CHO cells. A, 24p3R-CHO cells, but not vector-CHO cells,
internalize Alexa Fluor 546-metallothionein (A546-MT) (arrows) for 24 h, which is concentration-dependent. Scale bar � 30 �m. B, the graph demonstrates
concentration-dependent internalization of Alexa Fluor 546-MT, Alexa Fluor 546-Tf, and FITC-albumin (FITC-Alb) in vector- and 24p3R-CHO cells after 24 h.
Means � S.E. of 3– 6 different experiments are plotted. C, confocal images of internalized Alexa Fluor 546-MT and the lysosomal marker cathepsin L (Cath-L) in
24p3R-CHO cells show co-localization of both proteins (arrows). D, confocal images of endogenous 24p3R (green) and Alexa Fluor 546-MT (2.8 �M for 24 h) show
internalization of Alexa Fluor 546-MT in mDCT209 cells (arrows).
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nephron segments (Fig. 3). Interestingly, 24p3R expression
was also detected in primary cultures of rat collecting duct
cells.5
Besides its established function as a receptor for lipocalin-2/

NGAL/24p3 (30, 31), a putative role of 24p3R inRMEof (metal-
binding) proteinswas testedwith a focus on the putative ligands
MT, Tf, and albumin based on the following rationale. (i) These
proteins bind metals, such as iron, zinc, or cadmium, but also
calcium (17, 50–52); (ii) they are filtered by the kidney glomer-

uli (17, 53); and (iii) they are ligands of the megalin-cubilin-
amnionless receptor complex in the PT (4).
InCHOcells overexpressing 24p3R, themagnitude of uptake

of all three proteins was increased by maximally 2–3-fold (Fig.
4B). Putative ligands were internalized at sub- to lowmicromo-
lar concentrations (Fig. 4B), indicating high-affinity binding to
the receptor. Frommicroscale thermophoresis experiments, an
EC50 of MT binding to 24p3R was calculated to 123 � 50 nM,
which indicates a �500-fold higher affinity than its affinity to
the megalin receptor (18). Moreover, uptake of MT and Tf was
competed by picomolar concentrations of 24p3 (Fig. 5,D,F, and5 B. Edemir, C. Langelueddecke, and F. Thévenod, unpublished results.

FIGURE 5. 24p3R mediates Cd2�
7-MT toxicity in 24p3R-CHO cells and mDCT209 cells, which is rescued by 24p3. A, in 24p3R-CHO cells, concen-

tration-dependent Alexa Fluor 546-MT uptake (a.u. � arbitrary fluorescence units) after 24 h (as in Fig. 4B) mirrors concentration-dependent toxicity of
Cd2�

7-MT after 24 h by MTT assay. Means � S.E. of 3– 8 experiments are shown. Cell viability of vector-CHO cells was similar to untreated controls (90.2 �
4.6% with 2.8 �M Cd2�

7-MT; n � 4). B, kinetics of Alexa Fluor 546-MT (1.4 �M) uptake and Cd2�
7-MT (10 �M Cd2� and 1.4 �M MT) toxicity correlate in

24p3R-CHO cells. Means � S.E. of 3– 4 experiments are shown. Cell death of vector-CHO cells at 36 h is comparable with untreated controls (98.7 � 2.1%
with 1.4 �M Cd2�

7-MT; n � 4; not significant). C, concentration-dependent toxicity of mDCT209 cells after 24 h of exposure to Cd2�
7-MT determined by

MTT assay. Means � S.E. of 3 experiments are shown. D, 24p3 prevents Alexa Fluor 546-MT internalization. Means � S.E. of 5 different images with
160 –200 cells per experimental condition are shown. E, 24p3 abolishes the decrease of cell viability induced by Cd2�

7-MT (5 �M Cd2� and 0.7 �M MT).
Means � S.E. of 4 experiments are plotted. F, transient transfection of CHO cells with 24p3R increases Alexa Fluor 546-Tf (0.7 �M) internalization �2-fold,
which is abolished by 500 pM 24p3. Means � S.E. of 5 different images with 170 –250 cells per experimental condition are shown. n.s. � not significant.
G, 24p3 competes with Alexa Fluor 546-MT internalization in mDCT209 cells, which indicates that Alexa Fluor 546-MT endocytosis is mediated by 24p3R
(fluorescent images). Means � S.E. of 5 different images with 180 –200 cells per experimental condition are shown in the right panel. H, 24p3 rescues the
decrease of cell viability induced by Cd2�

7-MT (2.45 �M Cd2� and 0.35 �M MT). Means � S.E. of 4 –5 experiments are plotted. Statistical analysis using
one-way analysis of variance compares experimental conditions with and without 24p3. 24p3 alone was 99.6 � 1.9% of non-treated controls (not
shown).
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G), demonstrating high-affinity binding of 24p3 to its receptor
and proving specificity of binding. The significant uptake of all
three proteins in vector-transfected CHO cells indicates that
additional uptake pathways are present in CHO cells (e.g. Tf
receptor or fluid-phase endocytosis), and this could also
account for the incomplete block of Alexa Fluor 546-MT
uptake and Cd2�

7-MT toxicity by 500 pM 24p3 in mDCT209
cells (Fig. 5, G and H). Using embryonic collecting duct or
Madin-Darby canine kidney cells, Yang et al. (54) demonstrated
that iron bound to Tf or 24p3 is taken up by two independent
pathways with no overlapping specificity. This work, which
assumesmutually exclusive uptakemechanisms of Tf and 24p3
in renal cells, apparently contradicts our observations of
24p3R-specific Tf binding and endocytosis in CHO cells that is
prevented by 500 pM 24p3 (Fig. 5F). The work of Yang et al. (54)
showed fluorescent images of Alexa Flour 488-Tf uptake in the
presence of 24p3. Unfortunately, uptake of Alexa Fluor 488-Tf

in the absence of 24p3 was not shown, and quantitative analysis
of Alexa Fluor 488-Tf uptake was not performed, which would
have been helpful to distinguish between 24p3R- and Tf recep-
tor-mediated Tf uptake. Here we carried out quantitative anal-
ysis of the fluorescence data to clarify the competition of Tf
uptake by 24p3 in vector- and 24p3R-transfected CHO cells
(Figs. 4B and 5). The observedTf uptake in the presence of 24p3
in the study by Yang et al. (54) and in our study most likely
represents uptake via a Tf receptor (55). Assuming a KD of Tf
for the Tf receptor of about 5 nM (56) and a KD of Tf for the
24p3R in the same magnitude as the EC50 of metallothionein
(�100 nM), a significant proportion of Tf should be taken up by
24p3R in the concentration range tested (0.35–2.8 �M Tf).
Moreover, proteins internalized via 24p3R were trafficked to

lysosomes, as shown for MT (Fig. 4C), suggesting lysosomal
degradation of endocytosed proteins. This is important because
this observation is in line with the data by Yang et al. (54), who

FIGURE 6. Alexa Fluor 546-MT binding to plasma membrane vesicles of rat 24p3R-CHO cells using microscale thermophoresis. A, the normalized
fluorescence (Fnorm) of bound Alexa Fluor 546-MT (0.7 �M) is higher in PM vesicles isolated from 24p3R-CHO when compared with vector-CHO cells. B, the
normalized fluorescence (Fnorm) of bound Alexa Fluor 546-MT (0.7 �M) correlates with the expression of 24p3R in transfected CHO cells, as determined by
immunoblotting. O.D., optical density. C, the analytical curves at 20 nM–10 �M Alexa Fluor 546-MT display four phases: the baseline (homogeneous distribution
of fluorescent ligand and ligand-receptor complex), the temperature jump after applying the IR laser beam (movement of unbound ligand, which is a very rapid
process), the thermophoresis (movement of ligand-receptor complexes, which usually lasts �30 s), and the re-equilibration of all reagents after switching off
the laser (with two components, a rapid one for the unbound ligand and a slow phase due to back diffusion of complexes). The IR laser is switched on at t � 5 s,
the fluorescence decreases as the temperature increases, and the labeled MT moves away from the heated spot because of thermophoresis. When the IR laser
is switched off, the molecules diffuse back. The thermophoretic depletion of unbound Alexa Fluor 546-MT is about four times that of Alexa Fluor 546-MT bound
to 24p3R.
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showed co-localization of endocytosed 24p3 in renal cells with
acidic intracellular compartments expressing DMT1. We (39,
47) and others (57) have previously demonstrated expression of
DMT1 in lysosomes of PT cells and hepatocytes. Therefore
we used the property of MT as a high-affinity Cd2�-binding
protein to further characterize RME via 24p3R. In PT cells,
endocytosed Cd2�

7-MT is degraded in lysosomes and free
Cd2� transported via DMT-1 into the cytosol, which induces
cell death (39, 58). Indeed, a similar mechanism was opera-
tive in 24p3R-transfected CHO cells andmDCT209 cells and
Cd2�

7-MT-induced cell death could be prevented by co-in-
cubation with 24p3 (Fig. 5, E and H). Overall, these data
strongly support the notion that the whole machinery for
RME of proteins via 24p3R is present in the distal nephron
where it may operate under certain physiological and patho-
physiological circumstances.
Although bulk protein reabsorption takes place in the PT,

experimental evidence has demonstrated that a small but sig-
nificant proportion of filtered proteins is reabsorbed by the dis-
tal nephron (3, 7–12). Considering that megalin-cubilin-amni-
onless operates as a high-capacity, low-affinity receptor
complex for endocytotic reabsorption of filtered proteins (4, 6),
a certain proportion of these proteins should bypass reabsorp-
tion in the PT, either as the consequence of low affinity (e.g.MT
with a KD of �100 �M (18)) or due to exhaustion of the reab-
sorptive capacity of the system (e.g. following glomerular or PT
damage and ensuing proteinuria) (6, 13, 14, 53). A high-affinity
protein reabsorption system in the distal nephron, as suggested
by the present study, could contribute to exhaustive protein
reabsorption by the nephron under physiological conditions, as
deduced from previous micropuncture studies, or limit protein
losses associated with renal diseases, including various forms of
inherited or acquired Fanconi syndrome (53).
Chronic cadmium toxicity targets the kidney PT (48), largely

due to RME of filtered Cd2�
7-MT via megalin (18, 19). How-

ever, other segments of the nephron are also affected, although
the literature on the subject is scarce (20, 21). It is conceivable
that some filtered MT/Cd2�

7-MT escapes PT reabsorption
and reaches distal nephron segments (see above). MT is
excreted into the urine of both non-exposed and cadmium-
exposed humans (for a review, see Ref. 17). In cadmium-ex-
posed humans, urinary MT originates from the damaged PT
epithelium. However, in non-exposed healthy individuals, this
indicates that filteredMT indeed escapes PT reabsorption (59).
Accordingly, Sabolic et al. (17) observedMT droplets in the PT
lumen of adult rats, which vanished in the distal nephron, sug-
gesting reabsorption in these nephron segments.
Lipocalin-2/NGAL/24p3 plays a role as an iron-sequestering

protein in the antibacterial innate immune response (60), and
lipocalin-2-deficient mice have increased susceptibility to bac-
terial infections in the urinary tract (24). In this process, 24p3R
in the distal nephron is thought to mediate iron sequestration
into epithelia and thereby promote bacteriostasis. Hence, the
predominant localization of 24p3R in IMCD could participate
in a line of defense against ascending infections and is compat-
ible with the described function of 24p3 in bacteriostasis (29).
In addition, lipocalin-2/NGAL/24p3 is induced by distal
nephron segments and released into the urine following renal

damage, suggesting its involvement in autocrine/paracrine
modulation of renal epithelial defense and repair (25, 29).Other
postulated non-antibacterial functions of 24p3 include regula-
tion of cell proliferation (61) or apoptosis (62) in the context of
pathological conditions. However, the presence of a receptor
for 24p3 in distal nephron segments suggests additional
unknown functions of 24p3R and its endogenous ligand(s) in
the kidney, such as adaptive response to cell stress and anti-
apoptosis, which are the aim of ongoing studies.
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