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Abstract

Interactions between the cell basal membrane domain and the basement membrane are involved in several cell
functions including proliferation, migration and differentiation. Intestinal epithelial cells can interact with laminin, a
major intestinal basement membrane glycoprotein, via several cell-surface laminin-binding proteins including integrin
and non-integrin receptors. The 37/67kDa laminin receptor (37/67LR) is one of these but its role in normal epithelial
cells is still unknown. The aim of this study was to characterise the expression pattern and determine the main
function of 37/67LR in the normal human small intestinal epithelium. Immunolocalization studies revealed that
37/67LR was predominantly present in the undifferentiated/proliferative region of the human intestinal crypt in both
the immature and adult intestine. Using a human intestinal epithelial crypt (HIEC) cell line as experimental model, we
determined that 37/67LR was expressed in proliferative cells in both the cytoplasmic and membrane compartments.
Small-interfering RNA-mediated reduction of 37/67LR expression led to HIEC cell-cycle reduction and loss of the
ability to adhere to laminin-related peptides under conditions not altering ribosomal function. Taken together, these
findings indicate that 37/67LR regulates proliferation and adhesion in normal intestinal epithelial cells independently
of its known association with ribosomal function.
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Introduction

Laminins are the most abundant glycoproteins of basement
membranes (BM) both quantitatively and functionally [1,2].
These afy heterotrimeric molecules play a role in several
cellular processes namely cell growth, migration and
differentiation, which are mediated through several types of cell
surface laminin receptors [3-5]. These receptors include
integrins such as a6B4 [6,7] and a7B1 [8], dystroglycan [9],
lutheran [10] and the 37/67 kDa laminin receptor (37/67LR)
[11,12].

While 37/67LR was the first laminin receptor to be identified
[13,14], its characterization is still incomplete and has been
complicated by the fact that it is also involved in a variety of
other unrelated roles. Indeed, beside its ability to interact
directly with laminin through most likely the CDPGYIGSR
sequence on the laminin 1 chain short arm, 37/67LR can play
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additional roles in the cell. Indeed, phylogenetic analysis
carried out on 37/67LR found homologues in all kingdoms from
archaebacteria to mammals and suggests that it was originally
a ribosomal protein that acquired additional novel functions
though evolution [11,15]. As reviewed in detail by Nelson et al.
[11], the human 37/67LR gene product (UniGene ID Hs.
181357; ribosomal protein name RPSA) has been found in the
ribosome of all tissues investigated [16] where it appears to
serve as a critical component of the translational machinery
[17]. The 37/67 kDa laminin receptor has also been identified
as a component of the nuclear machinery where it can bind to
both chromatin and the nuclear envelope [18-20]. It is
noteworthy that 37/67LR can also act as a cell surface receptor
for bacteria, viruses and prions [11,12,21]. Consistent with
these multiple functions, 37/67LR is not only localized on the
cell surface but can also be found in the cytoplasm, perinuclear
compartment and nucleus. The alternative "37/67 kDa"
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nomenclature still used to identify 37/67LR arises from the
observation that the gene corresponding to the originally
identified 67 kDa laminin-binding protein encodes a 32.8 kDa
protein, which migrates at 37 kDa on SDS-PAGE suggesting
that the 67 kDa form could result from homo or
heterodimerization reactions involving the 37 kDa precursor
and fatty acid acylation [22—24]. Albeit the proposed precursor-
product relationship, the exact relationship between the 37LR
precursor and 67LR remains unclear [11,12,21]. For instance,
some antibodies raised against amino-peptides of the 37 kDa
sequence failed to recognize the 67 kDa polypeptide in
Western blots [25] while the 37LR precursor can be detected
on the plasma membrane [25-27].

Functionally, 37/67LR has attracted considerable interest
since its discovery 30 years ago [28,29]. Indeed, over-
expression of 37/67LR has been shown in a variety of cancer
cell types where its expression levels have been found to
strongly correlate with the risk of tumour invasion and
metastasis [30-33]. 37/67LR may also be of importance in
other pathologies including neurodegenerative and angiogenic
diseases such as Alzheimer's disease [21] and retinal
neovascularisation [34]. The mechanism has not yet been
elucidated but recent studies indicate that 37/67LR can prevent
apoptosis [35,36] and acts as the cell receptor that mediates
the anti-inflammatory and anti-thrombotic activities of
epigallocatechin-3-gallate  [37-39]. Further studies are
nevertheless required to fully understand the involvement of
37/67LR in these pathologies [11].

Another intriguing question pertaining to 37/67LR is its role in
the normal state. Indeed, very few studies have addressed its
extraribosomal function in normal cells [11]. The intestinal
epithelium represents a useful system to investigate such a
question. Indeed, wunder physiological conditions, the
architecture of the small intestinal mucosa is maintained
through a sensitive equilibrium between epithelial cell
production and maturation in the crypt compartment and
migration along the length of the crypt-villus axis and extrusion
at the villus tips [40-42]. As epithelial cells migrate upwards
they are exposed to compositional changes of the underlying
BM components such as collagens, fibronectin and laminins
[41,43-45], which have been demonstrated to influence cell
behaviours including proliferation, migration, differentiation and
cell survival [46-52]. Interestingly, 37/67LR expression has
previously been investigated along the intestinal epithelial
crypt-villus axis. While the analysis performed on the human
normal intestinal epithelium revealed relatively contradictory
staining patterns from weak/absent [53] to predominant
expression in the brush border/supranuclear region of the
entire epithelium [54] or in the basolateral domain restricted to
crypt epithelial cells [55], transcript analysis in the rat intestine
revealed higher mRNA levels of 37/67LR in the fetal intestine
and adult epithelial crypt cells suggesting that high 37/67LR
expression may correlate with proliferation in intestinal cells
[33].

In the present study, we sought to determine the role of
37/67LR on normal cell functions using normal human small
intestinal specimens as well as a human intestinal epithelial
crypt (HIEC) non-transformed non-immortalized cell line to
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perform experimental analysis. By immunofluorescence, we
first established the predominant expression of 37/67LR in the
immature intestinal epithelium and in the crypt cells of the adult
small intestine and confirmed that these observations can be
extended to proliferating HIEC cells. Then, using an siRNA
strategy under conditions that down-regulate 37/67LR
expression without altering translation, we found a significant
reduction of both HIEC cell proliferation and specific adhesion
to the laminin-related peptide YIGSR. Taken together, these
data establish for the first time that 37/67LR expression in
normal intestinal epithelial cells regulates cell proliferation and
adhesion, two crucial functions for intestinal epithelial
homeostasis.

Materials and Methods

Antibodies and reagents

A rabbit polyclonal anti-human 37/67LR antiserum (ab90073,
Abcam, Burlington, ON) was used at a 1:1000 dilution for both
indirect immunofluorescence and Western blotting in all
experiments. Monoclonal blocking anti-37/67LR MLuC5 azide-
free antibody (Abcam) was used at 20 pg/ml in blocking
experiments. The mouse monoclonal antibody anti-fibronectin
(HFN 7.1, Developmental Studies Hybridoma Bank, lowa City,
IA) was used at a 1:500 dilution for Western blot. The rabbit
polyclonal antibody against the Paneth cell specific
phospholipase A2 (sc20105, Santa Cruz Biotechnology, Santa
Cruz, CA) was wused at a 1:5000 dilution in
immunofluorescence. Monoclonal antibodies against Ki67 and
B-actin were used at 1:500 and 1:80,000, respectively
(MAB4190 and MAB1501, Millipore, Burlington, ON) while the
anti-integrin 1 antibody Mab13 was used at 1:500 for Western
blot and 20 pg/ml in blocking experiments (552828, BD
Biosciences, Mississauga, ON). For WB, the rabbit polyclonals
anti-H3K27me3 (07-449, Millipore), anti-p27 (sc528, Santa
Cruz Biotechnologies) and anti-TIMP3 (AB802, Millipore) were
used at 1:1000 dilution and the mouse monoclonals anti-
cytokeratin 18 (CY-90, Sigma-Aldrich, Oakville, ON) and anti-
IGFBP7 (R&D Systems, Minneapolis, MN) were used at
1:10000 and 1:1000, respectively. Secondary antibodies used
were goat anti-mouse AlexaFluor 488, goat anti-rabbit
AlexaFluor 594 and goat anti-rat AlexaFluor 568 (Invitrogen,
Burlington, ON) for immunofluorescence and horseradish
peroxidase-conjugated secondary antibodies (anti-mouse, anti-
rabbit, Amersham-GE Healthcare, Baie d’'Urfe, QC) for
Western blot.

Tissues

Tissues from the normal adult proximal ileum were obtained
from Quebec Transplant. Specimens of small intestine (ileum)
were obtained from fetuses ranging in age from 10 to 20 weeks
of gestation following legal or therapeutic pregnancy
termination with written informed patient consent. No tissues
were collected from cases associated with known fetal
abnormalities or intrauterine fetal demise. Studies were
approved by the Institutional Review Committee for the Use of
Human Material of the “Centre Hospitalier Universitaire de
Sherbrooke/Faculté de Médecine et des Sciences de la Santé”.
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In some experiments, pure epithelial and stromal fractions were
prepared and analysed as previously described [56].

Indirect immunofluorescence staining

The preparation and embedding of tissue samples for
cryosectioning were performed as described previously [57].
Cryosections (3-um thick) were prepared, fixed, and stained for
indirect IF as previously described [46]. Both primary and
secondary antibodies were diluted in PBS (pH 7.4) containing
5% BLOTTO or 2% BSA. Nuclei were counterstained 2 min at
room temperature with 10 ng/ml 4’6-diamidino-2-phenylindol
dihydrochloride (DAPI)-PBS (pH 7.4). Samples were mounted
in glycerol-PBS (9:1) containing 0.1% phenylenediamine and
viewed with a DMRXA microscope (Leica) equipped for
epifluorescence and digital imaging (RTE/CCD Y/Hz-1300
cooled camera).

HIEC cell culture

Human intestinal epithelial crypt HIEC cells are normal non-
transformed  non-immortalized cells that have been
characterized elsewhere [58,59] and extensively used as a
human intestinal crypt cell model [60]. Briefly, they express
typical keratins and specific crypt cell markers (keratins 18 and
20, dipeptidylpeptidase IV, the crypt cell antigen MIM-1/39,
etc.) confirming their intestinal epithelial origin [58,59,61].
Typical cell markers identified in the lower crypt in the intact
intestine are also expressed in HIEC cells including adhesion
and signaling molecules [61-63], metabolism [64] and
inflammatory response [65,66]. Furthermore, while HIEC cells
are undifferentiated, studies have shown that reintroduction of
the intestine-specific pro-differentiation factors CDX2, HFN-1a
and GATA-4 can induce enterocytic differentiation [67,68].
Taken together, HIEC cells represent a valid human intestinal
crypt cell model.

RNA interference and transfection

Predesigned siRNA sequences targeting 37/67LR (siLR1, 2,
3 and 4) and a non-silencing negative control siRNA (siCtrl)
were purchased from Sigma Aldrich (Oakville, ON) and used
as previously described [46]. One day prior to transfection,
2x105 cells were plated in 30mm dishes (Falcon Plastics) and
transfected with siRNAs using the X-tremeGENE siRNA
transfection reagent (Roche Diagnostics, Laval, QC). Cells
were used in the various experiments 48 hours post-
transfection unless otherwise specified.

RNA extraction and RT-PCR

Total RNA was extracted using the TRIzol Reagent (Life
Technologies, Burlington, ON) according to the manufacturer’'s
instructions. RT-PCR was performed as described previously

[56]. Primers used were: for 37/67LR, LR-AS: 5'-
gcagcagcctgctcttctttt-3’, and LR-S: 5-
gagctcactcagtgggtttgatg-3’;  for  tenascin, TNC-F: &

accacaatggcagatccttc-3’, and TNC-R 5'- gcctgcecttcaagatttctg
3’; for E-cadherin, Ecad-1: 5’-ccttcctcccaatacatctcce, and
Ecad-2: 5'-tctccgcectecttcttcate; for RPLPO (ribosomal protein,
large, P0), RPLPO-F: 5'-gcaatgttgccagtgtctg, and RPLPO-R:
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5’-gccttgaccttttcagcaa. Each cycle was composed of template
denaturation at 94°C for 45 sec, primer annealing at 60°C for
45 sec, and elongation at 72°C for 1 min for 30 cycles. RT-PCR
experiments were performed using an iCycler™ Thermal
Cycler (BioRad, Mississauga, ON).

Real-time RT-PCR quantification analyses

For quantitative PCR experiments, primers for 37/67LR and
RPLPO were the same as above. Amplification efficiencies and
assessment of differences in gene expression between control
and experimental conditions were established according to the
Pfaffl mathematical model [69]. Relative mRNA expression
levels were established by comparing the levels under
experimental conditions to those of control samples and
RPLPO was used for normalization. For quantitative evaluation
of transcript levels, real-time experiments were performed
using an Mx3000P (Stratagene, La Jolla, CA) as previously
described [70].

Western blotting analyses

Western blots were performed on SDS-PAGE gels under
reducing conditions as previously described [46,49]. Total
proteins (50ug/ml) were separated on 12% SDS-PAGE gels,
electrotransferred onto a nitrocellulose membrane (BioRad)
and probed as described previously [46]. Immunoreactive
bands were visualized using the Immobilon Western kit
(Millipore) according to the manufacturer’s instructions or with
AlexaFluor secondary antibodies and visualized with a
Molecular Imager® FX equipped with an external laser
(BioRad).

Epithelial-stromal dissociation

Pure fractions of epithelial and mesenchymal cells from mid-
gestation ileum were obtained using Matrisperse (BD
Biosciences) and tested as previously described [56,60].

Cellular fractionation

The Subcellular Proteome Extraction Kit (Millipore) was used
to sequentially extract subcellular compartments (cytosolic: F1;
membrane: F2; nuclear: F3; cytoskeletal: F4) for Western blot
analyses. Enriched fractions were verified by the detection of
p27KIP1 (cytoplasmic soluble fraction), B1 integrin subunit
(membrane fraction), trimethylated lysine 27 on histone 3
(nuclear fraction) and keratin 18 (cytoskeletal fraction).

BrdU incorporation assays

BrdU incorporation experiments in cells were performed in
accordance with the In Situ Cell Proliferation Kit FLUOS®
protocol (Roche) as described previously [71].

Cell-cycle progression analysis by laser scanning
cytometry

HIEC were seeded onto 12-well plates (Falcon) at 5x 10+
cells per well 48 h under standard culture conditions with
complete medium before methanol fixation and DAPI staining.
DAPI-stained cells were scanned with an iCys imaging
cytometer (Compucyte, Cambridge, MA) to measure DNA
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content using violet diode laser excitation (405 nm) and
emission (460 nm) filters for fluorescence detection as
previously described [68]. DNA content was measured for at
least 3000 isolated nuclei per sample in three separate
experiments to assess cell-cycle distribution.

Bioactive surface preparation and cell adhesion assay

Polystyrene 12-well tissue culture plate surfaces were
prepared for grafting CDPGYIGSR and GRGDSPC (American
Peptide Company, Cat. 87-0-53 and 44-0-25, Sunnyvale, CA)
on CMD low-fouling surfaces using maleimide chemistry as
previously described [72].

Preparation of CMD, GRGDSPC and CDPGYIGSR surfaces
and cells prior to seeding was as described [73]. Briefly, HIEC
cells were harvested using PBS/0.5 mM EDTA 48 hours after
transfection. Cells were seeded (1x10° cells per well) and
incubated for 1 h. Non-adherent cells were gently washed
away with PBS and the remaining cells were fixed with 2.0%
paraformaldehyde (pH 7.4) for 25 min at 4°C and
permeabilized with 0.1% Triton X-100. Cell nuclei were stained
with DAPI and adherent cells were counted manually in 10
squares of 0.42 mm?.

Blocking experiments

HIEC were harvested using PBS/0.5 mM EDTA for 10 min
and processed as described previously [71] for blocking
experiments. Briefly, HIEC cells were resuspended in serum-
free culture medium containing 20 pg/ml of neutralizing
antibody or non-immune serum protein for 1h, then seeded in
complete culture medium onto 12 well plates and incubated at
37°C for 24h before being processed for BrdU staining.

Statistical analysis

Results are expressed as mean + S.E.M. Each experiment
was repeated at least three times and representative results
are shown. Student’'s paired t-test and ANOVA using
Bonferroni’s Multiple Comparison Test were used to analyze
the data. Data were considered to be statistically significant at
p < 0.05. Statistical calculations were performed using Prism
3.0 Software (GraphPad Software, San Diego, CA).

Results

In situ distribution of 37/67LR in the human small
intestinal mucosa

The expression and distribution patterns of 37/67LR along
the crypt-villus axis in the normal human fetal and adult small
intestinal mucosa were determined by indirect
immunofluorescence on cryosections. The specificity of the
antibody was determined by Western blot. As shown in Figure
1A, the anti-37/67LR antibody predominantly detected a major
band at the expected molecular range of the monomer, i.e. ~37
kDa, in normal HIEC cells (Figure 1A, lane 1) as well as in
Caco-2 cells (lane 2), a colorectal cancer cell lines used here
as positive control. No specific band was detected in the 67
kDa range with this antiserum (Figure 1A) or with three other
tested anti-37/67kDA antisera (not shown). At 10 weeks of
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gestation, crypts are not yet formed [41] and 37/67LR staining
was found to be widespread in both the intervillous region and
the villus (although at a weaker intensity) (Figure 1B). As
expected at this stage, cell proliferation as evaluated by Ki67
staining was found in the intervillous area and in the lower part
of the villus (Figure 1B', arrows and arrowheads, respectively).
At 14 and 20 weeks (Figure 1C and D), 37/67LR staining was
gradually restricted to the crypts where the proliferative
epithelial cells are confined (Figure 1C' and D', arrows). In the
adult, expression of 37/67LR was also predominantly located to
the middle and upper parts of the crypts (Figure 1E, brackets)
that also contains the most active proliferative cell population
(transit amplifying cells) as identified with Ki67 (Figure 1E').
The villus differentiated epithelium (v) as well as the lower part
of the crypts (*) containing the differentiated PLA2-expressing
Paneth cells (Figure 1E") were found to be negative (Figure
1E). As summarized in Figure 1F based on a series of
observation, the 37/67LR was consistently found to be absent
from the Paneth/stem cell zone (1). lts expression was maximal
in the middle crypt containing the Ki67-positive transit
amplifying cells (2) while its expression decreased toward the
terminal differentiation compartment (3) and the base of the
villus (4).

To confirm this distribution, the expression of 37/67LR was
analyzed on purified epithelial and stromal fractions isolated
from mid-gestation ileum based on a method established in our
laboratory [56]. Semi-quantitative RT-PCR showed the
presence of the 37/67LR transcript in both fractions (Figure
2A). The purity of the fractions was confirmed by the exclusive
expression of E-cadherin (epithelial) and tenascin-C (stromal).
Analysis of 37/67LR at the protein level confirmed the presence
of 37/67LR in its 37 kDa form in both fractions (Figure 2B)
although quantitative assessment showed ~6 times more
antigen in the epithelium than in the stroma (Figure 2C). Taken
together, these observations indicate that 37/67LR s
predominantly expressed in mucosal epithelial cells and
proliferative cells in both the fetal and adult intestine.

Proliferative Human Intestinal Epithelial Crypt Cells
Express 37/67LR In Vitro

Considering the distribution pattern of immunoreactive
37/67LR in intestinal crypts in situ, we used the normal human
intestinal crypt (HIEC) cell line to further investigate 37/67LR
expression in relation to cell proliferation. As shown in Figure 3,
37/67LR expression was observed in actively proliferating
HIEC cells (Figure 3A, SC) and a significant reduction was
observed in HIEC cells maintained for 5 days at confluence
(Figure 3A, PC). Indeed, while subconfluent HIEC cell growth is
linear before confluence, proliferation is totally inhibited after
confluence (Figure 3B).

Cell fractionation of HIEC cells was then performed in order
to further characterize 37/67LR expression in HIEC cells. As
shown in Figure 3C, immunoreactive 37/67LR was
predominantly found in the enriched cytosolic (F1) and
membrane (F2) fractions while being below detection levels in
the nuclear (F3) and cytoskeletal (F4) fractions. Detection of
p27KP1 (p27), the B1 integrin subunit (1), trimethylated lysine
27 on histone 3 (H3K27me3e) and keratin 18 (K18) were used
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Figure 1. Expression of 37/67LR in normal human intestinal cells. As shown by Western blot (A), the anti-37/67LR antibody
predominantly detects a major band at ~37 kDa in normal HIEC cells (lane 1) as well as in the positive control Caco-2 cells (lane 2).
In the developing human small intestine (B—D) immunolocalization of 37/67LR revealed predominant expression of the receptor in
the intervillous area at 10 weeks of gestation (B) and in the crypts at 14 (C) and 20 weeks (D) coinciding with the corresponding
proliferative compartment as defined by the proliferative antigen Ki67 on serial sections (arrows in B', C' and D'). In the adult,
37/67LR (E) was mainly located in the middle part of the crypts (brackets) containing the most actively proliferating cells as revealed
by Ki67 (E'). Villus (v) cells as well as the Paneth/stem cell region (*), the latter defined by the expression of the Paneth cell marker
PLA2 (* in E") were both negative for 37/67LR. Immunostaining of the stromal compartment was below the detection level at all
stages. Evan blue was used as a histological counterstain (brown/red). Nuclei were stained with DAPI (blue). Scale bars in A-D: 50
pm; E: 100 ym. (F) Summary of observations in the adult small intestine where expression of 37/67LR was consistently found to be
absent from the Paneth/stem cell zone (1), maximal in the middle crypt region containing the Ki67-positive transit amplifying cells (2)
and decreased toward the terminal differentiation compartment (3) and the base of the villus (4).

doi: 10.1371/journal.pone.0074337.g001

to confirm fractionation. Immunodetection of 37/67LR by Knockdown of 37/67LR expression under conditions

indirect immunofluorescence confirmed cytoplasmic and that do not affect protein translation

membrane-like associated staining (Figure 3D). As a first step to investigate the function of 37/67LR in HIEC
cells, we transiently knocked down its expression by
transfection with siRNA targeting the 37/67LR sequence.
Analysis of 37/67LR expression after 48 hours in the presence
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(A) Representative semi-quantitative PCR analysis of purified

epithelial (e) and stromal (s) fractions showed that the 37/67LR transcript can be found in both tissues. RPLPO served as the
normalizer. The purity of each fraction was shown by the detection E-cadherin (E-cad: epithelial) and tenascin-C (TnC: stromal). (B)
Western blot analyses confirmed the presence of 37/67LR in both the epithelial and stromal fractions by detecting the 37kD
component although at higher amounts in the epithelial fraction relative to B-actin (mean + SEM, n=3, ***: p < 0.0005).

doi: 10.1371/journal.pone.0074337.g002

of 40 uM of one of 4 predesigned siRNA sequences (siLR1,2,3
and 4) and siCtrl was performed by Western blot (Fig. 4A).
While all 4 sequences tested showed some inhibition of
expression relative to control, siLR4 showed more efficiency
and reproducibility. Using siLR4, 37/67LR expression was
found to be reduced by more than 5 times at both the transcript
and protein levels (Figure 4B) while the appearance and
viability of the cells appeared to be altered under these
conditions (Figure 4C).

Because 37/67LR is thought to be required for protein
translation [35], we performed a 0-50 uM dose-response
analysis of siLR4 efficiency in order to evaluate 37/67LR
expression relative to other control gene products such as
fibronectin, IGFBP7 and TIMP3 which are constitutively
produced by HIEC cells [47,71,74] and used to monitor
translation. Control siRNA (siCtrl) dose-response showed that
expression of 37/67LR, fibronectin, IGFBP7 and TIMP3 was
not altered at any tested concentration (Figure 5A, left panel;
Figure 5B, upper panel; TIMP3 data: 1.0 at 0 yM vs 1.05 + 0.15
at 20 pM). In contrast, siLR4 showed maximal apparent
efficiency at 30 uM and higher for both 37/67LR and fibronectin
and 40 and 50 uyM for IGFBP7 (Figure 5A, right panel).
However at 20 uyM, a ~50% knockdown of the expression of
37/67LR was observed with siLR4 while neither fibronectin,
IGFBP-7 nor TIMP3 expression was significantly affected
(Figure 5B, lower panel; TIMP3: 1.0 at 0 uM vs 1.22 + 0.14 at
20 pM). These results indicated that siLR4 at a concentration of
20uM (siLR4-20) can significantly reduce 37/67LR expression
without altering general translation. We then used these
conditions to investigate the role of 37/67LR in normal HIEC
cells.

PLOS ONE | www.plosone.org

Reduction of 37/67LR expression inhibits cell
proliferation in G1

To determine whether 37/67LR was directly implicated in cell
proliferation, we first evaluated proliferation by BrdU
incorporation 24 and 48h following control and siLR
transfection. As expected from previous studies, BrdU
incorporation under these experimental conditions resulted in a
~30% proportion of positive cells under control conditions
[46,71] as also observed herein (Figure 6A). A significant
reduction of cell proliferation was observed at both 24 and 48h
after transfection with the siLR4 used at 20 uM (Figure 6A). To
confirm the specificity of the effect, we tested a second siRNA.
As shown in Figure 6B, siLR3 used at both 20 and 50 uM had
comparable effects on inhibition of BrdU incorporation as
siLR4.

To further characterize the involvement of 37/67LR on HIEC
proliferation, laser scanning cytometry analysis revealed that
the apparent decrease in DNA synthesis observed in Figure 6A
was consistent with a significant increase in the percentage of
cells in G1 and a ~ 50% reduction in S phase in siLR4-20
treated cells as compared to control (Figure 6C and D) after 48
h. It is noteworthy that the lack of staining in the Sub-G1 region
for both siCtrl and siLR4 (Figure 6C and D) indicates that
apoptosis was not involved.

Reduction of 37/67LR expression inhibits LM-111
(YIGSR)-dependent cell adhesion

Previous studies have identified that 37/67LR binds to the
short arm of the laminin B chain via the YIGSR peptide
sequence [11]. This characteristic was used to evaluate
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Figure 3. Characterization of 37/67LR in human intestinal epithelial crypt (HIEC) cells. (A) Western blot analysis of
subconfluent (SC) and 5 day postconfluent (PC) HIEC cells revealed expression of 37/67LR in proliferative cells and a significant
reduction of its expression in quiescent cells relative to B-actin (mean + SEM, n=3, *: p < 0.02). (B) Cell counts over a 10 day period
after seeding confirmed that cell number stabilizes after confluence (c ->). (C) Representative Western blot analysis of 37/67LR in
enriched HIEC cytoplasmic (F1), membrane (F2), nuclear (F3) and cytoskeletal (F4) fractions showing that 37/67LR was essentially
found in the cytoplasmic and membrane fractions. Enriched fractions were verified by the detection of p27X*! (p27; cytoplasmic
fraction F1), the B1 integrin subunit (31; membrane fraction F2), trimethylated lysine 27 on histone 3 (H3K27me3e; nuclear fraction
F3) and keratin 18 (K18; cytoskeletal fraction F4; also detectable in the cytoplasmic F1 and membrane F2 fractions). (D) Indirect
immunofluorescence for the detection of 37/67LR in HIEC cells showing mainly perinuclear granular and weak membrane staining.
Nuclei were stained with DAPI (blue). Scale bar in D: 50 ym.

doi: 10.1371/journal.pone.0074337.g003
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Figure 4. Knockdown of 37/67LR expression in HIEC cells. (A) Representative Western blot analysis showing the expression
level of 37/67LR following a period of 48h after transfection of the 4 predesigned siRNA sequences (siLR1-4) and control si (siCtrl).
All sequences induced a significant reduction of 37/67LR, but siLR4 was most efficient. (B) Representative graphs showing relative
amounts of 37/67LR mRNA by qPCR and protein by Western blot in control (siCtrl) and knockdown (siLR4) HIEC cells. Relative
amounts were obtained from data normalized with RPLPO (mRNA) and B-actin (protein) (mean £ SEM, n=3, **: p<0.0005). (C)
Phase contrast micrographs of HIEC cells taken 48h after transfection with siCtrl and siLR4.

doi: 10.1371/journal.pone.0074337.g004
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Figure 5. Reduction of 37/67LR expression without affecting endogenous protein translation. (A) Representative western
blot analysis of 37/67LR (37kDa), human fibronectin (HFN), insulin like growth factor binding protein 7 (IGFBP7) and B-actin in HIEC
cells 48h after transfection with siCtrl and siLR4 at various concentrations (0-50 uM). (B) Relative 37/67LR, HFN and IGFPB7
expression were found to be stable in the presence of increasing concentrations of siCtrl. With siLR4, 50% knockdown of 37/67LR
expression was achieved at 20 uM, a concentration that had no effect on HFN or IGFBP7 expression in contrast to higher
concentrations such as 40 and 50 yM which resulted in more than 80% knockdown of 37/67LR expression and inhibition of protein
synthesis as observed for HFN and IGFBP7. Relative amounts of 37/67LR, HFN and IGFBP7 were determined by optical
densitometry and expressed relative to 3-actin (mean + SEM, n=3 separate experiments, * p < 0.05 relative to 0 uM)).

doi: 10.1371/journal.pone.0074337.g005
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Figure 6. Reduction of 37/67LR expression inhibits cell proliferation. (A) Proliferation was evaluated in HIEC cells 24 and 48h
after transfection with siCtrl or siLR4 at 20 uyM (siLR4-20) by BrdU incorporation. Transfected cells were seeded on plastic and
stained using an anti-BrdU antibody (mean £ SEM, n=3, ** p< 0.005; *** p < 0.001). (B) The specificity of the inhibitory effect of a
reduction of 37/67LR on BrdU incorporation was confirmed on HIEC treated during 48h with siCtrl (50uM), siLR3 and siLR4 (both at
20 and 50 yM) (mean = SEM, n=3, ** p < 0.001). (C) Representative iCys laser scanning cytometric images from a single
experiment exhibiting changes in the progression of cell cycle in HIEC cells 48h after transfection with siCtrl or siLR4 at 20 yM
(siLR4-20). G1, S, and G2/M in each micrograph represent the percentage of cells present in normal phases of the cell cycle
whereas Sub-G1 represents the percentage of cells that have undergone apoptosis. (D) Histogram illustrating the percentage (%) of
cells distributed in each of Sub-G1, G1, S and G2+M cell-cycle phases after 48 h for HIEC control (siCtrl) and knockdown
(siLR4-20) obtained by iCys laser scanning cytometry analysis (mean + SEM, n=3, * p < 0.05).

doi: 10.1371/journal.pone.0074337.g006
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Figure 7. Decreased expression of 37/67LR results in reduction of cell adhesion to LM-111 YIGSR related peptide. Controls
and HIEC cells exhibiting reduced 37/67LR expression (siLR4-20) were used for 1h adhesion assays on low-fouling carboxymethyl-
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**p <0.01).
doi: 10.1371/journal.pone.0074337.g007

whether 37/67LR functions as a laminin-111 receptor in normal
intestinal epithelial cells. Cell adhesion assays were performed
on low-fouling surfaces on which peptide immobilization
supports specific cell-biomaterial interaction while preventing
non-specific protein adsorption allowing the discrimination of a
specific from a non-specific cell response [72]. As performed
previously [73], non-specific adhesion was determined on CMD
surfaces which prevent cell adhesion, 37/67LR-mediated
adhesion was evaluated on CDPGYIGSR (YIGSR) while
maximal adhesion was determined on RGD peptide. Previous
studies have shown that HIEC cells attach strongly to RGD
peptides [71]. The results showed that reduced 37/67LR
expression had no significant effect on binding to the RGD
peptide but induced a statistically significant ~50% reduction of
adhesion to YIGSR (Figure 7) confirming that 37/67LR is
functional for LM-111 adhesion in intestinal crypt cells.

Functional blocking of the 37/67LR inhibits cell
proliferation

Taking into consideration the presence of functional
membrane 37/67LR receptor for laminin adhesion in HIEC
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cells, we further investigated the reduction of cell proliferation
in 37/67LR depleted cells observed above (Figure 6) by
conducting antibody blocking experiments on wild-type HIEC
cells for a 24h period followed by BrdU incorporation. As shown
in Figure 8, a significant reduction of BrdU incorporation was
noted with the anti-37/67LR MLuC5 azide-free antibody. The
effect appears to be specific since a non-immune serum (NI)
had no effect. The blocking anti-B1 integrin mAb13 antibody
[71] was used as a positive control.

Discussion

In the present study, we first analyzed the expression and
function of 37/67LR in normal human intestinal epithelial cells
in situ and in vitro. Previous expression studies in the human
intestinal mucosa had generated conflicting results [53-55].
Our results show that the receptor is predominantly found in
the epithelium in the intact intestine, being expressed in the
undifferentiated and proliferative epithelial cells of both the
developing and adult small intestine. This pattern of
expression, which is in agreement with one of the

August 2013 | Volume 8 | Issue 8 | e74337



w
?

lls (%)

N
o
l

-positive ce

10-

BrdU

37/67LR in the Human Small Intestinal Epithelium

*k

mAb13 MLuC5S

Figure 8. Blocking 37/67LR reduces cell proliferation. HIEC cells were treated for 1h with neutralizing-blocking anti-37/67LR
antibody (MLuC5) or anti-integrin 1 antibody (mAb13) as well as non-immune serum (NI) as negative control before plating. BrdU-
positive cells were counted and expressed as percentage of total cells determined by DAPI staining (mean + SEM, n=3, * p < 0.001;

** p < 0.0001).
doi: 10.1371/journal.pone.0074337.g008

aforementioned studies [55], confirms previous data reported in
the developing and adult mouse at the transcript level [33].
Interestingly, the distribution of 37/67LR observed herein
appears to be consistent with the expression of its
characterized ligand LM-111, which is found in the intervillous
area and the crypts before 17 weeks of gestation [48]. At later
developmental stages and in the adult, LM-111 is replaced by a
complementary gradient of LM-211 and LM-511 in the crypts
[45,48,75]. The fact that these laminins contain the 1 chain
suggests that they may serve as a ligand for 37/67LR. In this
case, it would be interesting to investigate 37/67LR expression
in samples from patients with Crohn’s disease since a major
redistribution of these laminins has been reported in the crypts
[76].

The fact that 37/67LR appears to be associated with the
undifferentiated and proliferative cell population in the normal
intestine is interesting in regard to the up-regulation of its
expression in colorectal cancer [77-79]. To further investigate
this relation, we tested HIEC cells, which are normal human
intestinal crypt cells [58,60], for the expression of 37/67LR. To
our knowledge, this is the first time that the expression of
37/67LR has been reported in normal human epithelial cells.
Interestingly, a significant reduction of 37/67LR was noted
when switching HIEC cells from a proliferative to quiescent
state. This phenomenon, which has also been observed in
endothelial cells [80], is consistent with the low level of
37/67LR expression observed in situ in the non-proliferative
cells of the villus and lower crypt. Further analysis of its
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distribution revealed that a significant proportion of 37/67LR
was present in the cytosol and membrane fractions. Such a
distribution is consistent with previous immunolocalization
studies performed on cells in culture [25] and the multiple cell
functions attributed to 37/67LR in the ribosome and plasma
membrane [11,12,20,21,35].

As a general strategy to investigate the role of a cell
component in HIEC cells [46,47,71], we undertook the
knockdown of expression of 37/67LR. A standard protocol
resulted in very efficient reduction of the target gene at both the
transcript and protein levels and altered the apparent viability of
the cells and expression of fibronectin and IGFBP7, which are
genes constitutively expressed at high levels in HIEC cells
[46,47,74], confirming that the 37/67LR gene product was
required for translation and general cell function [17].
Interestingly, dropping the working concentration of the siRNA
targeting 37/67LR sequences by half allowed a 50% reduction
of 37/67LR at the protein level without significantly altering
translation efficiency as tested by the maintenance of
fibronectin, IGFBP7 as well as TIMP3 expression at control
levels.

A partial 37/67LR depletion protocol was then used to
examine the involvement of the receptor in the regulation of cell
proliferation and adhesion. A significant reduction in cell cycle
progression through the G1 phase was observed as a result of
partial depletion of 37/67LR in these normal intestinal cells. As
proposed elsewhere [35], these data suggest that threshold
levels of 37/67LR expression are required for distinct cellular
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functions, lower levels of 37/67LR being sufficient for normal
ribosomal function but not proliferation. Taken together, these
results indicate that 37/67LR regulates normal cell proliferation.

Finally, the ability of 37/67LR to interact with laminin was
investigated. Laminin promotes epithelial cell adhesion in part
through the CDPGYIGSR sequence on its 1 chain although its
minimum ligand sequence is YIGSR [81]. Interestingly, phage-
displayed mapping revealed that at least two distinct regions of
37/67LR can bind to YIGSR [82]. Partial depletion of 37/67LR
in HIEC cells resulted in a significant reduction of cell adhesion
to YIGSR confirming that 37/67LR is expressed in the plasma
membrane under its functional form. The relatively weak
adhesion to YIGSR as compared to RGD was expected
considering the expression of a number of specific RGD-
binding integrins in HIEC [71] and the fact that 37/67LR may
act as a co-receptor with laminin-binding integrins [11], namely
the a6B4 integrin [83]. By using another strategy based on the
use of blocking antibodies directed toward 37/67LR, we
provided evidence for the requirement of a functional form of
37/67LR at the membrane for modulating cell proliferation.

In summary, these results confirmed the predominant
expression of 37/67LR in the immature intestinal epithelium
and in the crypt cells of both the fetal and adult small intestine.
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Functionally, 37/67LR was found to be expressed in significant
amounts in proliferating HIEC cells, a line of human intestinal
crypt cells. Using an siRNA strategy that allowed partial down-
regulation of 37/67LR expression leaving translation normal, or
by using blocking antibodies, we found a significant reduction
of cell proliferation and specific adhesion to the laminin-related
peptide YIGSR. Taken together, these data demonstrate that
37/67LR is expressed in normal intestinal epithelial cells where
it regulates cell proliferation and adhesion.

Acknowledgements

The authors thank Elizabeth Herring for
manuscript.

reviewing the

Author Contributions

Conceived and designed the experiments: TK JFG GS NB PV
JFB. Performed the experiments: TK JFG GS AG. Analyzed
the data: TK JFG GS AG NB JFB. Contributed reagents/
materials/analysis tools: JFG GS NB. Wrote the manuscript: TK
NB JFB. Intellectual contribution to the revision of the
manuscript: JFG GS AG PV JFB.

. Ardini E, Pesole G, Tagliabue E, Magnifico A, Castronovo V et al.
(1998) The 67-kDa laminin receptor originated from a ribosomal protein
that acquired a dual function during evolution. Mol Biol Evol 15:
1017-1025.  doi:10.1093/oxfordjournals.molbev.a026000.  PubMed:
9718729.

. Bortoluzzi S, d’Alessi F, Romualdi C, Danieli GA (2001) Differential
expression of genes coding for ribosomal proteins in different human
tissues. Bioinformatics 17: 1152-1157. doi:10.1093/bioinformatics/
17.12.1152. PubMed: 11751223.

. Scheiman J, Tseng JC, Zheng Y, Meruelo D (2010) Multiple functions
of the 37/67-kd laminin receptor make it a suitable target for novel
cancer gene therapy. Mol Ther 18: 63-74. doi:10.1038/mt.2009.199.
PubMed: 19724263.

. Salama RH, Muramatsu H, Zou K, Inui T, Kimura T et al. (2001)
Midkine binds to 37-kDa laminin binding protein precursor, leading to
nuclear transport of the complex. Exp Cell Res 270: 13-20. doi:
10.1006/excr.2001.5341. PubMed: 11597123.

. Sato M, Kinoshita K, Kaneda Y, Saeki Y, lwamatsu A et al. (1996)

Analysis of nuclear localization of laminin binding protein precursor p40

(LBP/p40). Biochem Biophys Res Commun 229: 896-901. doi:10.1006/

bbrc.1996.1899. PubMed: 8954992.

Kinoshita K, Kaneda Y, Sato M, Saeki Y, Wataya-Kaneda M et al.

(1998) LBP-p40 binds DNA tightly through associations with histones

H2A, H2B, and H4. Biochem Biophys Res Commun 253: 277-282. doi:

10.1006/bbrc.1998.9699. PubMed: 9878528.

Mbazima V, Da Costa Dias B, Omar A, Jovanovic K, Weiss SF (2010)

Interactions between PrP(c) and other ligands with the 37-kDa/67-kDa

laminin receptor. Front Biosci 15: 1150-1163. doi:10.2741/3667.

PubMed: 20515747.

Buto S, Tagliabue E, Ardini E, Magnifico A, Ghirelli C et al. (1998)

Formation of the 67-kDa laminin receptor by acylation of the precursor.

J Cell Biochem 69: 244-251. doi:10.1002/

(SICI)1097-4644(19980601)69:3. PubMed: 9581863.

Landowski TH, Uthayakumar S, Starkey JR (1995) Control pathways of

the 67 kDa laminin binding protein: surface expression and activity of a

new ligand binding domain. Clin Exp Metastasis 13: 357-372. PubMed:

7641420.

Weiser MM, Sykes DE, Piscatelli JJ, Rao M (1997) The role of the non-

integrin 67kDa laminin receptor in enterocyte proliferation, and

adhesion, and motility. In: F HalterD WintonNA Wright. The Gut as a

Model in Cell and Molecular Biology. Dordrecht: Kluwer Publishing

House Academic Publishers. pp. 149-164.

20.

21.

22.

23.

24.

August 2013 | Volume 8 | Issue 8 | e74337


http://dx.doi.org/10.1002/bies.950180208
http://www.ncbi.nlm.nih.gov/pubmed/8851045
http://dx.doi.org/10.1007/s00441-009-0838-2
http://www.ncbi.nlm.nih.gov/pubmed/19693542
http://dx.doi.org/10.1016/S1044-579X(02)00023-8
http://www.ncbi.nlm.nih.gov/pubmed/12083850
http://dx.doi.org/10.1146/annurev.cellbio.20.010403.094555
http://dx.doi.org/10.1146/annurev.cellbio.20.010403.094555
http://www.ncbi.nlm.nih.gov/pubmed/15473841
http://dx.doi.org/10.1146/annurev-cellbio-101011-155750
http://dx.doi.org/10.1146/annurev-cellbio-101011-155750
http://www.ncbi.nlm.nih.gov/pubmed/23057746
http://dx.doi.org/10.4239/wjd.v1.i1.3
http://www.ncbi.nlm.nih.gov/pubmed/21607137
http://dx.doi.org/10.1002/1097-0029(20001101)51:3
http://www.ncbi.nlm.nih.gov/pubmed/11054877
http://dx.doi.org/10.1093/hmg/ddr596
http://www.ncbi.nlm.nih.gov/pubmed/22180459
http://dx.doi.org/10.1016/j.matbio.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19303439
http://dx.doi.org/10.1080/03008200500344074
http://www.ncbi.nlm.nih.gov/pubmed/16546822
http://dx.doi.org/10.1042/BSR20070004
http://www.ncbi.nlm.nih.gov/pubmed/18269348
http://dx.doi.org/10.1517/13543776.2011.539203
http://www.ncbi.nlm.nih.gov/pubmed/21110766
http://dx.doi.org/10.1083/jcb.96.5.1475
http://www.ncbi.nlm.nih.gov/pubmed/6302102
http://dx.doi.org/10.1016/0006-291X(83)91370-0
http://www.ncbi.nlm.nih.gov/pubmed/6301485
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026000
http://www.ncbi.nlm.nih.gov/pubmed/9718729
http://dx.doi.org/10.1093/bioinformatics/17.12.1152
http://dx.doi.org/10.1093/bioinformatics/17.12.1152
http://www.ncbi.nlm.nih.gov/pubmed/11751223
http://dx.doi.org/10.1038/mt.2009.199
http://www.ncbi.nlm.nih.gov/pubmed/19724263
http://dx.doi.org/10.1006/excr.2001.5341
http://www.ncbi.nlm.nih.gov/pubmed/11597123
http://dx.doi.org/10.1006/bbrc.1996.1899
http://dx.doi.org/10.1006/bbrc.1996.1899
http://www.ncbi.nlm.nih.gov/pubmed/8954992
http://dx.doi.org/10.1006/bbrc.1998.9699
http://www.ncbi.nlm.nih.gov/pubmed/9878528
http://dx.doi.org/10.2741/3667
http://www.ncbi.nlm.nih.gov/pubmed/20515747
http://dx.doi.org/10.1002/(SICI)1097-4644(19980601)69:3
http://dx.doi.org/10.1002/(SICI)1097-4644(19980601)69:3
http://www.ncbi.nlm.nih.gov/pubmed/9581863
http://www.ncbi.nlm.nih.gov/pubmed/7641420

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Castronovo V, Taraboletti G, Sobel ME (1991) Functional domains of
the 67-kDa laminin receptor precursor. J Biol Chem 266: 20440-20446.
PubMed: 1834645.

Gauczynski S, Peyrin JM, Haik S, Leucht C, Hundt C et al. (2001) The
37-kDa/67-kDa laminin receptor acts as the cell-surface receptor for the
cellular prion protein. EMBO J 20: 5863-5875. doi:10.1093/emboj/
20.21.5863. PubMed: 11689427.

Zuber C, Knackmuss S, Zemora G, Reusch U, Vlasova E et al. (2008)
Invasion of tumorigenic HT1080 cells is impeded by blocking or
downregulating the 37-kDa/67-kDa laminin receptor. J Mol Biol 378:
530-539. doi:10.1016/j.jmb.2008.02.004. PubMed: 18387633.
Terranova VP, Rao CN, Kalebic T, Margulies IM, Liotta LA (1983)
Laminin receptor on human breast carcinoma cells. Proc Natl Acad Sci
U S A 80: 444-448. doi:10.1073/pnas.80.2.444. PubMed: 6300843.
Lesot H, Kuhl U, Mark K (1983) Isolation of a laminin-binding protein
from muscle cell membranes. EMBO J 2: 861-865. PubMed: 16453457.
Ménard S, Castronovo V, Tagliabue E, Sobel ME (1997) New insights
into the metastasis-associated 67 kD laminin receptor. J Cell Biochem
67: 155-165. doi:10.1002/(SICI)1097-4644(19971101)67:2. PubMed:
9328821.

Martignone S, Ménard S, Bufalino R, Cascinelli N, Pellegrini R et al.
(1993) Prognostic significance of the 67-kilodalton laminin receptor
expression in human breast carcinomas. J Natl Cancer Inst 85:
398-402. doi:10.1093/jnci/85.5.398. PubMed: 8433393.

Sobel ME (1993) Differential expression of the 67 kDa laminin receptor
in cancer. Semin Cancer Biol 4: 311-317. PubMed: 8257781.

Rao M, Manishen WJ, Maheshwari Y, Sykes DE, Siyanova EY et al.
(1994) Laminin receptor expression in rat intestine and liver during
development and differentiation. Gastroenterology 107: 764-772. doi:
10.1016/0016-5085(94)90125-2. PubMed: 8076763.

Stitt AW, McKenna D, Simpson DA, Gardiner TA, Harriott P et al.
(1998) The 67-kd laminin receptor is preferentially expressed by
proliferating retinal vessels in a murine model of ischemic retinopathy.
Am J Pathol 152: 1359-1365. PubMed: 9588904.

Scheiman J, Jamieson KV, Ziello J, Tseng JC, Meruelo D (2010)
Extraribosomal functions associated with the C terminus of the 37/67
kDa laminin receptor are required for maintaining cell viability. Cell
Death Dis 1: e42. doi:10.1038/cddis.2010.19. PubMed: 21243100.
Susantad T, Smith DR (2008) siRNA-mediated silencing of the 37/67-
kDa high affinity laminin receptor in Hep3B cells induces apoptosis.
Cell Mol Biol Lett 13: 452-464. doi:10.2478/s11658-008-0017-6.
PubMed: 18425431.

Tachibana H, Koga K, Fujimura Y, Yamada K (2004) A receptor for
green tea polyphenol EGCG. Nat Struct Mol Biol 11: 380-381. doi:
10.1038/nsmb743. PubMed: 15024383.

Umeda D, Yano S, Yamada K, Tachibana H (2008) Involvement of 67-
kDa laminin receptor-mediated myosin phosphatase activation in
antiproliferative effect of epigallocatechin-3-O-gallate at a physiological
concentration on Caco-2 colon cancer cells. Biochem Biophys Res
Commun 371: 172-176. doi:10.1016/j.bbrc.2008.04.041. PubMed:
18423375.

Byun EH, Omura T, Yamada K, Tachibana H (2011) Green tea
polyphenol epigallocatechin-3-gallate inhibits TLR2 signaling induced
by peptidoglycan through the polyphenol sensing molecule 67-kDa
laminin receptor. FEBS Lett 585: 814-820. doi:10.1016/j.febslet.
2011.02.010. PubMed: 21320497.

Babyatsky MW, Podolsky DK (1999) Growth and development of the
gastrointestinal tract. In: T Yamada, editor. Textbook of
gastroenterology. 3rd ed. ed. Philadelphia: J. B Lippincott Publishing
House. pp. 547-584

Ménard D, Beaulieu JF, Boudreau F, Perreault N, Rivard N et al. (2006)
Gastrointestinal tract. In: K UnsickerK Krieglstein. Cell Siganling and
Growth Factors in Development: From molecules to Organogenesis.
Weinheim: Wiley-VCH Verlag. pp. 755-790.

Shaw D, Gohil K, Basson MD (2012) Intestinal mucosal atrophy and
adaptation. World J Gastroenterol 18: 6357-6375. doi:10.3748/
wjg.v18.i44.6357. PubMed: 23197881.

Beaulieu JF (1997) Extracellular matrix components and integrins in
relationship to human intestinal epithelial cell differentiation. Prog
Histochem Cytochem 31: 1-78. PubMed: 9088045.

Basson MD (2003) Invited research review: Cell-matrix interactions in
the gut epithelium. Surgery 133: 263-267. doi:10.1067/msy.2003.24.
PubMed: 12660637.

Teller IC, Beaulieu JF (2001) Interactions between laminin and
epithelial cells in intestinal health and disease. Expert Rev Mol Med 3:
1-18. Accessed 2013 July 30. doi:10.1017/S1462399401002575.
PubMed: 14585148.

Gagné D, Groulx JF, Benoit YD, Basora N, Herring E et al. (2010)
Integrin-linked kinase regulates migration and proliferation of human

PLOS ONE | www.plosone.org

14

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

37/67LR in the Human Small Intestinal Epithelium

intestinal cells under a fibronectin-dependent mechanism. J Cell
Physiol 222: 387-400. doi:10.1002/jcp.21963. PubMed: 19885839.
Groulx JF, Gagné D, Benoit YD, Martel D, Basora N et al. (2011)
Collagen VI is a basement membrane component that regulates
epithelial cell-fibronectin interactions. Matrix Biol 30: 195-206. doi:
10.1016/j.matbio.2011.03.002. PubMed: 21406227.

Teller IC, Auclair J, Herring E, Gauthier R, Ménard D et al. (2007)
Laminins in the developing and adult human small intestine: relation
with the functional absorptive unit. Dev Dyn 236: 1980-1990. doi:
10.1002/dvdy.21186. PubMed: 17503455.

Vachon PH, Beaulieu JF (1995) Extracellular heterotrimeric laminin
promotes differentiation in human enterocytes. Am J Physiol 268:
G857-G867. PubMed: 7539221.

Seltana A, Basora N, Beaulieu JF (2010) Intestinal epithelial wound
healing assay in an epithelial-mesenchymal co-culture system. Wound
Repair Regen 18: 114-122. doi:10.1111/j.1524-475X.2009.00554 .x.
PubMed: 20082684.

Basson MD, Modlin IM, Madri JA (1992) Human enterocyte (Caco-2)
migration is modulated in vitro by extracellular matrix composition and
epidermal growth factor. J Clin Invest 90: 15-23. doi:10.1172/
JCI1115828. PubMed: 1634605.

Bouchard V, Demers MJ, Thibodeau S, Laquerre V, Fujita N et al.
(2007) Fak/Src signaling in human intestinal epithelial cell survival and
anoikis: differentiation state-specific uncoupling with the PI3-K/Akt-1
and MEK/Erk pathways. J Cell Physiol 212: 717-728. doi:10.1002/jcp.
21096. PubMed: 17443665.

Sanjuan X, Fernandez PL, Miquel R, Mufioz J, Castronovo V et al.
(1996) Overexpression of the 67-kD laminin receptor correlates with
tumour progression in human colorectal carcinoma. J Pathol 179:
376-380. doi:10.1002/(SICI1)1096-9896(199608)179:4. PubMed:
8869283.

Shmakov AN, Bode J, Kilshaw PJ, Ghosh S (2000) Diverse patterns of
expression of the 67-kD laminin receptor in human small intestinal
mucosa: potential binding sites for prion proteins? J Pathol 191:
318-322. doi:10.1002/1096-9896(2000)9999:9999. PubMed: 10878555.
Stallmach A, Riecken EO (1990) Laminin-cell membrane binding
proteins in small intestinal epithelial cells. Digestion 46 Suppl 2: 31-39.
doi:10.1159/000200364. PubMed: 2148161.

Perreault N, Herring-Gillam FE, Desloges N, Bélanger |, Pageot LP et
al. (1998) Epithelial vs mesenchymal contribution to the extracellular
matrix in the human intestine. Biochem Biophys Res Commun 248:
121-126. doi:10.1006/bbrc.1998.8919. PubMed: 9675097.

Beaulieu JF (1992) Differential expression of the VLA family of integrins
along the crypt-villus axis in the human small intestine. J Cell Sci
102(3): 427-436. PubMed: 1506425.

Pageot LP, Perreault N, Basora N, Francoeur C, Magny P et al. (2000)
Human cell models to study small intestinal functions: recapitulation of
the crypt-villus axis. Microsc Res Tech 49: 394-406. doi:10.1002/
(SICI)1097-0029(20000515)49:4. PubMed: 10820523.

Perreault N, Beaulieu JF (1996) Use of the dissociating enzyme
thermolysin to generate viable human normal intestinal epithelial cell
cultures. Exp Cell Res 224: 354-364. doi:10.1006/excr.1996.0145.
PubMed: 8612712.

Beaulieu JF, Ménard D (2012) Isolation, characterization, and culture of
normal human intestinal crypt and villus cells. Methods Mol Biol 806:
157-173. doi:10.1007/978-1-61779-367-7_11. PubMed: 22057451.
Quaroni A, Beaulieu JF (1997) Cell dynamics and differentiation of
conditionally  immortalized human intestinal epithelial cells.
Gastroenterology 113: 1198-1213. doi:10.1053/gast.
1997.v113.pm9322515. PubMed: 9322515

Benoit YD, Groulx JF, Gagné D, Beaulieu JF (2012) RGD-Dependent
Epithelial Cell-Matrix Interactions in the Human Intestinal Crypt. Signal
Transduct, 2012: 2012: 248759. PubMed: 22988499

Basora N, Herring-Gillam FE, Boudreau F, Perreault N, Pageot LP et
al. (1999) Expression of functionally distinct variants of the beta(4)A
integrin subunit in relation to the differentiation state in human intestinal
cells. J Biol Chem 274: 29819-29825. doi:10.1074/jbc.274.42.29819.
PubMed: 10514460.

Levy E, Beaulieu JF, Delvin E, Seidman E, Yotov W et al. (2000)
Human crypt intestinal epithelial cells are capable of lipid production,
apolipoprotein synthesis, and lipoprotein assembly. J Lipid Res 41:
12-22. PubMed: 10627497.

Begue B, Wajant H, Bambou JC, Dubuquoy L, Siegmund D et al.
(2006) Implication of TNF-related apoptosis-inducing ligand in
inflammatory intestinal epithelial lesions. Gastroenterology 130:
1962-1974. doi:10.1053/j.gastro.2006.03.022. PubMed: 16762619.
Francoeur C, Escaffit F, Vachon PH, Beaulieu JF (2004)
Proinflammatory cytokines TNF-alpha and IFN-gamma alter laminin
expression under an apoptosis-independent mechanism in human

August 2013 | Volume 8 | Issue 8 | e74337


http://www.ncbi.nlm.nih.gov/pubmed/1834645
http://dx.doi.org/10.1093/emboj/20.21.5863
http://dx.doi.org/10.1093/emboj/20.21.5863
http://www.ncbi.nlm.nih.gov/pubmed/11689427
http://dx.doi.org/10.1016/j.jmb.2008.02.004
http://www.ncbi.nlm.nih.gov/pubmed/18387633
http://dx.doi.org/10.1073/pnas.80.2.444
http://www.ncbi.nlm.nih.gov/pubmed/6300843
http://www.ncbi.nlm.nih.gov/pubmed/16453457
http://dx.doi.org/10.1002/(SICI)1097-4644(19971101)67:2
http://www.ncbi.nlm.nih.gov/pubmed/9328821
http://dx.doi.org/10.1093/jnci/85.5.398
http://www.ncbi.nlm.nih.gov/pubmed/8433393
http://www.ncbi.nlm.nih.gov/pubmed/8257781
http://dx.doi.org/10.1016/0016-5085(94)90125-2
http://www.ncbi.nlm.nih.gov/pubmed/8076763
http://www.ncbi.nlm.nih.gov/pubmed/9588904
http://dx.doi.org/10.1038/cddis.2010.19
http://www.ncbi.nlm.nih.gov/pubmed/21243100
http://dx.doi.org/10.2478/s11658-008-0017-6
http://www.ncbi.nlm.nih.gov/pubmed/18425431
http://dx.doi.org/10.1038/nsmb743
http://www.ncbi.nlm.nih.gov/pubmed/15024383
http://dx.doi.org/10.1016/j.bbrc.2008.04.041
http://www.ncbi.nlm.nih.gov/pubmed/18423375
http://dx.doi.org/10.1016/j.febslet.2011.02.010
http://dx.doi.org/10.1016/j.febslet.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21320497
http://dx.doi.org/10.3748/wjg.v18.i44.6357
http://dx.doi.org/10.3748/wjg.v18.i44.6357
http://www.ncbi.nlm.nih.gov/pubmed/23197881
http://www.ncbi.nlm.nih.gov/pubmed/9088045
http://dx.doi.org/10.1067/msy.2003.24
http://www.ncbi.nlm.nih.gov/pubmed/12660637
http://dx.doi.org/10.1017/S1462399401002575
http://www.ncbi.nlm.nih.gov/pubmed/14585148
http://dx.doi.org/10.1002/jcp.21963
http://www.ncbi.nlm.nih.gov/pubmed/19885839
http://dx.doi.org/10.1016/j.matbio.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21406227
http://dx.doi.org/10.1002/dvdy.21186
http://www.ncbi.nlm.nih.gov/pubmed/17503455
http://www.ncbi.nlm.nih.gov/pubmed/7539221
http://dx.doi.org/10.1111/j.1524-475X.2009.00554.x
http://www.ncbi.nlm.nih.gov/pubmed/20082684
http://dx.doi.org/10.1172/JCI115828
http://dx.doi.org/10.1172/JCI115828
http://www.ncbi.nlm.nih.gov/pubmed/1634605
http://dx.doi.org/10.1002/jcp.21096
http://dx.doi.org/10.1002/jcp.21096
http://www.ncbi.nlm.nih.gov/pubmed/17443665
http://dx.doi.org/10.1002/(SICI)1096-9896(199608)179:4
http://www.ncbi.nlm.nih.gov/pubmed/8869283
http://dx.doi.org/10.1002/1096-9896(2000)9999:9999
http://www.ncbi.nlm.nih.gov/pubmed/10878555
http://dx.doi.org/10.1159/000200364
http://www.ncbi.nlm.nih.gov/pubmed/2148161
http://dx.doi.org/10.1006/bbrc.1998.8919
http://www.ncbi.nlm.nih.gov/pubmed/9675097
http://www.ncbi.nlm.nih.gov/pubmed/1506425
http://dx.doi.org/10.1002/(SICI)1097-0029(20000515)49:4
http://dx.doi.org/10.1002/(SICI)1097-0029(20000515)49:4
http://www.ncbi.nlm.nih.gov/pubmed/10820523
http://dx.doi.org/10.1006/excr.1996.0145
http://www.ncbi.nlm.nih.gov/pubmed/8612712
http://dx.doi.org/10.1007/978-1-61779-367-7_11
http://www.ncbi.nlm.nih.gov/pubmed/22057451
http://doi:10.1053/gast.1997.v113.pm
http://doi:10.1053/gast.1997.v113.pm
http://www.ncbi.nlm.nih.gov/pubmed/9322515
http://www.ncbi.nlm.nih.gov/pubmed/248759
http://dx.doi.org/10.1074/jbc.274.42.29819
http://www.ncbi.nlm.nih.gov/pubmed/10514460
http://www.ncbi.nlm.nih.gov/pubmed/10627497
http://dx.doi.org/10.1053/j.gastro.2006.03.022
http://www.ncbi.nlm.nih.gov/pubmed/16762619

67.

68.

69.

70.

71.

72.

73.

74.

intestinal epithelial cells. Am J Physiol Gastrointest Liver Physiol 287:
G592-G598. doi:10.1152/ajpgi.00535.2003. PubMed: 15087281.

Benoit YD, Lepage MB, Khalfaoui T, Tremblay E, Basora N et al.
(2012) Polycomb repressive complex 2 impedes intestinal cell terminal
differentiation. J Cell Sci 125: 3454-3463. doi:10.1242/jcs.102061.
PubMed: 22467857.

Benoit YD, Paré F, Francoeur C, Jean D, Tremblay E et al. (2010)
Cooperation between HNF-1alpha, Cdx2, and GATA-4 in initiating an
enterocytic differentiation program in a normal human intestinal
epithelial progenitor cell line. Am J Physiol Gastrointest Liver Physiol
298: G504-G517. doi:10.1152/ajpgi.00265.2009. PubMed: 20133952.
Pfaffl MW (2001) A new mathematical model for relative quantification
in real-time RT-PCR. Nucleic Acids Res 29: e45. doi:10.1093/nar/
29.9.e45. PubMed: 11328886.

Dydensborg AB, Herring E, Auclair J, Tremblay E, Beaulieu JF (2006)
Normalizing genes for quantitative RT-PCR in differentiating human
intestinal epithelial cells and adenocarcinomas of the colon. Am J
Physiol Gastrointest Liver Physiol 290: G1067-G1074. PubMed:
16399877.

Benoit YD, Lussier C, Ducharme PA, Sivret S, Schnapp LM et al.
(2009) Integrin alpha8betal regulates adhesion, migration and
proliferation of human intestinal crypt cells via a predominant RhoA/
ROCK-dependent mechanism. Biol Cell 101: 695-708. doi:10.1042/
BC20090060. PubMed: 19527220.

Monchaux E, Vermette P (2007) Bioactive microarrays immobilized on
low-fouling surfaces to study specific endothelial cell adhesion.
Biomacromolecules 8: 3668-3673. doi:10.1021/bm7007907. PubMed:
17939716.

Kuehn C, Dubiel EA, Sabra G, Vermette P (2012) Culturing INS-1 cells
on CDPGYIGSR-, RGD- and fibronectin surfaces improves insulin
secretion and cell proliferation. Acta Biomater 8: 619-626. doi:10.1016/
j-actbio.2011.10.036. PubMed: 22085924.

Tremblay E, Auclair J, Delvin E, Levy E, Ménard D et al. (2006) Gene
expression profiles of normal proliferating and differentiating human
intestinal epithelial cells: a comparison with the Caco-2 cell model. J
Cell Biochem 99: 1175-1186. doi:10.1002/jcb.21015. PubMed:
16795037.

PLOS ONE | www.plosone.org

15

75.

76.

77.

78.

79.

80.

81.

82.

83.

37/67LR in the Human Small Intestinal Epithelium

Beaulieu JF, Vachon PH (1994) Reciprocal expression of laminin A-
chain isoforms along the crypt-villus axis in the human small intestine.
Gastroenterology 106: 829-839. PubMed: 8143989.

Bouatrouss Y, Herring-Gillam FE, Gosselin J, Poisson J, Beaulieu JF
(2000) Altered expression of laminins in Crohn’s disease small
intestinal mucosa. Am J Pathol 156: 45-50. do0i:10.1016/
S0002-9440(10)64704-9. PubMed: 10623652.

Cioce V, Castronovo V, Shmookler BM, Garbisa S, Grigioni WF et al.
(1991) Increased expression of the laminin receptor in human colon
cancer. J Natl Cancer Inst 83: 29-36. doi:10.1093/jnci/83.1.29.
PubMed: 1824600.

Horan Hand P, Colcher D, Salomon D, Ridge J, Noguchi P et al. (1985)
Influence of spatial configuration of carcinoma cell populations on the
expression of a tumor-associated glycoprotein. Cancer Res 45:
833-840. PubMed: 3881173.

D’Errico A, Garbisa S, Liotta LA, Castronovo V, Stetler-Stevenson WG
et al. (1991) Augmentation of type IV collagenase, laminin receptor,
and Ki67 proliferation antigen associated with human colon, gastric,
and breast carcinoma progression. Mod Pathol 4: 239-246. PubMed:
1646457.

Donaldson EA, McKenna DJ, McMullen CB, Scott WN, Stitt AW et al.
(2000) The expression of membrane-associated 67-kDa laminin
receptor (67LR) is modulated in vitro by cell-contact inhibition. Mol Cell
Biol Res Commun 3: 53-59. doi:10.1006/mcbr.2000.0191. PubMed:
10683318.

Graf J, Ogle RC, Robey FA, Sasaki M, Martin GR et al. (1987) A
pentapeptide from the laminin B1 chain mediates cell adhesion and
binds the 67,000 laminin receptor. Biochemistry 26: 6896-6900. doi:
10.1021/bi00396a004. PubMed: 2962631.

Kazmin DA, Hoyt TR, Taubner L, Teintze M, Starkey JR (2000) Phage
display mapping for peptide 11 sensitive sequences binding to
laminin-1. J Mol Biol 298: 431-445. doi:10.1006/jmbi.2000.3680.
PubMed: 10772861.

Ardini E, Tagliabue E, Magnifico A, Butd S, Castronovo V et al. (1997)
Co-regulation and physical association of the 67-kDa monomeric
laminin receptor and the alpha6beta4 integrin. J Biol Chem 272:
2342-2345. doi:10.1074/jbc.272.4.2342. PubMed: 8999943.

August 2013 | Volume 8 | Issue 8 | e74337


http://dx.doi.org/10.1152/ajpgi.00535.2003
http://www.ncbi.nlm.nih.gov/pubmed/15087281
http://dx.doi.org/10.1242/jcs.102061
http://www.ncbi.nlm.nih.gov/pubmed/22467857
http://dx.doi.org/10.1152/ajpgi.00265.2009
http://www.ncbi.nlm.nih.gov/pubmed/20133952
http://dx.doi.org/10.1093/nar/29.9.e45
http://dx.doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://www.ncbi.nlm.nih.gov/pubmed/16399877
http://dx.doi.org/10.1042/BC20090060
http://dx.doi.org/10.1042/BC20090060
http://www.ncbi.nlm.nih.gov/pubmed/19527220
http://dx.doi.org/10.1021/bm7007907
http://www.ncbi.nlm.nih.gov/pubmed/17939716
http://dx.doi.org/10.1016/j.actbio.2011.10.036
http://dx.doi.org/10.1016/j.actbio.2011.10.036
http://www.ncbi.nlm.nih.gov/pubmed/22085924
http://dx.doi.org/10.1002/jcb.21015
http://www.ncbi.nlm.nih.gov/pubmed/16795037
http://www.ncbi.nlm.nih.gov/pubmed/8143989
http://dx.doi.org/10.1016/S0002-9440(10)64704-9
http://dx.doi.org/10.1016/S0002-9440(10)64704-9
http://www.ncbi.nlm.nih.gov/pubmed/10623652
http://dx.doi.org/10.1093/jnci/83.1.29
http://www.ncbi.nlm.nih.gov/pubmed/1824600
http://www.ncbi.nlm.nih.gov/pubmed/3881173
http://www.ncbi.nlm.nih.gov/pubmed/1646457
http://dx.doi.org/10.1006/mcbr.2000.0191
http://www.ncbi.nlm.nih.gov/pubmed/10683318
http://dx.doi.org/10.1021/bi00396a004
http://www.ncbi.nlm.nih.gov/pubmed/2962631
http://dx.doi.org/10.1006/jmbi.2000.3680
http://www.ncbi.nlm.nih.gov/pubmed/10772861
http://dx.doi.org/10.1074/jbc.272.4.2342
http://www.ncbi.nlm.nih.gov/pubmed/8999943

	Laminin Receptor 37/67LR Regulates Adhesion and Proliferation of Normal Human Intestinal Epithelial Cells
	Introduction
	Materials and Methods
	Antibodies and reagents
	Tissues
	Indirect immunofluorescence staining
	HIEC cell culture
	RNA interference and transfection
	RNA extraction and RT-PCR
	Real-time RT-PCR quantification analyses
	Western blotting analyses
	Epithelial-stromal dissociation
	Cellular fractionation
	BrdU incorporation assays
	Cell-cycle progression analysis by laser scanning cytometry
	Bioactive surface preparation and cell adhesion assay
	Blocking experiments
	Statistical analysis

	Results
	In situ distribution of 37/67LR in the human small intestinal mucosa
	Proliferative Human Intestinal Epithelial Crypt Cells Express 37/67LR In Vitro
	Knockdown of 37/67LR expression under conditions that do not affect protein translation
	Reduction of 37/67LR expression inhibits cell proliferation in G1
	Reduction of 37/67LR expression inhibits LM-111 (YIGSR)-dependent cell adhesion
	Functional blocking of the 37/67LR inhibits cell proliferation

	Discussion
	Acknowledgements
	Author Contributions
	References


