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ApoER2 Apolipoprotein E receptor 2 
APP Amyloid precursor protein 
BBB Blood-brain barrier 
BMP-4 Bone morphogenic protein 4 
CNS Central nervous system 
CSF Cerebrospinal fluid 
Dab Disabled 
DBP Vitamin D-binding protein 
EGF Epidermal growth factor 
ER Endoplasmic reticulum 
EST Expressed sequence tag 
GAIP G -interacting protein 
GIPC GAIP-interacting protein, carboxyterminus 
GSK-3 Glycogen synthase kinase-3 
GST Glutathione S-transferase 
IGF-1 Insulin-like growth factor-1 
LDL Low-density lipoprotein 
LRP Low-density lipoprotein receptor-related protein 
MAGUK Membrane-associated guanylate kinase 
MCTF Megalin carboxyterminal fragment 
MegBP Megalin-binding protein 
NHE3 Na+/H+ exchanger isoform 3 
PDZ PSD-95/Drosophila discs-large/zona occludens 1 
PI3-kinase Phosphatidylinositol 3-kinase 
PKC Protein kinase C 
PSD-95 Postsynaptic density 95 
RAP Receptor-associated protein 
RBP Retinol-binding protein 
RIP Regulated intramembrane proteolysis 
RPE Retina pigment epithelium 
RT-PCR Reverse transcriptase-polymerase chain reaction 
SAP Synapse-associated protein 
SH2/SH3 Src homology 2/Src homology 3 
SHBG Sex hormone-binding globulin 
SHH Sonic hedgehog 
VLDL Very low-density lipoprotein 
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Introduction

Epithelial cells are lining all cavities in the living body. These epithelial cells 
are organized into a polarized cytoarchitecture, with an apical and a baso-
lateral surface with distinctly different protein- and lipid compositions. The 
main function of polarized epithelial cells is to carry out vectorial transport 
from one compartment to another. This is for instance done by the uptake of 
nutrients from the intestine to the blood or from the primary urine to the 
blood in the kidney. Receptor-mediated endocytosis (Fig. 1) is one of several 
important systems the cell has developed to take up important nutrients, 
hormones, vitamins and co-factors [1]. The term receptor-mediated endocy-
tosis was first established by Michael S. Brown and Joseph L. Goldstein in 
1986 [2] by their work on the low-density lipoprotein (LDL)-receptor and 
cholesterol, a  work which rendered them the Nobel Prize in Physiology or 
Medicine in 1985. Simplified, receptor-mediated endocytosis starts with a 
ligand binding to a transmembrane receptor, which is located in a clathrin-
coated pit on the cell surface. The ligand-receptor complex is internalized 
into sorting endosomes, which are acidified by ATP-dependent proton 
pumps. The acidification causes the ligand to be released from the receptor. 
Most receptors rapidly exit the sorting endosomes and return to the cell 
membrane directly, or via the endocytic recycling compartment. The sorting 
endosomes mature into late endosomes and further to lysosomes where the 
ligands are degraded.  In the case of polarized epithelial cells, ligands can in 
many cases also be transported from the apical surface, across the cell, to the 
basolateral surface in a process called transcytosis. 

Megalin (also known as LRP2, gp330 or gp600) is a type 1 transmem-
brane receptor expressed mainly on the apical side of absorptive and secre-
tory epithelial cells. It belongs to the LDL-receptor family, a family consist-
ing of seven core members in mammals (Fig. 2A). The family is, apart from 
the archetypal LDL-receptor and megalin, also made up by the very low- 
density lipoprotein (VLDL)-receptor, apolipoprotein E receptor 2 
(ApoER2)/LRP8/LR7, Multiple EGF-domain 7 (MEGF7)/LRP4, LDL-
receptor related protein 1 (LRP1)/ 2-macroglobulin receptor/CD91 and 
LRP1B (Fig. 2A). Three receptors are more distantly related, namely the 
LRP5/LRP7/LR3, LRP6 and LR11/sorting protein related receptor (SorLA) 
(Fig. 2B). Even more distantly related receptors (LRP3, LRP9/LRP10 and 
ST7/LRP12) are referred to as members of the LDL-receptor family due to 
their content of LDL-receptor class A motifs (see below). 
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The core members of the LDL-receptor family (Fig. 2A) are characterized 
by containing the same structural motifs in the same arrangement: cysteine- 
rich ligand-binding LDL-receptor class A (also referred to as complement 
type repeats) motifs followed by -propeller (YWTD-containing) domains, 
which are flanked by epidermal growth factor (EGF) precursor-like cysteine-
rich domains. 

Megalin was discovered in parallel by several groups. In 1982, Dontscho 
Kerjaschki and Marilyn Gist Farquhar published a paper describing a mem-
brane glycoprotein of 330 kDa (gp330) being the pathogenic antigen of 
Heymann nephritis [3], which later was proposed to be an endocytotic recep-
tor [4]. gp330 was shown to be a member of the LDL-receptor family by the 
group of Robert T. McCluskey in 1989 [5]. In 1987, Claes Juhlin and co-
workers published monoclonal antibodies reactive against parathyroid cells 
and tubule cells of the kidney [6], which in 1994 were shown to react with a 
human gp330 homologue [7]. The full-length sequence of rat gp330 was 
published 1994 by the Farquhar group [8], and somewhat later the human 
sequence was published [9]. The sequence revealed that human gp330 was a 
protein of 4655 amino acid residues, of which 4398 made up the extracellu-
lar domain, 23 amino acid residues composed the single transmembrane-
spanning domain, and 209 amino acid residues the cytoplasmic domain. A  
25-amino acid residues N-terminal signal peptide sequence was also deduced 
from the sequence [9]. The gp330 gene is located on human chromosome 2 
[10, 11], containing 79 exons, giving rise to a transcript of 14384 base pairs 
(Ensembl, v.37 [12]). 

Much work concerning the LDL-receptor family has been done on the ar-
chetypal LDL-receptor and the LRP. Therefore, many parallels between 
megalin and the LDL-receptor and LRP will be drawn throughout this thesis.  
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Figure 2. The LDL-receptor family. A, core members and B, distantly related mem-
bers. Brackets represent the four megalin ligand-binding clusters. Note that the in-
tracellular domains are highly different between the receptors. Figure is not to scale. 



13

LDL-receptor class A ligand-binding motifs 

The LDL-receptor class A motifs, also called growth factor or complement-
like repeats [13], span 40 amino acid residues and contain six highly con-
served cysteine residues forming three disulfide bridges. Most of the struc-
tural studies of the LDL-receptor class A ligand-binding motif have been 
done with the LDL-receptor and LRP. From these studies, it was evident that 
four conserved aspartate and one conserved glutamate residue together with 
the backbones of two non-conserved residues are involved in calcium bind-
ing and calcium-dependent folding of the motif [14, 15]. There are also a 
conserved phenylalanine, an isoleucine and a serine residue. The motif is in 
addition to the other LDL-receptor family members, also found in one copy 
each in the terminal complement components C6, C7, C8 , C8  and C9, 
hence the name complement-like. More than 1000 complement-like motifs 
in different unrelated proteins are known to date. The carboxyterminal amino 
acid residues of the motif, where calcium-binding occurs, are negatively 
charged, but compared to the complement component motifs, the LDL-
receptor family type of motif does not contain the positively charged amino 
acids in the centre of the motif [13]. The bound calcium ion is important for 
correct folding and stability of the otherwise flexible domain, and therefore 
required for the binding of ligands. The difference in ligand binding of these 
domains could be due to the variability in length and composition of the 
amino acid sequence surrounding the conserved residues, causing a slightly 
different structure [16] or calcium coordination [17]. It has been suggested 
that ligand dissociation might occur by the decrease of pH in the endosome, 
and subsequent lower affinity for calcium [14, 18]. This is most probably not 
the whole truth, as the change in affinity for calcium in different ligand-
binding motifs in LRP has been shown to be very variable, and in some 
cases, very low [16]. Not much is known about which ligand-binding motifs 
are responsible for binding to a certain ligand in megalin, but the amino-acid 
residues 1111-1210, which contain the fourth and fifth ligand-binding motifs 
located in the second cluster of ligand-binding motifs (Fig. 2A) have been 
shown to be responsible for the binding of apoE, lipoprotein lipase, lactofer-
rin, aprotinin and receptor-associated protein (RAP) [19]. RAP and some 
other ligands probably have additional binding sites [20]. 

RAP is a 39-kDa protein located in the ER [21]. RAP has been shown to 
have a chaperone function, inhibiting premature binding of ligands to several 
of the ligand-binding motifs [22, 23] of the LDL-receptor family members, 
including megalin [24], while escorting them out from the ER to the Golgi 
compartment [25, 26]. RAP associates with the ligand-binding motifs of the 
LDL-receptor family members in the ER and inhibits binding of ligands 
sterically and/or by conformational changes of the ligand-binding motif [27, 
28]. RAP also assists in the proper folding of the receptors [22]. RAP is re-
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leased in the medial-Golgi as a result of the decrease in pH [29] (Fig. 1). 
Intracellular ERD2 retrieval receptors are probably responsible for the re-
trieval of RAP back to the ER [30]. The ability of RAP to inhibit binding of 
most ligands to the LDL-receptor family has made it an extraordinary tool 
for physiological and cell biological studies. 

EGF precursor-like and -propeller domains 

Most structural knowledge of EGF-precursor-like domains (also called class 
B motifs) comes from studies of the LDL-receptor. The EGF-like domains 
resemble the ligand-binding motifs and consist of about 50 amino acid resi-
dues, and contain six well conserved cysteine residues. The EGF-precursor-
like domain can be divided into calcium and non-calcium binding domains. 
They can also be subdivided into two distinguishable patterns called B.1 or 
B.2, where the major difference is the sequence between the fifth and sixth 
cysteine residue [13].  

The -propeller domain has a structure of a six-bladed propeller. Each 
blade of the propeller domain is made out of four anti-parallel  strands, 
where the second strand of each blade contains an YWTD or YWTD-like 
repeat [31]. The -propeller domain is in the LDL-receptor family sur-
rounded by two EGF-precursor-like domains on the N-terminal side, and one 
on the C-terminal side. The module containing the three EGF-precursor-like 
domains and the -propeller domain has been named EGF-precursor homol-
ogy domain (Fig. 1). The two N-terminal EGF-precursor-like domains form 
a structure like a rigid rod, and they both bind calcium [32, 33]. The C-
terminal EGF-precursor-like domain packs structurally against the -
propeller [31, 34], and does, at least not in the LDL-receptor, bind calcium 
[31-33].  

The EGF-precursor homology domain seems to be important for ligand 
dissociation in the endosome. The LDL-receptor extracellular domain has 
been crystallized at pH 5.3 [34], which showed that the EGF-precursor ho-
mology domain folded back onto the ligand-binding motifs. An interesting 
theory is that the EGF-precursor homology domain in the LDL-receptor 
displaces any ligand by folding back onto the ligand-binding motifs perhaps 
due to a structural change when the affinity for calcium decreases in the 
ligand-binding motifs and/or EGF-precursor-like domains when the receptor 
gets exposed to the low pH in the endosome (Fig. 1) [34, 35]. This might be 
a general feature of all the LDL-receptor family members, including megalin 
[35]. 

The proper folding of the -propeller domain of LDL-receptor family 
members in the ER has been shown to be dependent on the ER resident 
chaperone protein mesoderm development (mesd)/boca [36-38]. Mesd/Boca 
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binds to the -propeller in the ER, and once the EGF-precursor-like domain 
is translated, the EGF-precursor homology domain (the -propeller together 
with the EGF-precursor-like domains) adapts a more mature state, which has 
a lower affinity for mesd/boca [38]. Without mesd/boca, the LDL-receptor 
family protein cannot leave the ER. -propeller domains without attached 
EGF-precursor-like domains do not require mesd/boca [38].  

Megalin intracellular domain 

The intracellular domain of megalin is considerably different from other 
members of the LDL-receptor family. The only common feature is one or 
several NPxY-motifs, which for the LDL-receptor has been shown to be 
important for coated pit-mediated internalization [39] and partly for baso-
lateral sorting [40, 41]. NPxY-motifs are known to bind phosphotyrosine-
binding domains [42]. Megalin contains two NPxY-motifs and one NPxY-
like motif (Fig. 3) [8, 9]. The NPxY-like motif of megalin has been shown to 
be involved in the apical sorting of the receptor in polarized Madin-Darby 
canine kidney (MDCK) cells [43]. 

Megalin also contains one potential SH2-binding Yxx  repeat (where 
represents a hydrophobic residue), one potential dileucine repeat (a repeat 
that in other transmembrane proteins are known to be important for endo-
cytic sorting [44]), four potential SH3-domain binding motifs [45] (PxxP, 
and of which three are conserved in the rat megalin [8]), four potential PKC-
phosphorylation motifs and one PDZ-binding motif [9], known to have the 
consensus motif S/TxV [46]. The four potential SH3-binding motifs occur in 
two clusters, which are here called PxxP 1 and PxxP 2 (Fig. 3). No phos-
phorylation of megalin has been published, but LRP has been shown to be 
phosphorylated at serine, threonine and tyrosine residues within its intracel-
lular domain [47]. Serine and threonine phosphorylation was shown to be 
mediated in part by protein kinase C  (PKC ) and necessary for the interac-
tion of the adaptor protein Shc, and increased interactions with the adaptor 
protein Dab1, findings which suggest that megalin might also be phosphory-
lated.

No alternative splicing has been detected in the part of the megalin gene 
that encodes the intracellular domain, but searching databases for megalin 
clones revealed an EST-clone (GenBank accession number BF196002) from 
kidney that might be an alternatively spliced variant encoding the intracellu-
lar domain. This alternative splicing occurs between exon 78 and 79, and 
adds 9 nucleotides, which translates into a tyrosine, a serine and a stop codon 
(Fig. 3). This would in turn give a truncated intracellular domain of megalin, 
excluding the SH2-binding Yxx  repeat, the second SH3-binding motif and 
the PDZ-binding motif. 
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TAVAVLLTILLIVVIGALAIAGFFHYRRTGSLLPALPKLPSLSS

LVKPSENGNGVTFRSGADLNMDIGVSGFGPETAIDRSMAMSEDF

VMEMGKQPIIFENPMYSARDSAVKVVQPIQVTVSENVDNKNYGS

PINPSEIVPETNPTSPAADGTQVTKWNLFKRKSKQTTNFENPIY

AQMENEQKESVAATPPPSPSLPAKPKPPSRRDPTPTYSATEDTF

KDTANLVKEDSEV*

YS*

Transmembrane domain PxxP 1

NPxY 1 NPxY-like

NPxY 2

PxxP 27978

7877

7776

7574

S/TxV

anti-MM6

7675

Casein II kinase site

PKC-phosphorylation motif

Exon borders

YxxΦ

* Stop codon

Dileucine

Potential γ-secretase cleavage site

Figure 3. The megalin intracellular domain with potential motifs shown. Numbering 
refers to exon borders. The horizontal arrow indicates the protein fragment used to 
produce the MM6 antiserum. Shown is also an alternative splicing between exon 78 
and 79. The potential -secretase cleavage site is compared to the APP -secretase 
cleavage site (GVVIAT) producing the A 40-fragment. 

Several intracellular proteins have recently been found to interact with the 
megalin intracellular domain. A list of the currently known proteins, and to 
which motif in the megalin intracellular domain they bind, is shown in Table 
1. All of these proteins have been found using the yeast two-hybrid system. 
Having in mind that the yeast two-hybrid system is very sensitive and prone 
to show false positives, the list also shows what methods have been used to 
confirm these interactions (if any), and if co-localization with megalin has 
been detected. 

Many of these proteins have been implicated to be involved in endocyto-
sis. For instance Disabled (Dab) 2 has been shown to associate with the 
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cargo-binding tail of myosin VI [48, 49]. Myosin VI is an actin-based mo-
lecular motor involved in the formation of clathrin-coated vesicles [50] and 
the movement of uncoated vesicles from beneath the cell surface to the early 
endosome [51] in for instance proximal tubule cells [52], a cell where 
megalin is highly expressed. Myosin VI travels along actin filaments in-
wards, towards the pointed end [53], the opposite compared to other uncon-
ventional myosins.  Dab2 also contains binding sites for the clathrin adapter 
AP-2 [54] and binding sites for clathrin heavy chain [55], proteins directly 
involved in endocytosis. Dab2 knock-out mice show a phenotype in the kid-
ney similar to kidney-specific megalin knock-out mice [56], with defects in 
the uptake of megalin ligands like retinol-binding protein (RBP) or vitamin 
D-binding protein (DBP) [57].  

Also GAIP-interacting protein, carboxyterminus (GIPC)/SEMCAP-1 can 
interact with myosin VI [58]. Further, GIPC can bind to the G -interacting
protein (GAIP) [59], a GTPase-activating protein for G i subunits, which 
can down-regulate G protein signalling, implicating regulation of megalin 
endocytosis by G-proteins. These proteins have also been shown to co-
express in proximal tubule cells of the kidney [60]. 

Autosomal recessive hypercholesterolemia (ARH) is a protein also known 
to interact with clathrin and AP-2 [61, 62]. ARH escorts megalin through the 
whole intracellular recycling, from the clathrin coated pits, through early 
endosomes and endocytic recycling compartment, back to the cell surface 
[63]. 

Ankyrin-repeat family A protein (ANKRA) is a very recently cloned pro-
tein, and not much is known about its function although class IIa histone 
deacetylases, proteins involved in transcription regulation by its deacetylase 
function [64], and large-conductance calcium-activated potassium (BKCa)
channels [65] have been shown to interact with ANKRA. 

Megalin-binding protein (MegBP) is another adaptor protein, which can 
interact with several transcriptional regulators like TGF- -stimulated clone 
homologous gene (THG)-1, a transcriptional repressor [66], SKI-interacting 
protein (SKIP), a transcriptional co-activator and Hlark, an RNA-binding 
protein [67]. A close homologue to MegBP has been shown to probably be 
expressed in the nucleus and the cytoplasm [68]. SKIP is a co-activator of 
the vitamin D-receptor and stimulates the receptor in a ligand-independent 
way [69, 70]. A model is suggested where megalin releases MegBP and 
SKIP upon endocytosis of vitamin D, and SKIP can then activate the vitamin 
D-receptor [67]. 

Glycoprotein 330-associated protein (GASP)/Atrophin-1-interacting pro-
tein-1 (AIP-1)/Membrane-associated guanylate kinase with inverted orienta-
tion (MAGI)-2 and MAGI-1/BAP-1 are both members of the same subfam-
ily of the MAGUK protein family. GASP expression seems to be restricted 
to the brain, whereas the expression of MAGI-1 is more ubiquitous [71]. 
They are both considered to be scaffold proteins, bringing together signalling 
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proteins. Interestingly, GASP has been shown to interact with the 1-
adrenergic receptor in the brain and strongly promote its internalization [72], 
while postsynaptic density-95 (PSD-95) binding to the same motif, and also 
acting as a megalin-interacting protein (Paper I and [73]), inhibits it [74]. 

Integrin cytoplasmic domain-associated protein-1  (ICAP-1 ) is a pro-
tein interacting with the integrin 1A subunit [75]. It is known to induce dis-
ruption of focal adhesions and cell adhesion, probably by inhibiting the as-
sociation of the 1A subunit with talin, an actin-binding protein [76]. Talin 
has been shown to, by an event termed inside-out signalling, be important 
for the activation of integrins by binding to integrin -tails, changing the 
conformation of the integrin possibly disrupting an inhibitory -  tail inter-
action [77] or by stabilizing the open, activated, form of the integrin. Talin is 
also required for the initial connection with a ligand-bound integrin and actin 
[78-80]. ICAP-1  might inhibit the activation of the integrin by disrupting 
the binding of talin [76]. ICAP-1  has also been shown to bind megalin 
[73], and interestingly, also a talin-homologue can interact with megalin 
[73]. Perhaps the two megalin-interacting proteins work in a similar way by 
activation, or inhibition, of the megalin function. The extracellular matrix 
protein thrombospondin is a protein involved in cell adhesion and angio-
genesis, and is a ligand for both integrins and LRP [81, 82]. It binds to LRP 
and 1-integrin with different parts of the protein, and it has therefore been 
suggested that thrombospondin maybe ligate the extracellular domain of 
LRP together with the extracellular domain of integrins [73]. This has also 
been suggested for the VLDL-receptor, ApoER2 and cadherin-like neuronal 
receptors binding the ligand reelin [83, 84]. Perhaps megalin and integrins 
might also be ligated together with common ligand(s), further linking 
megalin with integrins. 

Carboxyterminal PDZ ligand of neuronal nitric oxide synthase gene (CA-
PON) is a scaffold protein, which can bind neuronal nitric oxide synthase 
(nNOS). It has, apart from megalin, also been shown to be able to bind LRP 
[73]. It is thought that CAPON can compete with PSD-95 for the interaction 
with nNOS, and over-expression of CAPON results in loss of PSD-
95/nNOS-complexes [85]. This competition is regulating the N-methyl-D-
aspartate (NMDA) receptor-mediated glutamate transmission in neurons, as 
PSD-95 connects nNOS with the NMDA receptor [86]. Abnormal over-
expression of CAPON has also been suggested to be a cause of schizophre-
nia and bipolar disorder [87, 88]. PSD-95 is also interacting with both 
megalin and LRP (Paper I and [73]). Also ApoER2 has been shown to inter-
act with NMDA receptors through PSD-95 [73, 86]. As megalin has not 
been shown to be expressed in neurons, a link between PSD-95, CAPON, 
megalin and NMDA receptors cannot be drawn. 
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Table 1: Intracellular proteins binding to megalin 

Protein Motif Y2H CoIP SPR LBA Coloc Reference 

        
ANKRA PxxP  X X   X [89] 
ARH NPxY 1 X X   X [63] 
CAPON NPxY 1 X X    [73] 
Dab1 NPxY X X X   [67, 73] 
Dab2 NPxY 3 X X X   [90, 91] 
E2a-Pbx1-activated protein NPxY X     [67] 
GASP (S/T)xV X X    [92] 
GIPC/SEMCAP-1 (S/T)xV X X   X [60, 67, 73] 
ICAP-1 NPxY 1 X X    [73] 
JIP-1 NPxY 1,3 X X    [67, 73] 
JIP-2 NPxY 1 X X    [67, 73] 
MAGI-1 (S/T)xV X X   X [92] 
Meg-BP PxxP 1 X X X X X [67] 
Mint2 NPxY 1 X -    [73] 
OMP25 (S/T)xV X X    [73] 
PIP4,5 kinase homologue ? X X    [73] 
PSD-93 (S/T)xV X  X   Paper I 
PSD-95 (S/T)xV X X X  X Paper I and [73] 
SAP102 (S/T)xV X  X   Paper I 
Talin homologue ? X -    [73] 
        

Motif, possible or confirmed binding motif in megalin; Y2H, Yeast two-hybrid; CoIP, Co-
immunoprecipitation or pull-down assay; SPR, Surface plasmon resonance; LBA, Ligand 
binding assay. X represents positive results, - represents negative results, and blank represents 
not done.

Recently, megalin has been shown to undergo regulated intramembrane pro-
teolysis (RIP) [93], a series of proteolytic cleavages which links receptor-
mediated endocytosis and intracellular signalling. This processing has also 
been shown for the amyloid precursor protein (APP), the notch receptor [94] 
and several members of the LDL-receptor family, including LRP [95, 96], 
the VLDL-receptor [97] and the apoER2 [96, 97]. The RIP process for APP 
starts with ectodomain shedding by a PKC-regulated - or -secretase activ-
ity. The -secretase activity has been shown to be provided by at least two 
members of the disintegrin and metalloprotease (ADAM)-family (ADAM10 
or TNF-  converting enzyme (TACE)/ADAM17) or by the membrane type-
1 matrix metalloprotease (MT-MMP1), and the -secretase activity has been 
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shown to be mediated by the transmembrane aspartyl protease  site of APP-
cleaving enzyme 1 (BACE1). For LRP, both MT-MMP1 [98] and BACE1 
[99] have been shown to be able to mediate ectodomain release but nothing 
is yet known about which proteases are responsible for the ectodomain shed-
ding of megalin. It is known that BACE1 expression is restricted to brain, 
but its homologue BACE2 has a broader expression pattern.  After the - or 

-secretase processing, an endodomain cleavage by a -secretase activity 
takes place.  The -secretase cleavage of APP is mediated by presenilin 1 or 
2, and megalin has been shown to co-localize with presenilin 1 in the brush 
border of the proximal tubuli in the kidney [93]. Blocking the presenilins 
with compound E also inhibits the -secretase cleavage of megalin in the 
opposum proximal tubuli cell line OKP [93], suggesting that the presenilins 
are also active on megalin. The closest relative to megalin in Caenorhabditis 
elegans, lrp-1, has been shown to be processed by the presenilin-related in-
tramembrane protease aspartic protein (IMP)-2/presenilin homologue 
(PSH)/signal peptide peptidase (SPP), an orthologue of human hIMP1/SPP 
[100].  The -secretase activity releases the intracellular domain, which can 
then activate components of signalling pathways or be translocated to the 
nucleus and act as a transcription regulator. 

The LDL-receptor, the VLDL-receptor and apoER2 all contain a serine- 
and threonine-rich domain just outside the transmembrane domain. This 
domain, called the O-linked sugar domain (Fig. 2), serves as an attachment 
site for O-linked carbohydrate chains. The domain is in all three receptors 
encoded by a separate exon, and splice variants lacking this domain have 
been found for the VLDL-receptor [101-104] and apoER2 [105-107]. The 
glycosylation has been shown to regulate the ectodomain shedding, where 
the processing is increased if the receptor is hypoglycosylated [96], indicat-
ing that the glycosylation physically inhibits the - or -secretase activity. 
No extracellular splice variants have been found in megalin, but the highly 
similar LRP has been shown to be differently N-glycosylated in different 
tissues, and glycosylation has also been shown to regulate the ectodomain 
shedding of LRP [96]. Differential glycosylation might, therefore, also regu-
late the ectodomain shedding of megalin. 

Megalin ligands 

Megalin is known to interact with several different ligands. A list of the cur-
rently known ligands is shown in Table 2. It has to be kept in mind that some 
of these ligands might not be physiologically relevant because of low ac-
cessability to megalin or very low binding constants. 

Megalin plays a role as a receptor for cellular drug uptake. Megalin has 
been shown to take up polybasic drugs, and more specifically aminoglyco-
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sides like gentamicin and aprotinin or the cationic cyclic decapeptide antibi-
otic polymyxin B [108]. These drugs are known to be nephrotoxic and oto-
toxic. This has given the idea that uptake by megalin might be responsible 
for the toxicity of these drugs [108]. Recently, it was also published that 
mice deficient in megalin totally lack the ability to take up aminoglycosides 
in the renal proximal tubule [109], showing that megalin is the receptor re-
sponsible for the accumulation of aminoglycosides in the kidney. It has been 
suggested that blockage of megalin with antagonists should inhibit the up-
take of aminoglycosides in the kidney, and subsequent nephrotoxicity [110]. 
Several aminoglycosides are also commonly used in cell biology or protein 
chemistry experiments, like kanamycin, neomycin, streptomycin or 
aprotinin, limiting their usefulness in studies on the function of megalin. 

Cubulin/Intestinal intrinsic factor receptor is a 460 kDa cell surface recep-
tor known to also interact with megalin [111]. Cubulin is an endocytotic 
receptor also expressed on the apical side of several polarized epithelia. It is 
composed of a stretch of 110 amino acid residues followed by eight EGF-
precursor-like domains and 27 ligand-binding complement subcomponents 
C1r/C1s, EGF-related sea urchin protein and bone morphogenic protein-1 
(CUB) domains. Cubulin has no intracellular domain, but uses its N-terminal 
region and possibly a palmitoylation of a cysteine residue [112] to anchor to 
the cell membrane [113]. Instead, it has been thought that cubulin uses 
megalin for its endocytosis process [111], but cubulin is recently shown to 
act as a subunit of, and to form a complex with, the transmembrane receptor 
amnionless. Together they form a functional receptor recently named cubam 
[114, 115]. Cubam works independently of megalin [114], and therefore it is 
nowadays thought that megalin only influences the level of cubulin activity. 

Megalin has been shown to be essential for the uptake of the 25-(OH) vi-
tamin D3-vitamin D binding protein (DBP) complex in the proximal tubule 
in the kidney [116]. When the complex is taken up, DBP is rapidly degraded 
in the lysosomes, and 25-(OH) vitamin D3 is released in the cytosol of the 
proximal tubule epithelial cell. In the cytosol, 25-(OH) vitamin D3 is hy-
droxylated to the active form 1,25-(OH)2 vitamin D3 and subsequently re-
leased to the interstitial fluid and complexed to DBP for transport in the se-
rum. Megalin is also a receptor for several other vitamin-binding proteins, 
retrieving these essential vitamins from the primary urine. 

Recently, it was also shown that megalin acts as a receptor for the serum 
sex hormone-binding globulin (SHBG) [117], a protein binding the circulat-
ing androgens (testosterone or dihydrotestosterone) and estrogens. The up-
take of the sex hormones by megalin is responsible for the descent of the 
testes into the scrotum of male mice, and the opening of the vagina of female 
mice, as in megalin-deficient mice, these actions are defect [117]. The use of 
a receptor for the circulating androgens complexed to a carrier protein talks 
against the hypothesis that steroide hormones are transported through plasma 
membranes by “free-diffusion” [118].  
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Table 2: Ligands binding to megalin (adapted from [119]) 

Lipoproteins Reference 

Apolipoprotein(a) [120] 
Apolipoprotein B100 [121] 
Apolipoprotein E [122] 
Apolipoprotein J/clusterin [123] 
Apolipoprotein H [124] 
Apolipoprotein M [125] 

Vitamin-binding proteins 

Folate-binding protein (FBP) [126] 
Retinol-binding protein (RBP) [127] 
Vitamin D-binding protein (DBP) [116] 
Transcobalamin-vitamin B12 [20] 

Other carrier proteins 

Albumin [128] 
Haemoglobin [129] 
Lactoferrin [122] 
Liver-type fatty acid-binding protein (L-FABP) [130] 
Metallothionein [131] 
Myoglobin [132] 
Sex hormone-binding globulin (SHBG) [117] 
Transthyretin [133] 
Odorant-binding protein IA (OBPIA) [134] 
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Hormones and hormone precursors / Differentiation and
growth factors 

Angiotensin II [135] 
Angiotensin-(1-7) [136] 
Bone morphogenic protein-4 (BMP-4) [137] 
Epidermal growth factor (EGF) [138] 
Insulin [138] 
Leptin [139] 
Parathyroid hormone (PTH) [140] 
Prolactin [138] 
Sonic hedgehog (SHH) [141] 
Thyroglobulin [142] 

Enzymes and enzyme inhibitors 

-amylase [143] 
1-microglobulin [134] 

Lipoprotein lipase [144] 
Lysozyme [138] 
PAI-1 [145] 
PAI-1-urokinase [146] 
PAI-1-tPA [133, 146] 
Plasminogen [147] 
Pro-urokinase [145] 

Immune- and stress-response-related proteins 

2-microglobulin [138] 
C1q [148] 
Immunoglobulin light chains [149] 
Neutrophil-gelatinase-associated lipocalin (NGAL) [150] 
Pancreatitis-associated protein (PAP-1) [134] 
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Others 

Aprotinin [108] 
Boca/Mesd [38] 
Ca2+ [151] 
Cubilin [111] 
Cytochrome c [138] 
Gentamicin [108] 
Polymyxin B [108] 
Radiolabelled somatostatin analogs [152] 
Receptor-associated protein (RAP) [24] 
Seminal vesicle protein II [153] 
Transcobalamin II receptor [154] 
Trichosantin [155] 

Tissue distribution and localization of megalin 

Megalin is mainly expressed at the apical surface of absorptive or secretory 
epithelial cells. To date, megalin expression has been found in the renal 
proximal tubule [3, 156, 157], small intestine [158], parathyroid-secreting 
chief cells of the parathyroid [6, 157, 159], follicular cells of the thyroid 
[157, 159, 160], type II pneumocytes of the lung [157, 159-161], ciliary epi-
thelium [157, 159] and pigment epithelial cells (paper IV and [157, 159]) of 
the eye, strial marginal cells, epithelial cells of Reisner’s membrane in the 
inner ear [160, 162], the principal cells of the epididymis [157, 159, 161], 
efferent ducts and vas deferens of the male reproductive tract [163], 
ependymal cells [159] and the choroid plexus [159, 160, 164] of the brain, 
the epithelium of the endometrium [159, 165], the germinal layer of the 
ovary [159], the oviduct [159], the ductal epithelium of the mammary glands 
[157, 159] and placental cytotrophoblasts [157, 166]. In the rat, megalin has 
also been found to be expressed in the glomerular podocytes [3], but has not 
been seen in human podocytes [157, 167, 168]. Very weak megalin expres-
sion has also been proposed in endothelial cells of the blood-brain barrier 
[164], a publication under dispute. In the chief cells of the parathyroid [159] 
and in retinal pigment epithelial cells (paper IV and [159]), megalin seems to 
be distributed all over the cell instead of only at the apical side.  
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During embryonic development of the mouse, megalin expression has 
been shown in primitive endodermal cells of the blastocyst, and at embry-
onic day (E)7-8 in the yolk sac visceral endoderm [159, 169]. At E7.5 to 9.5, 
megalin is expressed in extraembryonic visceral endoderm and in the region 
of the ectoplacental cone associated with decidual cells [170]. At E6-8.5, 
megalin expression is also observed in the neural ectoderm, neural plate and 
neural tube [170]. At E8.5, megalin expression is also found in the develop-
ing endothelial cells of blood islands [170]. At E11, megalin is found in the 
neural tube and the notochord, but at the beginning of E12 the megalin ex-
pression becomes progressively restricted to the ventricular lining of the 
ventral neural tube, with some expression also dorsally [171]. From E13, 
megalin expression is seen in ventral regions of the ventricles, the optic re-
cesses, the diencephalon and the spinal cord [171]. At this time, the noto-
chord no longer expresses megalin. At E13, the newly formed choroid 
plexus also expresses megalin. Further on, megalin expression is also present 
at the floor of the forebrain, which forms the neurohypophysis, the future 
Rathke’s pouch and primordium of the pineal gland, the hippocampal ven-
tricular zone and the cortical hem [171]. After E15, the megalin expression 
gradually disappears, and the adult pattern with only ventricular and choroid 
plexus expression of megalin appears [171].  

At E11, megalin expression is also seen in the optic vesicle, which at E12 
forms the optic cup. Both the outer and inner layer of the optic cup, giving 
rise to the retinal pigment epithelium and neural layer, respectively, express 
megalin. Similar staining is found at E13-E14, with the addition of optic 
stalk expression of megalin. At E18, the expression gradually disappears and 
only the outer layer of the retina and the ciliary body express megalin, simi-
lar to the adult pattern [171]. In the developing ear, megalin expression is 
seen in the olfactory pit and the otic placode at E11. At E12, the ventral and 
dorsal part of the otic vesicle, and the dorsal part forming the endolymphatic 
duct are megalin-positive [171]. At E14, the otic epithelium, the sensory 
epithelia and non-sensory epithelium of the otocyst, but not the endolym-
phatic duct, express megalin [171]. After E14 until E18, the vestibular epi-
thelia, the cochlear components and semicircular duct epithelia express 
megalin, and after E18, also vestibular and cochlear hair cells [171]. The 
developing vomeronasal organ and the olfactory epithelium show megalin-
expression at E14. At E17-E18, the fully formed vomeronasal organ ex-
presses megalin in the sensory neurons [171]. In the developing gastrointes-
tinal tract, the cells lining the foregut express megalin, and at E12, the intes-
tinal tube and the epithelial cells lining the stomache stain positively for 
megalin [171]. At E12, also epithelial cells of the pancreatic bud express 
megalin, an expression which gradually disappears after E14. Between E14 
and E17, also oesophagus expresses megalin, and in addition the small intes-
tine shows some megalin expression [171]. In the developing respiratory 
tract, the tracheal diverticulum epithelium expresses megalin at E11. At E13 
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and E14, the bronchial lumen of the developing lung buds and the epithelial 
cells lining the trachea are megalin-positive. At E17, the expression gradu-
ally disappears, until only some bronchi express megalin [171]. In the devel-
oping urogenital tract, the Wolffian duct and mesonephric cord express 
megalin. At E12 to E17, the mesonephric tubules, the ureteric bud and 
Müllerian duct strongly synthesize megalin. At E14, conjunctive cells of the 
metanephric mesenchyma express megalin [171]. Renal vesicles, which be-
come convoluted tubules as well as primitive glomeruli, express megalin at 
E15, and in the end of gestation podocytes are megalin-positive [171]. From 
E14, the epididymis expresses megalin. At E11, the apical pole of the first 
branchial arch epithelium synthesizes megalin, and one day later the pharyn-
geal pouches I-IV all express megalin [171]. Pouch III develops into thymus 
and parathyriod, and pouch IV into the ultimobranchial body, all of which 
are strongly megalin-positive at E13. At E14 and E15, the fully developed 
thyroid and parathyroid strongly express megalin [171]. At the same time, 
the developing thymus from pouch III expresses megalin, but after E18 only 
a few epithelial cells stained positively for megalin. Also mesothelial cells of 
the pericardium of the heart, and mesothelial cells of pleural and peritoneal 
cavities express megalin [171]. 

Megalin-deficient mice 

A wealth of information has been provided by studies on mice homozygous 
for a targeted inactivation of the megalin gene. Almost all megalin-deficient 
mice die perinatally ( 25% before birth, 50% after the first few minutes 
and 23% after 2-3 hours) due to respiratory failure and/or severe develop-
mental forebrain defects [172]. The surviving mice (about 1 out of 50) also 
suffer from low molecular weight proteinuria [134], where ligands to 
megalin can not be reabsorbed by the proximal tubule epithelial cells. The 
kidneys of the megalin-deficient mice also showed fewer and smaller en-
dosomes than the wild-type mice. Mice with a kidney-specific conditional 
inactivation of the megalin gene have also been produced [56]. These viable 
and fertile mice showed plasma vitamin D deficiency, hypocalcemia and 
severe bone disease. This is most probably due to the inability of megalin to 
take up the 25-(OH) vitamin D3-DBP complex in the proximal tubule. It is 
therefore thought that megalin plays a crucial role in vitamin and calcium 
homeostasis in the renal proximal tubule [173]. 

The respiratory failure of the newborn mice is due to swollen alveoli and 
collapsed and thickened alveolar walls. The noses of the megalin-deficient 
mice are usually shortened, and they occasionally have small or absent eyes 
[172]. The brains of these mice also lack olfactory bulbs and corpus callo-
sum, and they show a prolapse of the choroid plexus of the third ventricle, 
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have a cleft palate, and a common ventricular system and fusion of the fore-
brain hemispheres, a syndrome called holoprosencephaly. The skeleton of 
the megalin-deficient mice was developed normally, except for the frontona-
sal bones. 

One case of possible megalin deficiency in human has been reported 
[174]. The child suffered from holoprosencephaly, pulmonary insufficiency, 
urinary loss of RBP and albumin, and lack of circulation of vitamin D-
metabolites.

The low molecular weight proteinuria characteristic of the megalin-
deficient mice is also seen in the renal Fanconi syndrome known as Dent’s 
disease. This disease is due to a mutation in the gene encoding the en-
dosomal chloride channel ClC-5 [175]. ClC-5 co-localizes with the vacuolar 
H+-ATPase and markers of early endosomes in the proximal tubule [176]. 
Megalin endocytosis is impaired in proximal tubule cells lacking ClC-5 
[177], which is due to a trafficking defect and subsequent loss of megalin at 
the brush-border of the proximal tubule cell. It has been hypothesised that 
ClC-5 provides a chloride conductance necessary for the acidification of 
endosomes by the H+-ATPase [178, 179]. 

A screening in mice for recessive mutations that disrupt cortical devel-
opment of the brain has recently been published [180]. One of the mutated 
genes found in this screening encoded megalin. This mutation caused an 
enlarged cortex, hypertrophy of the choroid plexus of the third ventricle and 
abnormalities in the dorsal diencephalon. The difference of this mouse com-
pared to the previous described mouse, in which the megalin gene had been 
homozygously inactivated, is the lack of even a mild form of holoprosen-
cephaly [180]. 

Megalin and the brain 

Within the CNS, megalin has been shown to be expressed in ependymal cells 
and the choroid plexus [159, 160, 164]. The ependymal cells are epithelial 
cells lining the ventricles, forming a ‘leaky’ layer between the brain paren-
chyma and the cerebrospinal fluid (CSF) [181]. These cells secrete and reab-
sorb substances from the ventricles. The choroid plexus is a structure of 
epithelial cells in the lateral, third and fourth ventricles, forming a barrier 
between the blood and CSF (the blood-CSF barrier) [181]. The epithelial 
cells of the choroid plexus produce the CSF. It has also been suggested that 
megalin is expressed on endothelium cells of the brain parenchymal blood 
vessels, forming the blood-brain barrier (BBB) [164]. In the eye, the retinal 
pigment epithelium (RPE), which also express megalin, forms the ‘outer’ 
blood-retinal barrier [181]. The CSF supplies the neurons with nutrients like 
vitamins, hormones and growth factors, important for the maintenance and 
growth. Nutrients in the CSF are taken up from plasma as well as synthe-
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sized in the choroid plexus and secreted by brain cells. The endothelial cells 
of the BBB supply nutrients, like glucose and amino acids, required rapidly. 
The epithelial cells in the choroid plexus supply nutrients required more 
slowly, like folate or other vitamins.  

Megalin has in the choroid plexus been shown to be involved in neuro-
protection by being an effector of serum insulin-like growth factor 1 (IGF-1) 
in the brain [182]. In response to physical exercise, the IGF-1 enters the 
brain through the choroid plexus. This transport is mediated by megalin, 
which binds IGF-1 alone, or in complex with its receptor, and transports it 
into the CSF. At the same time, megalin gets activated to transport 
A /carrier complexes from the CSF to the blood. Several carriers of A  are 
known to bind megalin, (i.e. apoJ, apoE, transthyretin, lipoproteins and al-
bumin) [182], also in complex with A  [183]. This pathway is PKC-
dependent and includes a megalin-interaction with caveolin after decoupling 
from Dab2 [182]. IGF-1 is known to protect against neurotoxicity [184] and 
also inhibits the tau kinase glycogen synthase kinase-3 (GSK-3) [185], a 
protein which phosphorylates tau, which is known to be hyperphosphory-
lated in Alzheimer’s disease. It has also been proposed that the A /apoJ
complex enters the brain via megalin on the BBB [186]. An LRP-mediated 
transport of A  across the BBB has also been shown [187], but this route 
seems to be from the brain to serum, in line with that LRP is distributed ba-
solaterally, and megalin apically. It has been suggested that a decrease in 
clearance of A  from the brain and CSF could be the main cause of A  ac-
cumulation in sporadic Alzheimer’s disease [188]. 

The receptor-associated protein (RAP) has also been shown to efficiently 
be transported across the BBB if administered intravenously [189]. It has 
been suggested that RAP could be used therapeutically to rapidly administer 
drugs into the brain parenchyma. 

Mice lacking the two LDL-receptor family members VLDL-receptor and 
apoER2 have been shown to have a phenotype indistiguishable from the 
Dab1 deficient mouse and the reeler mouse [84]. This phenotype has an 
inverted lamination of the neocortex and lamination defects in the cerebel-
lum due to an inability of radial migratory neurons to bind the glycoprotein 
reelin, which is secreted by Cajal-Retzius neurons at the surface of the neo-
cortex, or by granule cell precursors on the surface of the cerebellar anlage. 
The neurons travelling along radial glia do not get their positional cue, medi-
ated by reelin binding to the VLDL-receptor or ApoER2. The binding of 
reelin to the receptors phosphorylates Dab1 [190], and binding of Dab1 to 
the PI3-kinase regulatory subunit p85 can occur. PI3-kinase in turn activates 
the protein kinase Akt which can, by phosphorylation, inhibit GSK-3 [191]. 
Perhaps megalin can be responsible for the inhibition of GSK-3 mediated by 
IGF-1 in a similar signalling pathway through Dab1 as shown for the VLDL-
receptor and apoER2. 
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The activation of the morphogen sonic hedgehog (SHH) involves auto-
proteolytic cleavage and attachment of a cholesterol molecule [192]. Mice 
lacking or with mutated SHH also show holoprosencephaly [193, 194] simi-
lar to mice lacking megalin [172]. As cholesterol is transported by lipopro-
teins, and lipoproteins are taken up from the maternal serum by megalin in 
the yolk sac visceral endoderm of the embryo, it was suggested that choles-
terol deficiency and subsequent lack of SHH could be the reason for the 
holoprosencephaly [195, 196]. Recently, it was shown that SHH could di-
rectly interact with megalin [141]. Mice where megalin had been condition-
ally inactivated only in the neuroepithelium of the embryo also displayed 
severe forebrain defects [137]. Instead, it was shown that the lack of megalin 
led to a loss of SHH expression in the ventral forebrain, and an increase in 
bone morphogenic protein 4 (BMP4). It was further shown that BMP4 could 
directly bind to megalin [137]. Also, ectopically administered BMP4 on 
beads into the neural tube of the chicken forebrain has been shown to cause 
holoprosencephaly [197]. Probably, failure of endocytosis of BMP4 in 
megalin-deficient mice leads to the downregulation of SHH expression, and 
subsequent defects in forebrain development [137].  
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Aims of the studies

The aims of this study were to find putative signalling proteins intracellu-
larly interacting with megalin (paper I), to study the expression pattern, cel-
lular localization and signalling possibilities of megalin in the spinal cord 
(paper II and III) and to study the expression and function of megalin in the 
retina pigment epithelium of the eye (paper IV).  
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Present investigations 

Paper I 
The cloning of human megalin revealed several potential motifs known to be 
involved in intracellular signalling [9]. To find possible intracellular proteins 
interacting with these motifs, we undertook a yeast two-hybrid screening of 
a cDNA library using the intracellular domain of megalin as the bait. 

In this experiment, we found that the postsynaptic density-95 (PSD-
95)/Synapse-associated protein 90 (SAP90) interacted with megalin. PSD-95 
is a member of the membrane-associated guanylate kinase homologue 
(MAGUK) family. The subfamily of PSD95 also contains three additional 
related proteins, PSD-93/Chapsyn 110, SAP97, and SAP102. They all con-
sist of three N-terminal PSD95/disc-large/zonulin-1 (PDZ) domains, one 
SH3 domain and a C-terminal guanylate kinase-like (GUK) domain. 

Co-immunoprecipitation from a lysate of human embryonic kidney-293 
(HEK-293) cells over-expressing an N-terminally truncated variant of 
megalin and PSD-95 confirmed this interaction. The two proteins were 
found to be co-localized in the same cells by confocal microscopy, and im-
munocytochemical studies showed that cells in the parathyroid, proximal 
tubuli of the kidney and placenta all co-express the two proteins. 

Reverse transcriptase-polymerase chain reaction (RT-PCR) showed that 
the parathyroid expresses at least three MAGUK protein homologues. 
SAP102 was not detected by RT-PCR, but an EST-clone from parathyroid 
exists.

Using different constructs in a yeast two-hybrid interaction assay we 
found that the PSD-95 PDZ2 domain bound to the very C-terminal end of 
megalin, which contains a perfect class I PDZ domain-binding consensus 
sequence (S/TxV) [46]. Deletion of the PDZ domain-binding motif from the 
megalin C-terminus abolished the binding of the PDZ2 domain from PSD-
95. Cloning of different domains from PSD-93, SAP97 and SAP102 re-
vealed that all their PDZ2 domains, except the one from SAP97, could bind 
to the megalin tail. These results were also confirmed by surface plasmon 
resonance studies using PDZ domains expressed in E. coli and synthetic 
peptides corresponding to the C-terminal portion of megalin. 

Alignment of the PDZ2 domains from PSD-95, PSD-93, SAP97 and 
SAP102 revealed that SAP97 differs in four positions compared to the other 
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PSD-95-like MAGUKs. Modelling of the SAP97 PDZ2 domain on the three-
dimensional fold of the PSD-95 PDZ3 domain showed that only one of these 
four amino acid residues, Thr389, was located close to the hydrophobic bind-
ing pocket of the PDZ-domain. This residue has also been shown to be im-
portant for ligand binding in other crystallized PDZ-domains [198]. We mu-
tated the threonine residue to an alanine, to conform with the other members 
of the PSD-95-like MAGUK family. The construct was produced and ex-
pressed as a fusion protein with glutathione S-transferase (GST) and tested 
for its ability to bind to a peptide corresponding to the megalin C-terminus 
by surface plasmon resonance. The mutated form of SAP97 PDZ2 showed 
that the mutation could induce binding, but GST itself could not bind. 

Paper II 
The adult central nervous system (CNS) expression of megalin has for long 
been thought to be confined to the ependymal cells and choroid plexus [159, 
160, 164]. Megalin has also been suggested to be present in very low 
amounts in brain capillaries [164]. As nothing was known about the expres-
sion of megalin in the spinal cord, we examined the postnatal spinal cord of 
the mouse for the presence of megalin.  

Lysates of spinal cord, brain and kidney were analyzed by Western blot-
ting using an antiserum against the intracellular domain of megalin, or an 
antiserum recognizing the entire megalin. The kidney lysate gave rise to two 
bands, one major and one minor band, both corresponding to full-length 
megalin. Spinal cord and brain showed only the minor band. The difference 
in size probably represents different splicing and/or glycosylation of 
megalin.

Immunostaining with the antiserum against the intracellular domain of 
megalin revealed expression of megalin in a few cells of the white matter of 
the spinal cord. To identify those cells, and the developmental stage when 
those cells expressed megalin, we undertook extensive staining experiments 
of the spinal cord. Stainings revealed that the cells co-expressed transferrin 
and Rip, markers for oligodendrocytes, but did not co-express glial fibrillary 
acidic protein (GFAP) or Griffonia simplicifolia agglutinin-isolectin B4 
(GSA-IB4), markers for astroglia and microglia, respectively. A few 
megalin-expressing cells were found in the grey matter of the spinal cord, 
cells which also expressed transferrin. No co-expression was found with the 
oligodendrocyte precursor marker NG2. It was, thus, concluded that megalin 
is expressed in a substantial subpopulation of mature oligodendrocytes in the 
white matter of the spinal cord. The megalin-expressing cells of the spinal 
cord white matter were first observed in the ventral and lateral funiculus of 
the spinal cord at the postnatal day (P) 9. From P16 until P23, the number of 
megalin-expressing cells increased. At that stage, such cells were also found 
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in the dorsal funiculus. From P23, the spinal cord adopted the adult pattern 
of megalin-expression. Oligodendrocytes all along the spinal cord were 
megalin-positive, and the expression disappeared in the transition between 
the spinal cord and the brain stem. The temporal and spatial pattern of the 
megalin-expression suggested that megalin is involved in the formation 
and/or maintenance of myelin along axons of long spinal pathways. A dif-
ference between oligodendrocytes of higher levels of the CNS and spinal 
cord oligodendrocytes has been shown before. For example, oligodendro-
cytes of the chicken spinal cord, but not the brain, have been shown to ex-
press the unidentified antigen reacting with the antibody T4-O [199]. Also, 
the homozygous inactivation of the gene encoding the tyrosine kinase Fyn 
resulted in mice with severe myelin-deficiency in the forebrain, but not in 
the spinal cord [200].  

Confocal microscopy of spinal cord oligodendrocytes expressing megalin 
showed that a substantial part of megalin was expressed in the nucleus. This 
might be due to regulated intramembrane proteolysis (RIP), which has been 
shown for megalin before [93]. Therefore, it was further explored if ecto- 
and endodomain shedding of megalin also occur in the spinal cord. Western 
blotting of mouse spinal cord and the porcine kidney cell line LLC-PK1 
detected a distinct band 35-40 kDa, a band which corresponds to the megalin 
carboxyterminal fragment (MCTF) produced by -secretase activity [93]. 
Bands of 32 kDa and 75 kDa were also detected in LLC-PK1 cells, but only 
the 75 kDa band in the spinal cord. Probably, these bands represent different 
processing stages of the megalin intracellular domain. In medium of the 
LLC-PK1 cell line, Western blotting identified a band of 60 kDa, corre-
sponding to an ectodomain fragment of megalin [93].  

Paper III 
Megalin deficient-mice show severe malformations of the forebrain, indicat-
ing a crucial role for megalin in the development of the brain [172]. In early 
CNS development, megalin has been shown to be expressed in the neural 
ectoderm, neural plate and the neural tube between embryonic day (E) 6-8.5 
[170]. Nothing is known about the expression or involvement of megalin in 
the spinal cord of the embryonic mouse. We, therefore, wanted to examine 
the possible cellular localization and temporal pattern of megalin expression 
in the prenatal spinal cord of the mouse.  

Staining of mouse spinal cord showed strong megalin expression in 
ependymal cells of the central canal from E11 and forward. At E11, megalin 
expression was also seen in a population of cells located superficially in the 
lateral part of the spinal cord. At E11 to E13, megalin was expressed in a 
subpopulation of cells in the dorsal part of the developing spinal cord. At 
E15, the number of megalin-expressing cells had decreased and expression 
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was restricted to single cells in the grey matter close to the midline of the 
spinal cord. 

We tried to identify the megalin-expressing cells with staining against 
several cellular markers. At E11-E13, a small number of cells (5-10% of the 
megalin expressing cells at E13) co-expressing megalin and the neural pro-
genitor nestin were found. Such co-localization was not seen at E15 or E18. 
At E11-E13, few cells (5-10% of the megalin expressing cells at E13) co-
expressed megalin and class III -tubulin, a marker for immature neurons, in 
a similar pattern. At E15-E18, only single cells co-expressed megalin with 
this marker. At E11 and E13, a majority (80-90% at E13) of the megalin-
expressing cells also expressed the immature astrocyte marker vimentin, 
which at E15 and E18 was decreased to only few cells. No megalin-
expressing cells co-expressed the marker for mature astrocytes, GFAP, or 
the marker for radial glial cells, brain lipid-binding protein (BLBP).  

Paper IV 
Mice in which the RBP gene had been inactivated by targeted insertion, have 
been shown to be phenotyically normal apart from an impaired vision at the 
time of weaning [201]. When the mice were reared on normal vitamin A-
containing feed, the mice later obtained a normal sight. This indicated that 
the retina pigment epithelial (RPE) cells of the eye, the cells responsible for 
the uptake of vitamin A in the form of retinol from the retinol-binding pro-
tein (RBP) in the blood, use a different uptake mechanism from that of other 
tissues.

Megalin has been shown to be an endocytotic receptor for the retinol-RBP 
complex in the proximal tubuli cells of the kidney [127, 202]. We therefore 
wanted to investigate if megalin on RPE cells could mediate the uptake of 
retinol from the retinol-RBP complex. 

Using two RPE cell lines, ARPE-19 and D407, we could by RT-PCR, 
Western blot analysis and immunofluorescence staining detect megalin. 
Also, staining retina sections from mouse with antibodies against megalin or 
RAP, showed strong immunofluorescence in the RPE layer. We also identi-
fied intramembrane proteolysis of megalin in the ARPE-19 cells. 

Incubating D407 cells with 3H-retinol-containing RBP, for different 
lengths of time, showed that megalin could accumulate 3H-retinol. This ac-
cumulation could be decreased by incubating the cells with an excess of 
RAP, but not with an unrelated PDZ-domain. Negligible uptake of retinol 
was seen if the cells were incubated on ice. This strongly suggests that 
megalin mediates the uptake of retinol from RBP to the RPE-cells. 
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Discussion

Megalin has for long been thought to be expressed only at the apical side of 
the polarized epithelial cell. The RPE cell is a polarized epithelial cell of the 
pigment epithelium of the eye. It has been shown to have inverted distribu-
tion of several proteins known to have a restricted expression [203]. For 
example Na,K-ATPase [204, 205], neural cell adhesion molecule (NCAM) 
[206], monocarboxylate transporter 1 [207], V 5-integrin [208] and 
CD147/extracellular matrix metalloproteinase inducer (EMMPRIN) [209] all 
have an apical expression pattern in RPE cells, while they normally are baso-
laterally distributed in other epithelial cells. On the other hand, the cystic 
fibrosis transmembrane conductance regulator (CFTR) and Ca2+-sensitive
chloride channels seem to have a basolateral distribution in RPE cells, com-
pared to an apical distribution in other epithelial cells [210]. Also, some 
scaffold proteins seem to have the same distribution pattern as in other polar-
ized epithelial cells. For instance, ERM (ezrin, radixin and moesin)-binding 
phosphoprotein of 50 kDa (EBP50), a protein known to bind the kidney 
proximal tubule Na+/H+ exchanger 3 (NHE3), CFTR and the 2-adrenergic
receptor, have an apical distribution in both RPE and other epithelial cells. 
SAP97 has the same basolateral or lateral distribution in RPE cells as in 
other epithelial cells [211-215]. This might also be the physiological reason 
to why megalin does not bind SAP97, but the other members of the PSD-95 
subfamily of MAGUKs (Paper I). Megalin seems to have a distribution in 
both the apical and basolateral membrane of RPE-cells (Paper IV). This has 
to be further examined in RPE cell lines, which have been polarized using 
permeable filters (e.g Transwell® filters) and special medium [216]. Further 
on, megalin expression in oligodendrocytes, a non-polarized cell type, shows 
that megalin is present not only in epithelial cells (Paper II). 

The finding that megalin is responsible for the uptake of retinol to RPE 
cells also gives support to the hypothesis that non-peptide hormones are not 
supplied to cells only by “free diffusion”, but also via a regulated and spe-
cific mechanism, a hypothesis that is also supported by megalin’s role in the 
uptake of sexual steroid hormones in complex with SHBG [117]. 

Western blots of megalin in lysates of different cell lines and tissues show 
two bands, both representing full-length versions of megalin (Paper II and 
Paper IV). This is frequently seen in different cell types like LLC-PK1, 
ARPE-19 and D407 cells and kidney tissue. In contrast, spinal cord and 
brain tissue only showed one band corresponding to full-length megalin. The 
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reason to the two bands might be different glycosylation and/or different 
splicing of the megalin gene. The differential glycosylation might regulate 
ectodomain shedding, and subsequent regulated intramembrane proteolysis 
(RIP). Differential glycosylation of a truncated variant of megalin has been 
shown earlier [217]. Perhaps such differential glycosylation of megalin 
might specify if a given megalin molecule should function in endocytosis or 
in signalling. Also, several smaller bands were seen on the Western blots. 
The 35-40 kDa band (Paper II and Paper IV) probably represents the 
megalin carboxyterminal fragment (MCTF), also noted earlier [93], like the 
larger fragment of 75 kDa [93]. The smaller 32 kDa band might correspond 
to a novel splicing event in the part of the megalin gene encoding the intra-
cellular domain. The EST-clone presented in this thesis does not correspond 
to this band, as the MM6 antiserum used in our studies was produced against 
a protein fragment not encoded by this EST-clone (Fig. 3). The EST-clone 
found would give rise to a truncated intracellular domain lacking the SH2-
binding Yxx  repeat, the second SH3-binding motif and the PDZ-binding 
motif. Such a truncated form would have no ability to bind PDZ-containing 
proteins like OMP25, GIPC, MAGI-1, PSD-95, PSD-93 or SAP102, adaptor 
proteins reported to function as scaffolding proteins. 

After -secretase cleavage of megalin, the intracellular domain has been 
proposed to be involved in signalling [93], perhaps by being transfered to the 
nucleus. LRP has been shown to, via an NPxY motif, be able to bind Fe65 
[218], a protein also known to bind APP [219, 220]. Fe65 can, together with 
the released -secretase-cleaved intracellular domain of APP, and the histone 
acetyltransferase Tip60, be transported into the nucleus and stimulate tran-
scription [221]. It is tempting to speculate that megalin functions in the same 
way, but yet no binding of Fe65 has been shown for megalin. The adaptor 
protein MegBP found to bind megalin [67] is known to bind transcriptional 
regulating proteins like SKIP, Hlark and THG-1, and perhaps MegBP might 
function in a similar way as Fe65. However, it has also been proposed that 
the intra-membrane -cleavage might be a mechanism for breakdown and 
elimination of transmembrane proteins [222]. We, and others [93], have not 
been able to detect a band corresponding to the soluble intracellular domain 
of megalin, but the 32 kDa band might represent this domain allowing for a 
somewhat too low mobility in the gel. The intracellular domains of other 
receptors like the VLDL-receptor, APP, notch and ErbB-4 undergoing -
secretase cleavage have been shown to be unstable and difficult to detect 
[93, 97]. This and other obstacles might be overcome by the use of a recently 
produced HEK-293 cell line co-expressing enhanced green-fluorescent pro-
tein (EGFP)-tagged full-length megalin, RAP and boca (Larsson, M., Hjälm, 
G. and Rask, L. unpublished results). Preliminary results have shown that 
RIP occurs in this cell line, probably due to binding of several ligands in the 
cell medium (e.g. streptomycin) to megalin. The extracellular domain of 
megalin has also been found in the medium, a further indicium of ectodo-
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main shedding. Over-expressing cell lines have successfully been used to 
detect the intracellular domain of notch [223] and ErbB-4 [224] realeased by 
RIP.

The fact that megalin binds to the PSD-95 subfamily of MAGUK proteins 
(Paper I) gives megalin possibilities to form complexes with numerous dif-
ferent proteins in different cell types, including neuronal nitric oxide syn-
thase (nNOS), GluR subunits, kainate receptor subunits, potassium channels, 
neuroligins, guanylate kinase-associated proteins (GKAPs), plasma mem-
brane calcium pumps (PMCAs), mint-1, syndecan, calmodulin, protein 4.1, 
neurexins and several more [225, 226]. In the proximal tubule of the kidney, 
megalin has been found to co-purify with the Na+/H+ exchanger 3 (NHE3) 
[227]. NHE3 exists in two forms, an active 9.6S megalin-free form, and an 
inactive 21S megalin co-purifying form [228], but a physical interaction 
between megalin and NHE3 has not been found. Instead, it is possible that a 
PDZ-containing complex, perhaps containing a member of the PSD-95-like 
family, mediates this interaction. It is known that NHE3 can bind PDZ-
containing proteins, like the NHE regulatory factor (NHERF)/ezrin-radixin-
moesin-binding phosphoprotein 50 (EBP50) and NHERF2/NHE kinase A 
regulating protein (E3KARP) [229, 230]. NHE3 is involved in endocytosis 
by contributing to the endosomal pH homeostasis and endocytic fusion 
events [231-234], so an interaction of megalin with NHE3 through the PSD-
95-like MAGUK-family seems possible. 

A mouse with a mutated PSD-95 displayed no developmental dysfunc-
tions, except for in the brain [235]. This might be due to the targeted muta-
tion generated to produce the mouse. This mouse produced a mutated form 
of PSD-95 containing the first and second PDZ-domain. Megalin was shown 
to bind the second PDZ-domain of PSD-95 (Paper I), and we have recently 
found a splice variant of PSD-95 containing only the first and second PDZ-
domain, followed by a stop codon (Larsson, M. and Rask, L. unpublished 
results). Perhaps megalin and the truncated splice variant of PSD-95 consti-
tute a fully functional complex outside the brain. 

A mouse with a mutated PSD-93 did not display any developmental dys-
function outside the brain either [236]. A possible explanation to this might 
be that the PSD-95-like MAGUKs compensate for eachother. Also redun-
dancy by other PDZ-containing proteins binding to megalin might compen-
sate for the loss of PSD-95 or PSD-93. 

A subpopulation of cells expresses megalin in the dorsal part of the de-
veloping spinal cord at E11 to E15 (Paper III). Most of these cells also ex-
press vimentin, a marker for immature astrocytes or radial glia. As the cells 
do not express the radial glia marker BLBP, this indicates that the cells are 
immature astrocytes which do not pass through a radial glial stage. If so, the 
cells positive for both megalin and vimentin may develop into white matter 
astrocytes directly from glial precursors [237]. 
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Concluding remarks 

It is nowadays well established that megalin functions as a receptor retriev-
ing vitamins, and low-weight proteins from the primary urine, which have 
been filtered through the glomerulus in the kidney. The endocytotic activity 
in other epithelial cells has also been clearly shown. For instance, megalin 
challenges the common thought that non-peptide hormones are taken up 
freely by direct diffusion through the plasma membrane of a cell. This thesis 
further questions the “free diffusion” theory, when retinol seems to be trans-
ported by a receptor mechanism into the RPE cells of the eye. 

The signalling activities of megalin have been less studied and are there-
fore less known. Many indicia have been published in this thesis, where the 
ectodomain cleavage and subsequent endodomain cleavage might lead to the 
transfer of the megalin intracellular domain to the nucleus. Further, several 
intracellular proteins that are involved in signalling are known to bind to the 
megalin intracellular domain. 

The research on megalin, and the other members of the LDL-receptor 
family, is now focused on the signalling possibilities of these receptors, and 
especially their involvement in the development and function in the neural 
system.  
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