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Megalin is an endocytic receptor expressed on the
luminal surface of the renal proximal tubules. The
receptor is believed to play an important role in the
tubular uptake of macromolecules filtered through
the glomerulus. To elucidate the role of megalin in
vivo and to identify its endogenous ligands, we ana-
lyzed the proximal tubular function in mice geneti-
cally deficient for the receptor. We demonstrate that
megalin-deficient mice exhibit a tubular resorption
deficiency and excrete low molecular weight plasma
proteins in the urine (low molecular weight protein-
uria). Proteins excreted include small plasma pro-
teins that carry lipophilic compounds including vita-
min D-binding protein, retinol-binding protein, «,-
microglobulin and odorant-binding protein. Megalin
binds these proteins and mediates their cellular up-
take. Urinary loss of carrier proteins in megalin-defi-
cient mice results in concomitant loss of lipophilic
vitamins bound to the carriers. Similar to megalin
knockout mice, patients with low molecular weight
proteinuria as in Fanconi syndrome are also shown to
excrete vitamin/carrier complexes. Thus, these re-
sults identify a crucial role of the proximal tubule in
retrieval of filtered vitamin/carrier complexes and
the central role played by megalin in this process.
(Am J Patbol 1999, 155:1361-1370)

The proximal tubules in the kidney are responsible for the
retrieval of solutes that have been filtered through the
glomerulus. This reuptake pathway selectively captures

essential low molecular weight metabolites which pass
freely through the glomerular membranes and which
would otherwise be lost in the urine. Besides water, the
main blood constituents taken up in the proximal tubules
are ions, glucose, and amino acids. In addition, small
plasma proteins (<70 kd) are also filtered through the
glomerulus and reabsorbed in the proximal tubules.
These include plasma carrier proteins (eg, retinol-binding
protein), peptide hormones (eg, insulin, parathyroid hor-
mone), and lysozyme."? The tubular uptake of water,
electrolytes, and metabolites plays a central role in the
regulation of volume and composition of body fluids. The
reasons for uptake of filtered plasma proteins are less
obvious as these proteins are not transferred back into
the circulation but degraded in lysosomes.>

The cell type mainly responsible for the uptake of
filtered macromolecules are the epithelial cells of the
proximal convoluted tubules. These cells exhibit a num-
ber of structural features indicative of a tissue involved in
resorption processes.* Their apical (luminal) plasma
membranes form extensive microvilli creating a brush
border surface. This enlargement of the apical mem-
branes facilitates endocytosis of macromolecules from
the lumen of the tubules via clathrin-coated pits. Further-
more, the cytoplasm of the cells is highly enriched in
components of the endocytic apparatus including endo-
somes, lysosomes, and dense apical tubules (recycling
membrane vesicles). Endosomes and lysosomes contain
proteins absorbed from the glomerular filtrate.®

The physiological importance of tubular uptake pro-
cesses is underscored by the pathological changes ob-
served in patients with a resorption deficiency of the
proximal tubules. This defect is referred to as the Fanconi
syndrome (Lignac-de Toni-Debré-Fanconi syndrome).®~8
In adults, the most frequent cause of Fanconi syndrome is a
myeloma-like proliferation of plasma cells secreting immu-
noglobulin light chains of peculiar toxicity for the proximal
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tubule epithelium.® In addition, Fanconi syndrome is ac-
quired by toxification of the proximal tubules by heavy
metals and certain therapeutics such as aminoglyco-
sides, anti-tumor drugs (ifosfamide), and anticonvulsants
(valproate).® As a consequence of tubular dysfunction,
essential metabolites and proteins cannot be retrieved
from the glomerular filtrate but are excreted in the urine
instead. One of the earliest symptoms of acquired Fan-
coni syndrome is the urinary loss of small plasma pro-
teins. Marker proteins of such low molecular weight
(LMW) proteinuria are retinol-binding protein, B,-micro-
globulin, and lysozyme.® After prolonged exposure to
nephrotoxic compounds, patients also excrete serum po-
tassium and phosphorus, urate, glucose, and amino ac-
ids. As a consequence of urinary loss of these solutes,
individuals suffer from polyuria, hypokalemia, acidosis,
impaired growth, and osteomalacia.®®

A receptor that might play an important role in uptake
processes in the proximal tubules is megalin, also known
as gp330 or LRP2.7° Megalin is a 600-kd endocytic re-
ceptor and one of the most abundant membrane proteins
on the brush border surface of the proximal tubular epi-
thelium.* This receptor binds several proteins known to
be reabsorbed in the proximal tubules (eg, insulin, B-
glycoprotein, retinol-binding protein).5'"'2 Therefore, it
was postulated that megalin might be involved in the
clearance of filtered plasma proteins. Alternatively, a role
for the receptor in tubular uptake of calcium has been
suggested. 34

To reveal the significance of megalin for tubular uptake
processes in vivo, we recently have generated mice car-
rying a disruption of the receptor genes. Unexpectedly,
megalin-deficient mice exhibit severe malformations of
the forebrain, and most of them die within minutes after
birth."® These findings emphasize the importance of the
receptor for development of the central nervous system.
However, the exact role of megalin in embryonic devel-
opment remains to be elucidated. Fortunately, the sever-
ity of forebrain malformations in megalin knockout mice is
variable and approximately 2% of the animals survive to
adulthood.® These mice enabled us to study the conse-
quence of receptor deficiency for renal function.

Our in vivo studies confirm that megalin is the major
endocytic receptor for the tubular retrieval of filtered
plasma proteins. In particular, it mediates the uptake of
small plasma carrier proteins including vitamin D-binding
protein, retinol-binding protein, «;-microglobulin, and
odorant-binding protein. Absence of the receptor in
megalin knockout mice results in low molecular weight
proteinuria and urinary loss of lipophilic vitamins bound to
the carrier proteins.

Materials and Methods

Materials

Midstream urine samples were obtained from five pa-
tients with myeloma-associated Fanconi syndrome.
These patients have been described previously.'® Anti-
sera against human urinary proteins were purchased

from DAKO (Copenhagen, Denmark) or The Binding Site
(Birmingham, AL). Purified lysozyme and B,-microglobu-
lin were purchased from Sigma (Deisenhofen, Germany)
or Calbiochem (Bad Soden, Germany), respectively. Vi-
tamin D-binding protein and retinol-binding protein were
purified from human serum as published.'” '8

Immunohistochemistry

Wild-type and megalin-deficient mice were perfusion-
fixed through the heart with 4% paraformaldehyde in 0.1
mol/L sodium cacodylated buffer. The tissues were
trimmed into smaller blocks, further fixed by immersion
for 1 hour in 1% glutaraldehyde, and processed for con-
ventional Epon embedding (for electron microscopy). Al-
ternatively, the tissue blocks were immersion-fixed for 1
hour in 1% paraformaldehyde, infiltrated with 2.3 mol/L
sucrose containing 2% paraformaldehyde for 30 minutes,
and frozen in liquid nitrogen. For immunolight micros-
copy, 0.8-um cryosections were incubated with rabbit
anti-human lysozyme antibody (DAKO, 1:1000 dilution)
for 1 hour at room temperature, followed by peroxidase-
conjugated anti-rabbit IgG (DAKO). Bound IgG was vi-
sualized with diaminobenzidine. The sections were coun-
terstained with Meier's stain for 2 minutes. For
immunoelectron microscopy, ultrathin kidney sections
(70-90 nm) were incubated sequentially with sheep anti-
rat megalin antibody (kindly provided by P. Verroust,
Hopital Tenon, Paris; 1:10° dilution), with rabbit anti-
sheep IgG (1:20,000 dilution) and with 10 nm goat anti-
rabbit gold particles (BioCell, Cardiff, UK).

One- and Two-Dimensional Polyacrylamide Gel
Electrophoresis

For one-dimensional SDS polyacrylamide gel electro-
phoresis (SDS-PAGE), mouse urine samples were sepa-
rated on 4 to 15% nonreducing polyacrylamide gels.
Where indicated, the separated proteins were transferred
to nitrocellulose filters and incubated with primary fol-
lowed by peroxidase-coupled secondary antibodies as
described.’” Bound IgG was detected by the enhanced
chemiluminescence system (ECL, Amersham, Braun-
schweig, Germany). For two-dimensional PAGE, 600 ug
of mouse urinary proteins were separated in the first
dimension on a nonlinear pH 3 to pH 10 gradient (Immo-
biline Dry Strip, Pharmacia, Uppsala, Sweden), and in the
second dimension on a 15% SDS polyacrylamide gel as
published. ™

Edman Sequencing

Coomassie Blue-stained protein bands were cut from the
gels and digested in the gel with sequencing-grade mod-
ified trypsin (Promega).?° Tryptic peptide maps were ob-
tained by reverse-phase high performance liquid chro-
matography on a uRPC C2/C18 SC2.1/10 column using
the Smart system (Pharmacia Biotech). The flow rate was
100 wl/minute at 25°C employing a linear gradient of



Figure 1. Immunocytochemical detection of megalin in mouse proximal
tubules. Ultrathin cryosections from megalin-deficient (A) and control kid-
neys (B) were incubated with an anti-rat megalin antibody visualized by 10
nm gold particles. No labeling is seen in receptor-deficient tubules (A),
whereas an abundant signal is observed in endosomes (E) and dense apical
tubules (arrowhead) of control tissue (B). The arrow indicates tight junctions
between two proximal tubule cells. MV, microvilli. Magnification, X63,000.

acetonitrile in 0.1% trifluoroacetic acid. Peptides of inter-
est were loaded onto a Biobrene-coated glass filter fiber
of a Procise sequencer (Perkin Elmer/Applied Biosys-
tems), and sequenced according to standard protocols.

Receptor Binding Assay

Megalin was purified by receptor-associated protein
(RAP) affinity chromatography from rabbit renal cortex
according to standard protocols. The preparation was
essentially pure as seen by SDS-PAGE. No contamina-
tions with other receptors of the low density lipoprotein
receptor gene family or with the RAP were detected by
Western blot analysis (not shown). For megalin affinity
chromatography, 4.5 mg of purified rabbit megalin were
coupled to 200 mg CNBr-activated Sepharose 4B (Phar-
macia). Two milliliters of mouse urine were dialyzed
against 10 mmol/L Tris-HCI, pH 7.5, lyophilized, and re-
suspended in 200 ul of H,O. Then, 100 ul of the concen-
trated urine sample was radiolabeled with 2% using the
IODOGEN method?" and circulated over the megalin
Sepharose column for 16 hours at 4°C in incubation
buffer (10 mmol/L Tris-HCI, 150 mmol/L NaCl, 2 mmol/L
CaCl,, 2 mmol/L MgCl,, pH 7.6). The resin was washed
with 20 ml of incubation buffer and specifically bound
proteins were eluted in 0.1 mol/L glycin, 10 mmol/L EDTA,
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Figure 2. Electron micrographs of apical parts of proximal tubular cells from
megalin-deficient (A) and control mice (B). Cells from megalin —/— mice
exhibit a significant reduction of the endocytic apparatus including coated
pits (arrows), endosomes (E), and dense apical tubules (arrowheads). The
brush border (BB) and mitochondria (M) appear normal. The inset high-
lights a coated pit (CP) in the wild-type kidney section. G, Golgi apparatus;
L, lysosome. A and B, X20,000; inset, X47,000.

pH 2.8. Binding of ligands to megalin was quantified by
BlAcore analysis (Biosensor, Sweden) as described pre-
viously.® A continuous flow of HBS buffer (10 mmol/L
HEPES, 3.4 mmol/L EDTA, 150 mmol/L NaCl, 0.005%
surfactant P20, pH 7.4) passing over the sensor surface
was maintained at 5 ul/minute. The carboxylated dextran
matrix of the sensor chip flow cell was activated by in-
jection of 60 ul of a solution containing 0.2 mol/L N-ethyl-
N'’-(3-dimethylaminopropyl) carbodiimide and 0.05 mol/L
N-hydroxysuccimide in H,O. Then, 180 wl of 10 mmol/L
sodium acetate, pH 4.5, containing 10 wg/ml purified
rabbit megalin was injected. The remaining binding sites
were blocked by subsequent injection of 35 ul of 1 mol/L
ethanolamine, pH 8.5. The surface plasmon resonance
signal from immobilized megalin generated 22,000 BIA-
core response units equivalent to 34 fmol of megalin/
mm.? To test ligand binding, rabbit megalin immobilized
on the CM5 sensor chip was incubated with the ligands
(0.1-5 umol/L) in 10 mmol/L HEPES, 150 mmol/L NaCl,
1.5 mmol/L CaCl,, 1 mmol/L EGTA, pH 7.4, and the
relative increase in response between megalin and con-
trol flow channels was determined. For determination of
binding affinities, 6 to 10 different concentrations of each
ligand were subjected to BIAcore analysis on the megalin
sensor chips (as shown in Figure 8A). The kinetic param-
eters were determined by using the BlAevaluation 3.0
software.
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Figure 3. Electron micrographs of glomeruli from megalin-deficient (A and
B) and wild-type mice (C and D). No obvious differences in the ultrastructure
of the glomeruli is seen in knockout versus wild-type kidneys. Arrows
indicate the split diaphragm. BM, basement membrane; C, capillary loops. A
and C, X5,000; B and D, X47,000.

Urine Analysis

A total of 10 megalin-deficient mice and their control litter
mates were available for the studies presented here. For
urine collection, these mice were placed in metabolic
cages for 16 hours and given 10% sucrose in drinking
water. Urine samples (approximately 5 ml/16 hours) were
collected on ice and were qualitatively indistinguishable
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Figure 4. Binding of mouse urine samples to megalin. Urine samples from
wild-type (WT) and megalin-deficient mice (KO) were incubated with im-
mobilized megalin in the presence or absence of 20 mmol/L EDTA. Binding
to the receptor was detected by surface plasmon resonance signal (BIAcore)
as described under Materials and Methods, and is indicated in response units.

from samples collected without sucrose load. Urine vol-
ume per hour and creatinine levels were identical in
megalin —/— and in control mice (approximately 0.5
mmol creatinine/L). Creatinine, sodium, potassium, chlo-
ride, total calcium, phosphate, urea, uric acid, and glu-
cose were determined on a random access automated
clinical chemistry analyzer (Synchron CX5, Beckman,
Munich, Germany) by standard clinical chemistry proce-
dures. For amino acid analysis, free amino acids in the
urine samples were separated and quantified by ion ex-
change chromatography followed by ninhydrin reaction
on a Biotronik LC3000 amino acid analyzer (Eppendorf,
Hamburg, Germany). Retinol and tocopherol were deter-
mined by high performance liquid chromatography after
solvent extraction (Chromsystem, Munich, Germany). For
determination of 25-OH vitamin D, urine samples were
concentrated 30-fold by freeze-drying and analyzed by
competitive protein binding assay (Immundiagnostik,
Bensheim, Germany).

Results

Initially, we examined wild-type and megalin —/— kidneys
by electron microscopy to identify potential changes in
the ultrastructure of the receptor-deficient tissue. As
shown for rat kidneys previously,* in wild-type mouse
kidneys megalin is expressed in abundance in the epi-
thelial cells of the proximal tubules. In particular, the
receptor is present at the brush border surface and in all
parts of the endocytic apparatus, including coated pits,
coated vesicles, endosomes and dense apical tubules
(Figure 1B). No receptor protein is detectable in megalin
—/— kidneys (Figure 1A). Megalin deficiency does not
affect the overall architecture of the epithelial cells or the
appearance of the brush border surface (Figure 2A).
However, absence of megalin results in a significant re-
duction in the number of coated pits, endosomes, and
lysosomes as compared to wild-type cells (Figure 2B).
The histological appearance of other renal tissues such
as glomeruli (Figure 3), distal tubules and collecting
ducts (not shown) is indistinguishable from wild-type con-
trols.

The histological analysis of renal tissues suggested
that megalin deficiency might specifically impair endocy-
tosis of macromolecules from the lumen of the proximal
tubules. As a consequence, ligands for this receptor
should be excreted in the urine of knockout mice. To test
this hypothesis, we analyzed binding of mouse urine
samples to purified megalin immobilized on a BIA sensor
chip (BlAcore analysis). As shown in Figure 4, urine
samples from megalin —/— animals specifically inter-
acted with the receptor. The interaction was reversible
and dependent on calcium, a characteristic feature of
ligand binding to the receptor. In contrast, little if any
interaction was observed in urine samples obtained from
wild-type animals. These findings demonstrated that nor-
mal urine was virtually devoid of any receptor ligands and
that absence of megalin resulted in a state of renal re-
sorption deficiency.
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Figure 5. Urinary protein profile of wild-type and megalin —/— mice. Fifteen microliters of urine from adult (A) or juvenile mice (B) of the indicated genotypes
were subjected to 4 to 15% nonreducing SDS-PAGE and staining with Coomassie Blue. The position of migration of marker proteins in the gel is shown. Protein
bands that were identified by peptide sequencing are indicated. a;-M, a;-microglobulin; B,-M, B,-microglobulin; DBP, vitamin D-binding protein; F, female; Lys,
lysozyme ¢; M, male; MUP-6, major urinary protein 6; PAP-1, pancreatitis-associated protein 1; RBP, retinol-binding protein.

Next, we analyzed the protein profile in urine from
knockout and control mice by SDS polyacrylamide gel
electrophoresis (SDS-PAGE, Figure 5A). No proteins
larger than approximately 70 kd were present in the urine
of control and megalin —/— animals indicating intact
glomerular filtration. However, knockout mice specifically
excreted several low molecular weight (LMW) proteins
that were not seen in control samples. Potentially, these
proteins represented previously unknown ligands for the
receptor. To characterize some of the excreted proteins,
we isolated individual protein bands from the gel and
obtained peptide sequences by Edman degradation
(Figure 5; Table 1). The 68-kd protein band that was
present in both control and knockout urine was identified
as mouse serum albumin. Apparently, albumin repre-
sented the largest plasma protein filtered in large quan-
tities through the glomerular membranes. No major dif-
ference in the amount of albumin excretion was observed
in knockout compared to control samples by SDS-PAGE.
The second protein band that was present in all samples
was the 21-kd major urinary protein 6 (MUP-6), a phero-
mone carrier that is abundant in urine from male rodents

Table 1. Sequence Analysis of Mouse Urinary Proteins

(Figure 5A, lanes 1-3). Besides MUP-6 and serum albu-
min, the urine of knockout mice displayed three major
protein bands that were not seen in control urine. These
proteins were identified by peptide sequencing as the
vitamin D-binding protein (DBP), «4-microglobulin (a;-
M), and the retinol-binding protein (RBP) (Figure 5A;
Table 1). Because massive amounts of MUP-6 in the
urine of adult male mice obscured analysis of additional
protein bands in the same molecular weight range, we
further examined urine samples from wild-type and
knockout females (Figure 5B). In these samples, pancre-
atitis-associated protein (PAP-1), lysozyme, and Bs-mi-
croglobulin (B,-M) were identified as novel proteins in
urine from megalin —/— mice (Table 1). Finally, we re-
solved mouse urine samples by two-dimensional SDS-
PAGE and discovered another major protein spot present
in knockout urine exclusively (Figure 6). This protein was
identified as the odorant-binding protein IA (OBPIA, Ta-
ble 1).

Because knockout but not wild-type urine samples
strongly reacted with megalin in BlAcore analysis (Figure
4), we hypothesized that proteins exclusively present in

Sequence Protein MW (kd) Reference
EIAHRYNDLGEQHFK Serum albumin (aa 6-20%) 68 Swiss-Prot. P07724
LERGRDYE Vitamin D-binding protein (DBP, aa 13-20) 53 Swiss-Prot. P21614
DPASTLPDIQVQENF a4-Microglobulin precursor (a4-M, aa 20-34) 30 Swiss-Prot. Q07456
LLSNWEVCADMVGTF Retinol-binding protein (RBP, aa 81-95) 20 Swiss-Prot. Q00724
NFNVEKINGEWHTIILASDKR Major urinary protein 6 (MUP 6, aa 27-48) 21 Swiss-Prot. P02762
LVDESPENLTFYSEN Odorant-binding protein IA (OBPIA, aa 81-95) 17 EMBL Y10971
RPGGHLVSVLNSAEA Pancreatitis-associated protein 1 (PAP-1, aa 71-85) 19 Swiss-Prot. P35230
GDQSTDYGIFQINSR Lysozyme (aa 66-80) 17 Swiss-Prot. PO8905
TPQIQVYSR B.-Microglobulin (B,-M, aa 24-32) 14 Swiss-Prot. P01887

Several peptide sequences were obtained from each protein by Edman sequencing. One representative peptide sequence is shown for each of the
proteins. aa, amino acid position of the peptide sequence; MW, molecular weight in kd.
*The amino acid numbers refer to the sequence of the published murine serum albumin fragment.
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Figure 6. Two-dimensional SDS-PAGE analysis of mouse urinary proteins.
Mouse urinary proteins (600 pg) from wild-type (+/+) and megalin-defi-
cient animals (—/—) were subjected to two-dimensional SDS-PAGE analysis
and stained with Coomassie Blue. Staining time was kept at a minimum to
avoid overstaining in the molecular weight range of MUP-6 proteins (21 kd).
Additional proteins present in the knockout urine samples (eg, DBP, RBP)
are not seen under these conditions. The arrow denotes the odorant-binding
protein TA (OBPIA) in knockout urine.

knockout samples represented receptor ligands. This hy-
pothesis was confirmed when iodinated urinary proteins
were incubated with megalin coupled to Sepharose resin
(Figure 7). Specifically bound proteins were eluted from
the receptor column and analyzed by SDS-PAGE and
autoradiography. Albumin, which was abundantly
present in the urine sample (lane 1), did not bind to the
megalin column to any major extent, while a number of
smaller proteins interacted with the receptor and were
enriched in the column eluate (lanes 2 and 3). No specific
binding was seen with wild-type urine samples (not
shown). To investigate whether these megalin-binding
proteins represented some of the LMW proteins exclu-
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Figure 7. Purification of megalin-binding proteins from mouse urine by
megalin affinity chromatography. One milliliter of knockout mouse urine
was iodinated and subjected to megalin affinity chromatography as described
under Materials and Methods. Proteins bound to the megalin column were
eluted and 20 ul of the eluate (total of 1 ml) were subjected to 4 to 15%
SDS-PAGE and autoradiography on X-ray film for 16 hours at —80°C (lanes
2 and 3). As reference sample, total urinary proteins applied to the column
are shown in lane 1. The arrowhead indicates mouse serum albumin.

Table 2. Affinities of Binding of Ligands to Megalin

Ligand Ky (mwmol/L)
Albumin n.d.
DBP 0.11
RBP 1.8

Lys. 0.32
Bo-M 0.42

Binding of purified proteins to immobilized rabbit megalin was
quantified by BlAcore analysis (as described under Materials and
Methods). No significant binding was detected for albumin. n.d.,
binding not detectable.

sively seen in knockout urine, we directly tested receptor
binding by BlAcore analysis. Similar to the findings ob-
tained with megalin affinity chromatography (Figure 7),
serum albumin did not bind to the receptor whereas DBP,
RBP, lysozyme, and B,-M interacted with the receptor
with a Ky of 0.1 to 1.8 umol/L (Table 2). The binding of
ligands was concentration dependent (Figure 8A) and
blocked completely by the receptor-associated protein, a
receptor antagonist (Figure 8B). Furthermore, ligand
binding was abolished by adding EDTA or by reducing
the receptor (Figure 8C). Taken together, these results
demonstrated specificity of ligand-receptor interaction.

To test whether megalin constituted the only receptor
for tubular uptake of the identified proteins, cryosections
of mouse kidneys were incubated with antibodies di-
rected against three of the identified receptor ligands. As
shown for lysozyme, this protein was detected in endo-
somes and lysosomes of wild-type kidney sections, indi-
cating uptake from the glomerular filtrate (Figure 9B). In
contrast, no uptake of lysozyme was detected in knock-
out kidneys (Figure 9A). Similar results were obtained
with antibodies directed against DBP and RBP (not
shown). No murine specific antibodies against other
identified proteins were available to extend these inves-
tigations.

So far, our studies had established that megalin was
involved in the retrieval of plasma proteins from the glo-
merular filtrate. Besides plasma proteins, other metabo-
lites are also taken up from the lumen of the proximal
tubules. To investigate whether megalin might also be
responsible for the clearance of these compounds, we
determined electrolyte and endocrine parameters in
knockout urine samples and compared them to controls
(Table 3). No significant differences were observed in the
concentrations of glucose, electrolytes, urea, uric acid,
and amino acids. Furthermore, the total amount of protein
excreted was also unchanged. The latter finding reflects
the fact that mice excrete massive amounts of MUP-6 and
that the additional loss of LMW proteins in the knockout
mice does not increase the total urinary protein concen-
tration significantly.

We observed that many of the proteins excreted by
megalin knockout mice were plasma carriers for lipophilic
compounds (eg, fatty acids, odors, vitamin A and D
metabolites). This finding suggested that megalin-medi-
ated uptake of plasma proteins might be essential to
prevent urinary loss of lipids bound to small carrier pro-
teins. Consistent with our previous observations,'®'”
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Figure 8. Binding of lysozyme to megalin. In A, megalin immobilized on a
BIA sensor chip was incubated with the indicated concentrations of ly-
sozyme. From the kinetic parameters, a K, value of 0.32 umol/L was calcu-
lated (see under Materials and Methods). In B, the receptor was preincubated
with 5 uwmol/L RAP resulting in 1800 response units. No further increase in
response was achieved by subsequent addition of 0.5 umol/L lysozyme (or
RAP) indicating complete inhibition of ligand binding by RAP. As a control,
0.5 pmol/L lysozyme were added to the receptor chip without prior addition
of RAP (200 response units). In C, binding of 2 wmol/L lysozyme to native
megalin was tested in the presence or absence of EDTA, or to megalin
reduced by 0.5% dithiothreitol, 6 mol/L guanidine hydrochloride. Adding
EDTA or reducing the receptor changed the K; to 39 umol/L (as compared
to 0.32 umol/L for functional megalin). Similar results were obtained with
DBP, RBP, and B,-M (not shown). The arrows indicate time points of ligand
addition to the sensor chip.

urine samples from knockout mice contained significant
amounts of vitamin A (retinol) and 25-OH vitamin D,
which were not present in control urine (Table 3). In
contrast, vitamin E (tocopherol) was not detectable in any
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of the urine samples. This vitamin is transported in li-
poprotein particles which are too large to be filtered
through the glomerulus. Therefore, tocopherol was not
expected to be present in the glomerular filtrate.

Finally, we wanted to test whether phenotypic similar-
ities exist between megalin-deficient mice and patients
with Fanconi syndrome. We focused our analysis on in-
dividuals with multiple myeloma, a malignant proliferation
of immunoglobulin producing plasma cells. Multiple my-
eloma is characterized in a majority of cases by the
appearance of massive amounts of immunoglobulin light
chains in the glomerular filtrate (Bence-Jones protein).®
By yet unknown mechanisms, certain light chain mole-
cules impair proximal tubular function causing Fanconi
syndrome.®'® We obtained urine samples from five pa-
tients with multiple myeloma-associated Fanconi syn-
drome. As described previously, these patients pre-
sented with a low tumor mass myeloma (2 to 9% marrow
plasma cells) and mild but progressive renal insuffi-
ciency. Renal biopsies showed epithelial lesions, some
with crystal formation in the cytoplasm of proximal tubular
cells. No glomerular lesions were observed.'® No differ-
ence in the urinary excretion of megalin fragments was
seen when comparing these patients with control sub-
jects (unpublished observations). By analysis of their uri-
nary protein profiles, these patients were shown to exhibit
low molecular weight proteinuria (Figure 10, lanes 3 and
4) and to excrete the characteristic pattern of small
plasma proteins® including DBP, a4-M, RBP, and 8,-M
(lanes 7 and 8). Similar to megalin-deficient mice, excre-
tion of RBP resulted in concomitant loss of retinol in the
urine. All 5 patients excreted between 0.08 and 0.18 mg
retinol/mmol creatinine (mean, 0.132 mg retinol/mmol
creatinine). No retinol was detectable in control urine
samples (n = 9). In 2 of the patients, we also determined
the levels of 25-OH vitamin Dg. Significantly more 25-OH
vitamin D5 (0.2-0.3 nmol/mmol creatinine) was detected
in patients urine as compared to control samples (0.01-
0.06 nmol/mmol creatinine). The three other patients re-
ceived vitamin D supplementation and could not be used
for analysis of the vitamin D metabolism. Tocopherol was
not present in any of the urine samples.

Discussion

In the present study, we demonstrate that megalin is
involved in the tubular uptake of several plasma carrier
proteins. Megalin deficiency results in LMW proteinuria
and urinary loss of lipophilic vitamins bound to the carri-
ers. Similar defects are observed in patients with ac-
quired Fanconi syndrome.

A number of animal models are available to study the
consequence of proximal tubular dysfunction in vivo. For
example, intravenous injection of maleic acid into rats
results in severe renal toxicity and Fanconi syn-
drome.??23 Furthermore, several genetic disease models
have been reported including Basenji dogs®* and mice
carrying a targeted disruption of the hepatocyte nuclear
factor 1 (HNF1) genes.?® Similar to patients with acquired
Fanconi syndrome, these animal models are character-
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Figure 9. Immunohistochemical analysis of lysozyme in megalin-deficient (A) and control kidney cortex (B). Cryosections from kidney cortex were incubated with
rabbit anti-human lysozyme IgG followed by peroxidase-conjugated anti-rabbit IgG. Bound IgG was visualized by diaminobenzidine. In wild-type tissue (B),
strong labeling for lysozyme is seen in apical endosomes and lysosomes of the proximal tubules (P). No staining is seen in megalin-deficient proximal tubules
(A) including the very initial part of the tubule (arrow) that is connected to Bowman's capsule of the glomerulus (G). Magnification, X900.

ized by combined defects in several tubular uptake pro-
cesses resulting in urinary excretion of proteins, electro-
lytes, and metabolites. Basenji dogs exhibit an altered
brush border membrane fluidity, which apparently affects
transport across the plasma membrane.?* HNF1 knock-
out mice are characterized by glucosuria, polyuria, amino
aciduria, and phosphaturia.?® Detailed studies suggest
that these animals have an impaired function of the Na™/
K*-ATPase and fail to maintain a proper Na™ electro-
chemical gradient across the apical brush border sur-
face. As a consequence, cellular uptake processes
dependent on this electrochemical gradient are defec-
tive. In contrast to aforementioned animal models, mega-
lin-deficient mice exhibit a specific defect in one tubular
uptake pathway only, the endocytosis of filtered plasma
proteins. Uptake of electrolytes, amino acids, and glu-
cose is not affected by the receptor gene defect. Thus,
these mice constitute an important animal model with

which to dissect the various tubular uptake pathways and
to elucidate the significance of tubular uptake of LMW
proteins.

In humans, hundreds of milligrams of plasma proteins
are filtered daily through the glomerulus into the lumen of
the proximal tubules.”? Despite this massive influx of
protein, human urine is virtually devoid of significant
amounts of protein. The reasons for such massive uptake
of proteins in the proximal tubules and the receptors
involved in this process remain unclear. Because inter-
nalized proteins are subjected to lysosomal degradation,
it is hypothesized that protein uptake is essential to sal-
vage amino acids. Alternatively, the clearance of proteins
from the glomerular filtrate is believed to remove metab-
olites that might serve as food source for bacteria and
hence increase the risk of bacterial infections of the uro-
genital tract.>*

Table 3. Electrolyte and Endocrine Parameters in Mouse Urine Samples

Genotypes
Parameter +/+; +/- -/= Unit

Glucose 41 +£27 29+15 mmol/mmol creatinine
Electrolytes

Na 79.2 = 32.1 144 + 89.1 mmol/mmol creatinine

K 79.3 £ 13.9 849 = 13.1 mmol/mmol creatinine

Cl 60.3 + 8.1 69.2 +52 mmol/mmol creatinine

Ca 28+ 0.6 33*16 mmol/mmol creatinine

Phosphate 105+ 20 14470 mmol/mmol creatinine
Amino acids (sum) 0.1 0.1 mmol/mmol creatinine
Urea 755.3 = 59.3 835 = 80.9 mmol/mmol creatinine
Uric acid 173.7 = 29.1 130 = 40.9 mmol/mmol creatinine
Total protein 50.0 =78 524+ 24 mg/mmol creatinine
Vitamins

Retinol n.d. 0.4 *+0.14 mg/mmol creatinine

25-OH vitamin D4 n.d. 1.6 =0.44 nmol/mmol creatinine

Tocopherol n.d. n.d.

A total of 4 (—=/=) or 6 (+/+; +/—) animals were analyzed. Data points are given as mean * SEM. Because urine samples were obtained on
sucrose load, the concentration of metabolites may be more dilute than in untreated animals (see under Materials and Methods). All amino acids were
determined individually. No statistically significant differences were observed for individual (not shown) or the total amount of amino acids excreted.

n.d., not detectable.
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Figure 10. Identification of proteins in urine from Fanconi patients. Twenty
microliters of urine samples from two healthy subjects (lanes 1, 2, 5, 6) and
5 pl of urine samples from two patients with multiple myeloma (lanes 3, 4,
7, 8) were subjected to 4 to 15% nonreducing SDS-PAGE and transfer to
nitrocellulose membranes. Replicate filters were either stained with Ponceau
S (lanes 1-4) or analyzed by immunoblot analysis using polyclonal antisera
against the indicated proteins (lanes 5-8). The asterisks denote immuno-
globulin light chain monomers and dimers present in urine from patients
with multiple myeloma. Similar results were seen in three additional patients
with multiple myeloma (not shown).

Our studies now have identified megalin as a central
receptor pathway for tubular retrieval of small plasma
proteins. The pattern of proteins excreted in the urine of
megalin-deficient mice is similar to the pattern in patients
with general tubular resorption deficiency.® DBP, RBP,
lysozyme, and B,-M bind to the receptor with similar
affinities as previously identified ligands (K4 of 0.1-1.8
wmol/L).2° No purified a,-M and OBPIA were available to
test their binding. Taken together, our findings suggest
that megalin constitutes a low affinity but high capacity
receptor pathway for scavenging proteins from the glo-
merular filtrate. Besides direct ligand binding, megalin
may alternatively mediate the endocytic uptake of some
of the identified proteins via co-receptor systems. Studies
by Moestrup and colleagues have identified a 460-kd
receptor in the epithelium of the proximal tubules called
intrinsic factor/vitamin B, receptor or cubilin.?” This re-
ceptor mediates the tubular uptake of intrinsic factor/
vitamin B,, complexes from the glomerular filtrate. Inter-
estingly, cubilin does not contain a transmembrane
domain like other endocytic receptors. Because it exhib-
its high affinity for megalin and co-localizes with this
receptor in the endocytic pathway of proximal tubular
cells, cubilin is believed to mediate ligand uptake by
binding to megalin.?” Such a co-receptor system would
also be defective in megalin knockout kidneys. Thus,
megalin could act as a central receptor pathway in the
kidney either by direct ligand binding or via co-receptors.

In a previous study, uptake of albumin microinfused
into rat proximal tubules was blocked by the addition of
RAP, a megalin antagonist.?® These results suggested a
prominent role of megalin as a receptor for tubular clear-
ance of albumin. In experiments presented here, albumin
did not bind to megalin to any significant extend and no
major difference in albumin clearance was seen in mega-
lin-deficient as compared to control mice. Taken together
both studies suggest that an alternative RAP-sensitive
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receptor may be mainly responsible for the tubular up-
take of albumin.

The identification of ligands internalized via megalin (or
co-receptors) has uncovered the importance of tubular
protein uptake for homeostasis of lipophilic compounds.
Many of the ligands taken up via megalin-dependent
pathways are plasma carriers for lipophilic substances.?®
DBP is the transporter for vitamin D; metabolites; RBP
and «a;-M carry retinoids; and OBPIA binds lipophilic
odors. Excretion of these carrier proteins results in con-
comitant loss of lipids (eg, 25-OH vitamin D, retinol) in
the urine of megalin —/— mice. Additional studies dem-
onstrate that the urinary loss of 25-OH vitamin D5 in
megalin knockout mice results in plasma vitamin D defi-
ciency and impaired bone formation.’ Similar to megalin
knockout mice, humans with multiple myeloma also ex-
crete complexes of retinol and RBP in their urine (Figure
10). In addition, enhanced urinary loss of 25-OH vitamin
D; was seen in two patients not receiving vitamin D
supplementation. If confirmed in a larger number of pa-
tients, these findings might have important implications
for our understanding of the pathology of the Fanconi
syndrome. Individuals with this disease are characterized
by osteomalacia and vitamin D-resistant rickets.® Such
defects might be explained in part by the enhanced
urinary loss of vitamin D5 metabolites bound to DBP.
Also, urinary loss of retinoids and other essential lipids
yet to be identified may contribute to the multiple defects
in Fanconi patients.®

One protein found in the urine of megalin knockout
mice does not represent a normal plasma protein. This is
the pancreatitis-associated protein 1. PAP-1 is a secre-
tory protein that is induced in the acute phase of pancre-
atitis.®° Because PAP-1 is not present in the circulation of
healthy mice, it is not likely to be a physiological ligand for
megalin. Instead, the presence of PAP-1 may indicate
pancreatitis in receptor-deficient animals and point to
additional roles of the receptor in other tissues than the
kidney. Due to the poor viability and the complex pheno-
type of the knockout mice, such investigations are diffi-
cult to perform at present. The generation of mice carry-
ing tissue-specific receptor gene defects will be helpful in
the future in dissecting the multiple functions of the re-
ceptor in various tissues.

In conclusion, our studies have identified megalin as
the central receptor for the tubular retrieval of several low
molecular weight plasma proteins. Megalin-mediated up-
take of plasma carrier proteins is required for reuptake of
filtered lipid/carrier complexes. These findings have un-
covered a crucial role of tubular protein uptake for sys-
temic vitamin homeostasis.
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