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ABSTRACT

We previously proposed that Dab2 participates in the endocytosis of milk macromolecules in rat small
intestine. Here we investigate the receptors that may mediate this endocytosis by studying the effects
of age and diet on megalin, VLDLR and ApoER2 expression, and that of age on the expression of
cubilin and amnionless. Of megalin, VLDLR and ApoER2, only the megalin expression pattern
resembles that of Dab2 previously reported. Thus the mRNA and protein levels of megalin and Dab2
are high in the intestine of the suckling rat, down-regulated by age and up-regulated by milk diet,
mainly in the ileum. Neither age nor diet affect ApoER2 mRNA levels. The effect of age on VLDLR
MRNA levels depends on the epithelial cell tested but they are down-regulated by milk diet. In the
suckling rat, the intestinal expressions of both cubilin and amnionless are similar to that of megalin
and megalin, cubilin, amnionless and Dab2 co-localize at the microvilli and in the apical endocytic
apparatus. Co-localization of Dab2 with ApoER2 and VLDLR at the microvilli and in the apical
endocytic apparatus is also observed. This is the first report showing intestinal co-localization of:
megalin/cubilin/amnionless/Dab2, VLDLR/Dab2 and ApoER2/Dab2. We conclude that the
megalin/cubilin/amnionless/Dab2 complex/es participate in intestinal processes, mainly during the
lactation period and that Dab2 may act as an adaptor in intestinal processes mediated by ApoER2
and VLDLR.



INTRODUCTION

In the suckling mammals, the epithelium of the small intestine has a highly endocytic activity which
enables the enterocytes the absorption of the macromolecules present in maternal colostrum and
milk, such as growth factors and immunoglobulins. To achieve this, the enterocytes of the suckling
animal have an apical endocytic complex comprised of an elaborate array of membrane tubules and
vesicles beneath the microvillus membrane (Fujita et al., 2007). At weaning the diet gradually
changes from a maternal milk diet to solid nutrition and the gut undergoes dramatic structural and
functional changes before adult patterns are developed. During this period the suckling absorptive
cells of the jejunum and ileum are completely replaced by adult absorptive cells and their apical
endocytic membrane system is greatly reduced (Fujita et al., 2007). Consequently the epithelial
permeability to macromolecules abruptly stops after weaning (Fujita et al., 2007) and the adult
enterocytes are mainly confined to small molecule absorption. However, endocytosis plays a key role
in cell homeostasis and signalling through life. Via endocytosis cells internalize plasma membrane
components, control the composition of the plasma membrane, the signalling receptors and the
recycling of transmembrane proteins (Keita and Séderholm, 2010).

Endocytosis mediated by clathrin-coated vesicles is considered the most important pathway for
internalization of macromolecules during intestinal development (Keita and Séderholm, 2010) and is
highly active during the suckling period (see Fuijita et al., 2007 for a review). The clathrin-mediated
endocytosis requires the action of endocytic adaptor proteins to organize clathrin assembly and
recruit cargo, other adaptor proteins and transmembrane receptors. There are two major classes of
endocytic adaptors involved in assembly of clathrin-coated vesicles: multimeric adaptor proteins
(AP2) and monomeric adaptor proteins such as Dab2 (Maldonado-Baez and Wendland, 2006).

Dab2 binds to the cytosolic FXNPXY domain of members of the low density lipoprotein receptor
(LDLR) family via its N-terminal domain (Morris and Cooper, 2001; Oleinikov et al., 2000); to the
motor protein myosin VI, implicated in endocytosis, via the C-terminal domain (Morris et al., 2002a)
and to clathrin and to a-AP-2, via two motifs of its central region (Mishra et al., 2002; Morris and
Cooper, 2001; Cihil et al., 2012). All these interactions endow Dab2 the role of coordinating vesicle
coat assembly, cargo recruitment, vesicle formation and vesicle traffic.

The role of Dab2 in endocytosis was first discovered in the epithelium of rat renal proximal
tubule (Morris et al., 2002b; Nagai et al., 2005) and mouse visceral endoderm (Maurer and Cooper,
2005). In these tissues Dab2 acts as an adaptor protein in the megalin-mediated endocytosis of
filtered proteins and of transferrin, respectively. Megalin (600 kDa) belongs to the LDLR family and
other members of this family are apolipoprotein E receptor 2 (ApoER2) and the very low density
lipoprotein receptor (VLDLR). Two reports previously have linked these two receptors with Dab2.
Cuitino et al. (2005) found that Dab2 interacts with ApoER2 in culture cells and participates in its
endocytosis and Yang et al. (2002) reported that Dab2 does not bind to VLDLR. Dab2 also interacts

with amnionless (Pedersen et al., 2010), a transmembrane protein of 50 kDa that has two FXNPXF
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cytosolic signals that resemble the FXNPXY signal of the LDLR family. Amnionless binds tightly with

cubilin (460 kDa) and forms the cubilin/amnionless receptor complex (Fyfe et al., 2004). Cubilin is a
multiligand receptor that has neither a transmembrane segment nor the classical signals for
endocytosis (Moestrup et al., 1998) and amnionless is required to drive and anchor cubilin to the cell
membrane (Fyfe et al., 2004, He et al., 2005). Cubilin also forms an oligomeric complex with megalin
in the kidney (see Seetharam and Yammani, 2003 for a review) and megalin drives endocytosis of
cubilin and its ligands in kidney (Christensen and Verroust, 2002; Moestrup et al., 1998, Amsellem et
al., 2010) and yolk sac (Hammad et al, 2000). Association of cubilin with megalin has also been
observed in rat small intestine (Yammani et al., 2001), but in the intestine amnionless appears to
facilitate the internalization of cubilin in megalin-deficient patients (Christensen et al., 2013). More
recently, Ahuja et al. (2008) reported that in renal apical membrane vesicles
megalin/cubilin/amnionless complex exists as a functional endocytic receptor.

Dab2 has also been implicated in non-receptor mediated endocytosis. In the intestine Dab2 acts
as an adaptor protein in the apical endocytosis of the cystic fibrosis transmembrane conductance
regulator (CFTR) chloride channel. However, CFTR does not contain a recognized Dab2 binding
motif and here Dab2 interacts with a-AP2 (Collaco et al., 2010).

We previously reported that the expression of Dab2 in rat enterocytes is down-regulated by
ontogeny and up-regulated by milk diet. Based on these observations we suggested that Dab2 is
involved in the apical endocytosis of milk macromolecules (Vazquez-Carretero et al., 2011), but
nothing is known on the endocytic receptors that interact with Dab2 in the small intestine. Megalin
(Birn et al., 1997; Yammani et al., 2001), cubilin (Birn et al., 1997), ApoER2 (Garcia-Miranda et al.,
2010) and VLDLR (Garcia-Miranda et al., 2010) have been localized at the apical membrane of the
small intestinal epithelium. The purpose of the present series of experiments was to investigate
whether these receptors and Dab2 are involved in the endocytosis of milk components.

A preliminary report of some of these results was published as an abstract (Vazquez-Carretero
et al., 2012).



MATERIAL AND METHODS
CHEMICALS

The antibodies: rabbit anti-Dab2 (sc-13982), mouse anti-VLDLR (sc-18824), rabbit anti-cubilin (sc-
50319) and rabbit anti-megalin (sc-16478) were obtained from Santa Cruz Biotechnology, Inc.;
mouse anti-Dab2 (610464) from BD Transduction Laboratories; mouse anti-megalin (DM3613) from
Acris, mouse anti-ApoER2 (ab58216) from AbCam, sheep anti-Amnionless (AF7139) from R&D
Systems and anti-B-actin (Sigma-Aldrich). Biotin-conjugated anti-sheep 1gG, anti-rabbit 1gG, anti-
mouse IgG and anti-goat IgG were obtained from Vector Laboratories. Gold-conjugated anti-mouse
IgG (10 nm gold), anti-rabbit IgG (6 nm gold) and anti-sheep IgG (15 nm gold) secondary antibodies
were obtained from Aurion. All antibodies are immune affinity purified and immune cross-adsorbed by
the manufacturers to diminish, and frequently prevent, non-specific reactions. Unless otherwise

indicated, the reagents used in this study were from Sigma-Aldrich, Spain.
ANIMALS AND DIETS

Suckling (5 and 12-15 day-postpartum), weaning (21 day-postpartum) and adult (30 day-old) Wistar
rats were used. Adult rats were fed with a rat diet (Harlan Ibérica S.L.) ad libitum and had free access
to tap water. For some experiments, 15 day-old rats were weaned onto either rat chow or dry
commercial milk like mother’s (Cyntechnic Health Nutrition) and maintained under these experimental
conditions up to either day 21 or 30.

The animals were humanely handled and sacrificed with a lethal intraperitoneal injection of
pentobarbital (50 mg/kg), in accordance with the European Council legislation 86/609/EEC

concerning the protection of experimental animals.
ISOLATION OF ENTEROCYTES AND CRYPTS

The jejunum and ileum were rapidly removed and washed with ice-cold saline solution. Enterocytes
and crypts were sequentially isolated by a Ca**-chelation technique (Weiser, 1973) as modified by
Knickelbein et al. (1988). Briefly, 2 cm intestinal segments were incubated in a shaking water bath at
37°C for 15 min. The incubation buffer contained in mM: 96 NaCl, 27 Na3;C3;Hs0 (COQ)s, 0.8 KH
PO4, 5.6 Na; HPO4, 1.5 KCI, 10 glucose and 0.5 dithiothreitol, pH 7.4 (buffer A) and it was
continuously gassed with 95% O,-5% CO,. Following incubation, the intestinal pieces were incubated
for 20 min at 37°C in PBS (in mM: 137 NaCl, 2.7 KCI, 10.1 Na;HPO, and 1.8 KH;PO4, pH 7.4)
containing, in mM: 1.5 EDTA, 10 glucose and 0.5 dithiothreitol (buffer B). The tissues were vortexed
for 30 s to remove epithelial cells from the villi. Loosened epithelial cells were filtered through 60 pm
nylon cloth and collected by centrifugation and resuspension in PBS. They constitute the enterocytes

enriched fraction. The tissues were incubated for another 10 min in buffer B and the buffer discarded.
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Following a 20 min incubation period in buffer B, the tissues were vortexed for 5 min and the crypt

cells collected by centrifugation and resuspension in PBS. The isolated cells were used immediately
for immunostaining or frozen in liquid nitrogen and kept at -80°C until used for RNA extraction. The
cell enrichment of each fraction was evaluated by measuring the mRNA abundance of markers
characteristic of enterocytes, SGLT1 (Hwang et al., 1991), and of crypt cells, Na*-K'-2CI
cotransporter 1 (NKCC1) (Matthews et al., 1998). The enrichment factor is defined as the ratio of the
MRNA levels in the two compartments. The SGLT1 mRNA abundance in the enterocytes fraction vs.
that measured in the crypts fraction is 7+ 0.5 fold in the jejunum and 6.3+0.4 fold in the ileum (n=4).
Reciprocally, the NKCC1 mRNA abundance in the crypts fraction versus that in the enterocytes
fraction is 7+0.3 in the jejunum and 6.2+0.6 in the ileum (n=4). These data indicate an enrichment

factor in each fraction of ~6.5.
RELATIVE QUANTIFICATION OF REAL-TIME PCR

Total RNA was extracted from the enterocytes and crypts enriched fractions, obtained from the
jejunum and ileum of rats of different ages, using RNeasy® kit (Qiagen). Sample purity was assessed
by measuring ODys0/280 by spectrophotometry. RNA integrity was analysed by visual inspection after
electrophoresis on an agarose gel in the presence of ethidium bromide. cDNA was synthesized from
1 pg of total RNA using QuantiTect® reverse transcription kit (Qiagen) as described by the
manufacturer. The primers for megalin, ApoER2, VLDLR, amnionless and cubilin were chosen
according to the rat cDNA sequences entered in Genbank and designed using PerlPrimer program
v1.1.14 (Parkville, Vic., Australia) (see supplemental Table 1). Real-time PCR was performed with
IQ™MSYBR® Green Supermix (BioRad), 0.4 uM primers and 1 yl cDNA. Controls were carried out
without cDNA. Amplification was run in a MiniOpticon™ System (BioRad) thermal cycler (94 °C /3
min; 35 cycles of 94 °C /40 s, 58 °C/ 40 s and 72 °C /40 s, and 72 °C /2 min). Following
amplification, a melting curve analysis was performed by heating the reactions from 65 to 95 °C in 1
°C intervals while monitoring fluorescence. Analysis confirmed a single PCR product at the predicted
melting temperature. The PCR primers efficiencies ranged from 90 to 110%. The cycle at which each
sample crossed a fluorescence threshold, Ct, was determined, and the triplicate values for each
cDNA were averaged. Analyses of real-time PCR were done using the comparative Ct method, with

the Gene Expression Macro software supplied by BioRad. p-actin served as reference gene and was

used for samples normalization. The 2'AC T method was used to validate p-actin as internal control

gene (Livak et al., 2001).
IMMUNOBLOTTING

Dot blot assay was used to identify and quantify megalin in the apical membranes of the intestinal
epithelium. Apical membranes were obtained from the jejunum and ileum by Mg?* precipitation

method as described (Vazquez-Carretero et al., 2011). Briefly, the small intestine was homogenized
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in a buffer (in mM: 100 mannitol, 5 EGTA, 15 Tris-HCI, pH 7) with the Ystral Polytron on setting 5 for

1 min. MgCl, was added to the homogenate up to a final concentration of 10 mM. The suspension
was gently stirred for 20 min and then centrifuged at 1,000 g for 15 min. The resultant supernatant
was centrifuged at 30,000 g for 30 min and the resultant pellet was used for the Dot blot assays. All
the steps were carried out at 4°C. Protein was measured by the method of Bradford (1976), using
gamma globulin as the standard. 2 uL samples (0.5 ug protein) were pipetted onto strips of
Polyvinylidene fluoride (PVDF) membrane and the membranes were left to dry for 15 min.
Membranes were blocked with 5% bovine serum albumin (BSA)/Tris-buffer saline-Tween (TBS-T) for
90 min and incubated for 1 h at room temperature with anti-megalin antibody (Acris) 1:1,000 dilution
in 0.1% BSA/TBS-T. The membranes were washed with TBS-T (4x 10 min). Immunoreactivity was
detected using an anti-mouse secondary antibody (1:30,000 dilution in 0.1% BSA/TBS-T) conjugated
with Horseradish peroxidase. The membranes were washed again with TBS-T (4x 10 min).
Immunoreactive signals were visualised by chemiluminescence using an ECL Western Blotting
Analysis System (GE Healthcare). Each immunoblot was performed in duplicate. Relative protein
level was quantified by densitometry using the ImageJ software. The intensity corresponding to the
secondary antibody alone was subtracted. Anti-B-actin antibody (1:6,000 dilution) was used to

normalize density dots.
IMMUNOSTAINING ASSAYS

Immunostaining assays were performed on intact small intestine (10 pm cryosections) and on
isolated intestinal cells, as previously (Garcia-Miranda et al., 2010). Briefly, the small intestine was
rapidly removed from the rats and washed with ice-cold saline solution. The tissue was fixed by
incubation with PBS containing 4% paraformaldehyde at 4°C, overnight and cryoprotected by
incubation at 4°C with 20% sucrose for 12 h and for another 12 h with 30% sucrose. 10 uym
cryosections were mounted on adhesive-coated glass slides and incubated with 100% ethanol for 10
min at -20°C. Enterocytes were isolated as described above and loaded onto adhesive-coated glass
slides. The cells were left to dry for 10 min at room temperature and then fixed with 2%
paraformaldehyde in PBS for 30 min. The slides containing either the intestinal sections or the
isolated enterocytes were washed with PBS and permeabilized with 0.1% Triton X-100 for either 10
min (tissue sections) or 20 min (isolated cells) and washed again. The slides were incubated either
with anti-megalin (1:25 tissue sections, 1:250 isolated cells), anti-cubilin (1:50) or anti-amnionless
(1:25) antibody, at 4°C, overnight. Controls were carried out without primary antibody. Antibody
binding was visualized with biotinylated secondary antibodies, followed by immunoperoxidase
staining using the Vectastain ABC peroxidase kit (Vector) and 3,3'-diaminobenzidine. The slides were
mounted and photographed with a Zeiss Axioskop 40 microscope equipped with a SPOT Insight V

3.5 digital camera.



IMMUNOGOLD ELECTRON MICROSCOPY

Segments of ileum were fixed in 1% glutaraldehyde, 4% formaldehyde and 0.25% picric acid in 0.1 M
phosphate buffer, pH 7.4, at room temperature for 3 h. After rinsing in phosphate buffer containing
3.5% sucrose (buffered sucrose), the segments were incubated for 1 h in 0.5 M ammonium chloride
in buffered sucrose. Fixed tissue was dehydrated directly into 70% ethanol and embedded in LR
White resin at 50°C for 24 h using gelatine capsules. Ultrathin sections (100 nm) were mounted on
nickel grids, transferred onto PBS, blocked with 0.5% BSA diluted in PBS for 15 min and incubated
with the indicated primary antibody for 2 h at room temperature. The grids were rinsed, incubated for
1 h at room temperature with the appropriate gold-conjugated secondary antibody and washed with
PBS-BSA (3x 10 min), PBS (3x 10 min) and distilled water (3x 10 min). Grids were stained with 2%
uranyl acetate for 10 min and washed with distilled water. Controls were carried out without primary
antibody. The sections were examined under a Philips CM-10 transmission electron microscope
equipped with an Olympus Veleta camera.

The microphotographs were processed with ImagedJ software version 1.46 (National Institutes

for Health http://rsb.info.nih.gov/ii/index.html) for a quantitative analysis of the distances between the

immunogold particles that mark the proteins under study, following the method of Bergersen et al.
(2012). Sections were analysed at a magnification of 64,000. A gold particle was ascribed to a
morphologically identified compartment (microvilli, endocytic pits and apical vesicles) when the centre
of the particle was located within a 30 nm distance from the compartment limiting membrane. For
colocalization of proteins, the intercenter distances between gold particles were measured and the
distances were sorted into bins of either 20 nm or 60 nm. Proteins are considered to be colocalized
when the intercenter distances between the gold particles is less than 90 nm. The frequency
distributions of gold particles distances were evaluated by the Chi-squared test. For each gold

particles combination, we quantified 20-30 of either microvilli, endocytic pits or apical vesicles.
STATISTICS

Data are presented as mean + SEM. In the Figures, the vertical bars that represent the SEM are
absent when they are less than symbol height. In Fig. 3B comparisons between different
experimental groups were evaluated by the two-tailed Student’s t-test. One-way ANOVA followed by
Newman-Keuls” test was used for multiple comparisons (GraphPad Prism program). Differences
were set to be significant for p<0.05. For quantitative immunogold analysis (Fig. 6-8) Chi-squared test

was used. Differences were set to be significant for p<0.01.



RESULTS
EFFECT OF AGE AND DIET ON INTESTINAL ApoER2, VLDLR AND MEGALIN mRNA LEVELS

ApoER2, VLDLR and megalin mRNA levels are measured in enterocytes and crypts enriched
fractions obtained from the jejunum and ileum of rats of different ages. To determine whether diet
affects the expression of these receptors, rats were prevented from normal weaning by being
maintained on dried milk diet, as described in Methods. mRNA abundance was examined by Real-

time PCR assay using total RNA and B-actin as internal reference gene. The use of B-actin as
internal control gene has been validated with the Z'AC T method and the results in Fig. 1 show that

the experimental conditions used do not significantly affect the f-actin mRNA levels.

The results summarized in Fig. 2 reveal that ontogeny and diet affect the genes under study
differently. ApoER2 mRNA levels are similar in jejunum and in ileum, and they are not significantly
affected either by age or diet.

The effects of age and diet on the VLDLR mRNA levels depend on the intestinal cell fraction
examined. VLDLR mRNA levels significantly: i) increase in the enterocytes either at weaning
(jejunum) or during the suckling period (ileum), ii) decrease in the jejunal crypts at weaning and iii)
remain more or less the same in the crypts from the ileum. Weaning the pups onto a commercial milk
diet inhibits significantly VLDLR mRNA abundance in the jejunal crypts. VLDLR mRNA levels in the
other intestinal cell fractions examined are not significantly affected by diet.

Megalin mRNA levels changed with ontogeny and were affected by diet (Fig. 2). Thus in both,
enterocytes and crypts the megalin mRNA levels: i) measured at day 5 after birth are 20 £ 3 times
higher in the ileum than in the jejunum; ii) significantly decrease during the suckling and weaning
periods, reaching adult values by day 21 after birth; the decreases are greater in the ileum than in the
jejunum, and iii) are significantly higher in the cells isolated from the ileum of pups maintained on a
commercial milk diet than in those weaned onto rat chow. The milk diet does not significantly modify
megalin mRNA levels in the jejunum. No intestinal regional differences in megalin mMRNA levels were

observed in 30 day-old rats.

EFFECT OF AGE AND DIET ON INTESTINAL LEVELS OF MEGALIN PROTEIN

We previously reported that Dab2 mRNA levels are higher in the ileum than in the jejunum, decrease
at weaning and are up regulated by diet (Vazquez-Carretero et al., 2011). Of the three receptors
under study, only megalin mRNA expression profile resembles that of Dab2. Because of this, the

effect of age and diet on protein abundance was only evaluated for megalin. This was done by the
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“dot blot” method using protein extracts from the apical membranes of enterocytes isolated from
the jejunum and ileum of 5 and 30 day old rats. The 30 day old rats were weaned as described in Fig.
2. The results (Fig. 3) reveal that megalin abundance is higher in the ileum than in the jejunum and
decreases with age in both jejunum and ileum. The maintenance of the pups on a milk diet
attenuated the age-related decrease in the ileum but not in the jejunum.

Together the observations presented so far suggest that intestinal expression of megalin is

down-regulated by age and up-regulated by milk components.
mRNA LEVELS OF MEGALIN, CUBILIN AND AMNIONLESS IN RAT SMALL INTESTINE

The mRNA levels of the three genes were measured in enterocytes and crypts enriched fractions
isolated from jejunum and ileum of 5 and 30 day-old rats. The data shown in Fig. 4 reveal a similar
pattern of expression for the three genes at day 5 after birth: their mMRNAs levels are higher in ileum
than in jejunum and of the same magnitude in enterocytes and crypts. An exception is cubilin: its
MRNA levels are higher in the enterocytes than in the crypts from the jejunum.

However, the pattern of expression of the three genes differs at day 30 after birth. Comparing
the values measured at day 30 with those measured at day 5 it is found that megalin mRNA levels

are much lower, those of amnionless slightly decrease, whereas those of cubilin increase.

IMMUNOLOCALIZATION OF MEGALIN, CUBILIN, AMNIONLESS AND Dab2 IN RAT SMALL
INTESTINE

Megalin, cubilin and amnionless were first immunolocalized at the light microscopy in intestine
sections and in enterocytes isolated from the jejunum and ileum of 5 and 30 day-old rats. In the
intestine, the specific signal produced by the three antibodies is seen in the epithelial cells lining the
villi but it is absent from the crypts (Fig. 5A). In the absence of the primary antibodies labelling is
absent from the tissue.

Figure 5B reveals that in the enterocytes isolated from 5 day-old rats the specific staining of the
three proteins is concentrated in a cytosolic supranuclear region. At day 30, however, the
immunological staining of the three proteins is mainly located at the microvilli and terminal web

domain. In the absence of the primary antibodies labelling is absent from the enterocytes.

CO-LOCALIZATION OF MEGALIN, CUBILIN, AMNIONLESS AND Dab2 IN RAT SMALL
INTESTINE

The subcellular distribution and co-localization of megalin, cubilin, amnionless and Dab2 was further
examined by double or triple immunogold electron microscopy analysis. Enterocytes from the ileum
of suckling rats (12-15 day-postpartum) were chosen for these experiments because the effects of
both, age and diet on the gene expression were greater in the ileum than in the jejunum. Fig. 6 and 7

reveal that the immunogold particles signalling Dab2, megalin, cubilin and amnionless are within a 30
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nm distance from the limiting membrane of the microvilli, the endocytic pits and apical vesicles,

indicating that the proteins under study are located in those compartments. Fig. 6 shows that the
majority of intercenter distances between gold particles marking either megalin and cubilin; megalin
and amnionless; cubilin and amnionless, or megalin, cubilin and amnionless are between 20 and 60
nm, indicating co-localization of these proteins at the microvilli and apical endocytic compartments.
Figure 7 reveals that the distances between the gold particles signalling Dab2 and those signalling
either megalin; megalin and amnionless, or cubilin and amnionless ranged from 20 to 60 nm. These
observations indicates that Dab2 co-localizes at the microvilli and in the same endocytic
compartments either with megalin, with megalin and amnionless or with cubilin and amnionless.

Immunoreactive signal was not seen in the absence of the primary antibody (data not shown).
CO-LOCALIZATION OF VLDLR, ApoER2 AND Dab2 IN RAT SMALL INTESTINE

The ileum of suckling rats (12-15 day-postpartum) was used. Double immunogold electron
microscopy analysis revealed that Dab2 co-localizes with ApoER2 at the apical and endocytic
vesicles, as the intercenter distances between the gold particles marking Dab2 and ApoER?2 are less
than 80 nm (Fig. 8). Significant co-localization of Dab2/ VLDLR is only observed in apical vesicles.

Immunoreactive signal was not seen in the absence of the primary antibody (data not shown).
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DISCUSSION

The intestinal endocytosis in mammals is highly active during the suckling period to absorb
components of the mother's milk (see Fujita et al., 2007 for a review). Based on the effects of
ontogeny and diet on the expression of Dab2 in rat small intestine, we proposed that Dab2 takes part
in the intestinal endocytosis of milk macromolecules (Vazquez-Carretero et al., 2011). The current
results suggest the involvement of megalin/cubilin/amnionless/Dab2 multi-ligand receptor complex in
the intestinal endocytosis during the suckling period mainly in the ileum. They also suggest that Dab2
participates in intestinal processes mediated by ApoER2 and VLDLR.

Immunocytochemical studies reveal for the first time that Dab2 co-localizes with either megalin,
ApoER2 or VLDLR at the apical membrane and at the apical endocytic apparatus of the enterocytes,
indicating that Dab2 may be an adaptor protein in processes mediated by these receptors at the
apical domain of the intestinal epithelium.

Comparisons of the effects of intestinal region, age and diet on the expression of megalin,
ApoER2 and VLDLR with those on Dab2 expression previously reported (Vazquez-Carretero et al.,
2011) reveal that only the megalin expression profile resembles that of Dab2. Their mRNA and
protein levels are: higher in the intestine of the suckling than in the adult, higher in the ileum than in
the jejunum and up-regulated by components of the milk. This up-regulation is greater in the ileum
than in the jejunum in the case of Dab2 and is only observed in the ileum for megalin. In addition, as
observed with Dab2 (Vazquez-Carretero et al., 2011), during the suckling period the specific
immunostaining of megalin is concentrated at the supranuclear region of the cytosol of the
enterocytes. After weaning both, Dab2 (Vazquez-Carretero et al., 2011) and megalin (current
observations) disappear from the supranuclear region and localize at the terminal web domain. The
observed development-related effects on both, gene expression and intracellular location of Dab2
and megalin correlate with those reported for the apical endocytic apparatus of the enterocytes,
which is assembled during the last 2-3 days of gestation and is greatly reduced at weaning, so that
the intestinal permeability to milk macromolecules is terminated at day 21 after birth (Wilson et al.,
1991; Fujita et al., 2007).

The results discussed so far support the view that megalin/Dab2 participate in the intestinal
endocytosis of milk components, mainly in the ileum, but additional observations suggest that in the
intestine of the suckling rat megalin/Dab2 may work in association with cubilin and amnionless. Thus,
Dab2 (Vazquez-Carretero et al., 2011), megalin, cubilin and amnionless (current results): i) mMRNAs
levels are higher in the ileum than in the jejunum, ii) present similar cellular location at the light
microscope: are located in the cells lining the villus, but not in the crypts, mainly in the cytosolic
supranuclear region of the enterocytes during the suckling period, but are not longer seen in that
location after weaning and iii) co-localize at the apical endocytic apparatus of the epithelium,
indicating their localization within the same population of endocytic cargos. Previously, megalin (Birn

et al., 1997, Yammani et al., 2001), cubilin (Levine et al., 1984, Birn et al., 1997), amnionless (Strope
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et al., 2004) and Dab2 (Collaco et al., 2010, Vazquez-Carretero et al., 2011) had been only

individually detected at the apical membrane of the ileum, though association of cubilin and megalin
in rat small intestine has been suggested (Yammnani et al., 2001) and is known that complexes of
cubilin/amnionless (Seetharam et al., 1981; Aminoff et al., 1999; Tanner et al., 2003) mediate
endocytosis of vitamin B12/ intrinsic factor (IF) in the ileum. Therefore, to our knowledge, this is the
first report showing co-localization of the four proteins at the apical domain and endocytic apparatus
of the intestinal epithelium of the suckling rat. The observation that weaning affects the mRNA levels
of the four proteins differently suggests that in the adult intestine the
megalin/cubilin/amnionless/Dab2 does not function as a multi-ligand complex.

The components of the milk endocytosed by the intestine via megalin/cubilin/amnionless/Dab2
are yet undefined. Most of the studies on the function of megalin, cubilin and amnionless have been
done in kidney and reveal a large number of ligands, including components of the milk (see
Christensen et al., 2012, 2013 for reviews). The ligands that bind to megalin in the intestine had not
been investigated and the only intestinal function attributed to cubilinfamnionless is the endocytosis
of vitamin B12/IF by the ileum (Seetharam et al., 1981; Aminoff et al., 1999; Tanner et al., 2003),
although complexes of megalin/cubilin (Seetharam and Yammani, 2003) and of
megalin/cubilinf/amnionless (Dali-Youcef and Andrés, 2009) have been considered to mediate the
endocytosis of vitamin B12/IF by the ileum. In addition, megalin/cubilin/amnionless exists as a
complex that binds cobalamin/IF in renal membranes (Ahuja et al., 2008). Therefore, a strong
candidate to be endocytosed in the intestine by megalin/cubilin/amnionless/Dab2 could be the
vitamin B12/IF complex, but some observations do not support this point of view. Thus megalin
deficiency apparently does not result in defect intestinal cubilin endocytosis and cobalamin deficiency
(see Christensen et al., 2012, 2013 for reviews). However, Dali-Youcef and Andres (2009) pointed
out that about 1-5% of free cobalamin (or crystalline cobalamin) is absorbed along the entire
intestine by passive diffusion and that this might explain the mechanism underlying oral cobalamin
treatment of cobalamin deficiencies. Further experiments are required to understand the role of
megalin in the intestinal cobalamin-IF absorption. Folate-binding protein (FBP)-bound folate could be
another candidate because its absorption is higher in the ileum than in the jejunum (Mason and
Selhub 1988) and megalin mediates the renal endocytosis of FBP (Birn et al.,, 2005). Other
components of the milk are the IgGs that are mainly absorbed in the jejunum by FcRn-mediated
endocytosis (Fujita et al., 2007). The unabsorbed IgGs are endocytosed in the ileum but the receptor
for this remains unknown. Endocytosis of IgGs via megalin/cubilin complex has been reported in
kidney proximal tubule (Birn et al., 2003) and in Opposum kidney epithelial cells (Nagai et al., 2011).
Whether the intestinal endocytosis of the substrates mentioned above is mediated either by
megalin/cubilin/amnionless/Dab2 or by different combinations of the receptors and Dab2 requires
further investigation. In addition, megalin/cubilin/amnionless could be the receptor for many
macromolecules present in the milk.

The nature of the milk components that up-regulates megalin and Dab2 expression also
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remains unknown. It is pertinent to mention that Vitamins A and D, which are components of the
milk, increase megalin mMRNA levels in renal culture cells (Liu et al., 1998).

Little is known on the functions of VLDLR and ApoER2 receptors in tissues other than brain.
Their co-localization with Dab2 at the apical membrane domain and within the apical endocytic
apparatus imply their involvement in intestinal endocytic processes. Apart from our work, nothing has
been reported on ApoER2 in the intestine and the current results reveal that neither age nor diet
significantly affected ApoER2 expression. Intestinal VLDLR-mediated processes seem to acquire
relevance after weaning, because its expression in the enterocytes is up-regulated at weaning and if
any, is down-regulated by milk diet. Levy et al. (2007) implicated VLDLR in the intestinal secretion of
cholesterol but localized this receptor at the enterocytes basolateral membrane. Nakamura et al.
(2000) proposed that VLDLR regulates cell growth in developing tissues, such as fetal intestine and
intestinal cancer cells.

In conclusion, this is the first report showing in the epithelium of rat small intestine: i) the apical
co-localization of megalin, cubilin, amnionless and Dab2, ii) that megalin expression is regulated by
ontogeny and by components of the milk and iii) the co-localization of Dab2 with either ApoER2 or
VLDLR. We propose that Dab2 acts as an adaptor protein in intestinal processes mediated by these

receptors.
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Legends

Fig. 1. Effects of epithelium cell-type, intestinal region, age and diet on relative abundance of p-actin

expression. Validation of B-actin as reference gene for the RT-PCR assays was verified by the 2'AC T

method. Data are means + SEM of 4 independent experiments. One-way ANOVA showed no effect

of the experimental conditions used on B-actin mRNA levels.

Fig. 2. Megalin, VLDLR and ApoER2 mRNA levels in rat small intestine vs. age and diet. 15 day-old
pups were weaned onto either rat chow ( g or commercial milk diet (O) as shown in the inset and
indicCted by the arrows. Enterocytes- and crypts-enriched fractions were obtained from jejunum and
ileum of 5, 15, 21 and 30 day-old rats. RT-PCR was performed on total RNA obtained from each
intestinal cell fraction. The VLDLR mRNA levels measured in enterocytes of 15 day-old jejunum
were set at 1. Data are means + SEM of 4 independent experiments. One-way ANOVA showed an
effect of maturation and intestinal region on VLDLR and Megalin mRNA levels (p<0.001) and of diet
on megalin mMRNA levels in ileum and VLDLR mRNA levels in the jejunal crypts (p<0.001). Newman-
Keul's test: *p<0.001; **p<0.01 as compared with 5 day-old rats, ®p<0.001 comparisons between

commercial milk and rat chow; *p< 0.001 ileum vs. jejunum.

Fig. 3. Megalin protein levels in rat small intestine vs. age and diet. Protein abundance was
measured using the dot blot method. Jejunum and ileum of 5 and 30 day-old rats were used. 0.5 pg
protein extracted from enterocytes apical membrane were spotted onto PVDF membranes. Rats
were weaned as described in Fig 2. Anti-megalin antibody (Acris) 1:1,000 dilution was used. Anti-p-
actin antibody (1:6,000 dilution) was used to normalize the dots. Histograms represent the relative
abundance of megalin protein in the apical membrane. Means + SEM. The blot is representative of
three assays. Student's t-test: *p<0.001 as compared with 5 day- old; ?p<0.001 commercial milk vs.

chow diet; #p<0.01 ileum vs. jejunum.

Fig. 4. Megalin, cubilin and amnionless mRNA levels in rat small intestine. 5 and 30 day-old rats
were used. The megalin mRNA levels measured in the enterocytes of 30 day-old ileum were set at 1.
Other details as in Fig. 2. One-way ANOVA showed an effect of maturation and segmental
distribution on megalin, cubilin and amnionless mMRNA levels (p<0.001). Newman-Keul's test:
*p<0.01 as compared with 5 day-old rats; ¥p<0.01 comparisons between jejunum and ileum; 2p<0.01

comparisons between enterocytes and crypts.

Fig. 5. Immunolocalization of megalin, cubilin and amnionless in rat small intestine. A. 10 um
cryosections of jejunum and ileum of 5 day-old rats. Scale bar represents 50 um. B. Enterocytes
isolated from jejunum and ileum of 5 and 30 day-old rats. Scale bar represents 5 ym. They were

immunostained with either anti-megalin (Santa Cruz, dilution 1:25 in tissue sections and Acris, 1:100,
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in isolated cells), anti-cubilin (1:50) or anti-amnionless (1:25) antibody. Controls were carried out

without primary antibodies. The photographs are representative of 3 different assays. .

Fig. 6. Co-localization of megalin, cubilin and amnionless (AMN) in the epithelium of suckling rat
ileum. 12-15 day-old rats were used. A. Electron microphotographs of the epithelial cells. Giant
lysosome (L), nucleus (N), microvilli (MV), endocytic pits (EP), early endosomes (EE) and late
endosomes (LE). The area within the square is that shown in B. Scale bar represents 1,000 nm. B.
Immunogold analysis. The dilution of the antibodies was 1:20 for megalin (Acris) and 1:2 for cubilin
and amnionless. Immunogold labelling of cubilin (6 nm) is indicated by arrows, that of megalin (10
nm) by small arrowheads and that of amnionless (15 nm) by large arrowheads. The photographs
show staining at microvilli (MV), endocytic pits (EP) and apical vesicles (AV) of 3 different assays.
Scale bar represents 100 nm and that in the insets, 50 nm. Histograms represent the frequency of
gold particles distribution. Intercenter distances between gold particles were sorted into bins of 20 nm
except for megalin/cubilin/amnionless that were 40 nm. The Chi-squared test (p<0.01) showed
significant co-localization for megalin/cubilin, megalin/AMN, cubilin/AMN and megalin/cubilin/AMN in
all the studied compartments. For each cluster, the quantifications were done in 20-30 either

microvilli, endocytic pits or apical vesicles.

Fig. 7. Co-localization of megalin, cubilin, amnionless (AMN) and Dab2 in the epithelium of suckling
rat ileum. 12-15 day-old rats were used. The dilution of the antibodies was 1:2 for Dab2, cubilin and
amnionless and 1:20 for megalin (Acris). Immunogold labelling of cubilin (6 nm) is indicated by small
arrowheads, that of megalin (10 nm) by small arrowheads, that of AMN (15 nm) by large arrowheads
and that of Dab2 (6 and 10 nm) by arrows. In the histograms, intercenter distances between gold
particles were sorted into bins of 20 nm for Dab2/megalin, 40 nm for Dab2/megalin/AMN and 40 nm
for Dab2/cubilin/AMN. The Chi-squared test (p<0.01) showed that gold labelling distribution is

significantly different from random in all the studied compartments. See Fig. 6 for other details.

Fig. 8. Co-localization of VLDLR, ApoER2 and Dab2 in the epithelium of suckling rat ileum. 12-15
day-old rats were used. Dilution of antibodies was 1:15 for VLDLR, 1:300 for ApoER2 and 1:2 for
Dab2. Immunogold labelling of Dab2 (6 nm) is indicated by arrows, that of VLDLR (10 nm) and that of
ApoER2 (10 nm) by arrowheads. Scale bar represents 100 nm and that in the insets, 50 nm. In the
histograms, intercenter distances between gold particles were sorted into bins of 20 nm. The Chi-
squared test (p<0.01) showed significant co-localization of Dab2/ApoER2 in all the studied

compartments and of Dab2/VLDLR in apical vesicles. See Fig. 6 for other details.
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