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Abstract: Intestinal epithelial self-renewal is tightly regulated by signaling pathways controlling
stem cell proliferation, determination and differentiation. In particular, Wnt/β-catenin signaling
controls intestinal crypt cell division, survival and maintenance of the stem cell niche. Most colorectal
cancers are initiated by mutations activating the Wnt/β-catenin pathway. Wnt signals are transduced
through Frizzled receptors and LRP5/LRP6 coreceptors to downregulate GSK3β activity, resulting in
increased nuclear β-catenin. Herein, we explored if LRP6 expression is required for maintenance
of intestinal homeostasis, regeneration and oncogenesis. Mice with an intestinal epithelial cell-
specific deletion of Lrp6 (Lrp6IEC-KO) were generated and their phenotype analyzed. No difference
in intestinal architecture nor in proliferative and stem cell numbers was found in Lrp6IEC-KO mice
in comparison to controls. Nevertheless, using ex vivo intestinal organoid cultures, we found
that LRP6 expression was critical for crypt cell proliferation and stem cell maintenance. When
exposed to dextran sodium sulfate, Lrp6IEC-KO mice developed more severe colitis than control mice.
However, loss of LRP6 did not affect tumorigenesis in ApcMin/+ mice nor growth of human colorectal
cancer cells. By contrast, Lrp6 silencing diminished anchorage-independent growth of BRaf V600E-
transformed intestinal epithelial cells (IEC). Thus, LRP6 controls intestinal stem cell functionality and
is necessary for BRAF-induced IEC oncogenesis.
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1. Introduction

Intestinal stem cells, located at the base of intestinal crypts, play a central role in the
establishment and maintenance of the intestinal epithelium. These cells undergo asym-
metric division leading to migration and differentiation along the intestinal crypt axis [1].
Thus, the intestinal epithelium self-renewal is tightly regulated by interacting intracellular
signaling pathways controlling stem and progenitor cell expansion and differentiation. In
particular, the Wnt/β-catenin pathway controls proliferation and survival and is required
for the maintenance of intestinal stem cells. In the absence of Wnt ligand, β-catenin is
destabilized by a destruction complex composed of casein kinase 1 alpha (CK1α), GSK3β,
Axin and adenomatous polyposis coli (APC) proteins. β-catenin binds to the destruction
complex and is phosphorylated by CK1α and then by GSK3β, which marks β-catenin for
ubiquitin-mediated degradation by the proteasome [2]. Wnt, its receptor and co-receptors
LRP5/LRP6 form a trimeric complex which recruits the scaffold protein Dishevelled (DVL)
and Axin, inducing LRP5/LRP6 aggregation. These aggregates promote phosphorylation
of LRP5/LRP6 by CK1γ and GSK3β, releasing β-catenin. β-catenin then accumulates
into the cytosol and translocates into the nucleus to interact with nuclear DNA-binding
T-cell factor (TCF) and lymphoid enhancer-binding protein (LEF), forming a functional
transcription factor promoting target gene expression.
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The coreceptors LRP5 and LRP6 are type I single-span transmembrane proteins with a
short intracellular domain containing five PPS/TP repeats sites which become phosphory-
lated upon Wnt activation. In fact, LRP5/6 phosphorylation is necessary for downstream
β-catenin stabilization and signaling activity [2]. In this regard, mice lacking the coreceptor
LRP6 die at birth, indicating that LRP6 plays a crucial role in tissue development and
homeostasis [3,4]. Interestingly, the closely related paralog LRP5 can compensate for the
loss of LRP6, as observed during murine intestinal development [5].

Most colorectal cancers (CRC) are initiated by mutations activating the Wnt/β-catenin
pathway, commonly in the APC gene [6]. Notably, LRP6 expression and phosphory-
lation are increased in sporadic colorectal tumors, correlating with poor prognosis for
patients [7–9]. Interestingly, LRP6 phosphorylation and β-catenin transcriptional activ-
ity are also both induced by oncogenic KRAS or BRAF signaling in intestinal epithelial
cells (IEC) [7], suggesting that LRP6 phosphorylation may also be involved in colorectal
carcinogenesis induced by KRAS and BRAF oncogenes.

Herein, we analyzed the role of LRP6 in intestinal epithelial homeostasis, inflammation
and oncogenesis. For that purpose, we used a conditional knockout approach in mice to
eliminate a specific gene (herein LRP6) only in a specific organ (herein intestinal epithelium).
Mice are actually very useful in studying such biological processes that have been conserved
during the evolution of rodent and primate lineages [10]. Indeed, genomic analyses have
revealed important genetic homologies between mouse and human species [11]. Mice with
an intestinal epithelial cell-specific deletion of Lrp6 (Lrp6IEC-KO) were therefore generated
and their intestinal phenotype analyzed. We show that LRP6 is required to maintain the
regenerative abilities of intestinal stem cells, thereby protecting the murine epithelium
against DSS-induced mucosal damage and inflammation. As expected, LRP6 is dispensable
for adenoma formation in ApcMin/+ mice and for growth of human CRC cells in culture.
However, LRP6 is hyperphosphorylated in KRAS- and BRAF-mutated human CRC cells
and important for growth of BRaf V600E-transformed IEC.

2. Materials and Methods
2.1. Antibodies and Reagents

Primary antibodies were obtained from the following sources: β-actin (MAB1501R)
and phosphorylated ERK1/2 (M8159) from Millipore Sigma (Oakville, ON, Canada), ERK2
(sc-154) from Santa Cruz Biotechnology (Santa Cruz, CA, USA), non-phospho (active) β-
catenin (D13A1), LRP5 (D80F2), LRP6 (C5C7), LRP6 (C47E12) and phospho-LRP6 (Ser1490)
from Cell Signaling Technology (Danvers, MA, USA) and β-catenin (C14) and BrdU (B44)
from BD Biosciences (San Jose, CA, USA). Horseradish peroxidase antibodies were obtained
from GE Healthcare Life Sciences (Mississauga, ON, Canada) and alkaline phosphatase-
conjugated antibodies from Promega Corporation (Madison, WI, USA). The specific ERK
inhibitor SCH772984 was obtained from Cayman Chemical Company (Ann Arbor, MI,
USA). Recombinant mouse Wnt3a was obtained from Abcam (Cambridge, MA, USA).
Other materials were purchased from Millipore Sigma unless stated otherwise.

2.2. Cell Culture

Human CRC cell lines HCT116 (CCL-247, ATCC, Manassas, VI, USA) and HT-29
(HTB-38, ATCC) were maintained in McCoy’s 5A supplemented with 5% FBS (Wisent,
Saint-Bruno, QC, Canada). SW48 (CCL-231, ATCC) and Caco-2/15 cell lines (A. Quaroni,
Cornell University, Ithaca, NY, USA) were maintained in DMEM (Wisent) containing
10% FBS. IEC6 BRAFV600E:ER cells [12] were cultured in DMEM without phenol red
supplemented with 5% charcoal-stripped FBS (Wisent).

2.3. Mice

C57BL/6 12.4KbVilCre transgenic mice were provided by D. Gumucio (University
of Michigan, Ann Arbor, MI, USA). Lrp6loxP/loxP and C57BL6/J-ApcMin/+ mice were pur-
chased from Jackson Laboratory. Lrp6loxP/loxP; Villin-Cre mice (Lrp6IEC-KO) were compared
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to Lrp6loxP/+ or Lrp6loxP/loxP control mice. For tumor initiation experiments, Lrp6loxP/loxP;
Villin-Cre; ApcMin/+ mice were compared to Lrp6loxP/+; ApcMin/+ or Lrp6loxP/loxP; ApcMin/+

control mice. Genomic DNA was extracted from tissue by digestion in 25 mM NaOH/0.2 mM
EDTA heated at 95 ◦C for 1 h followed by addition of an equal volume of 40 mM Tris-HCl
(pH 5.5). Genotyping primer sequences and PCR conditions are available upon request.
Experiments were approved by the Animal Research Ethics Committee of the Univer-
sité de Sherbrooke (FMSS-399-18B) in accordance with the Canadian Council on Animal
Care standards.

2.4. Colitis Induction with DSS and Clinical Evaluation

Ten to twelve-week-old Lrp6IEC-KO mice and control littermates were administered
dextran sodium sulfate 1.75–2% (DSS, colitis grade; MP Biomedicals, Solon, OH, USA) in
drinking water for 7 days. Clinical parameters (weight loss, rectal bleeding and diarrhea)
were monitored every day. The disease activity index (DAI) was measured at euthanasia at
day 7 [13]. Histological damage scoring was assessed on hematoxylin and eosin-stained
longitudinal sections from the entire colon length based on the destruction of normal
mucosal architecture, presence and degree of cellular infiltration, extent of muscle thick-
ening, presence or absence of crypt abscesses and the presence or absence of goblet cell
depletion, as described in the supplementary Table S1. Clinical scorings were performed in
a blinded manner.

2.5. Macroadenoma Count, Histological Staining, Immunofluorescence and Immunohistochemistry

Polyps were stained with methylene blue and visualized under an SZ51 stereomi-
croscope (Olympus, Tokyo, Japan). Polyp sizes were measured with a digital caliper
(Thermo Fisher Scientific, Waltham, MA, USA) and polyp numbers were counted from
the duodenum to the rectum. For BrdU staining, mice were injected with BrdU (10 µL/g
of body weight; Thermo Fisher Scientific) 90 min before euthanasia. Tissues were fixed
with paraformaldehyde 4%, paraffin-embedded, sectioned and stained [14]. Immunohisto-
chemistry staining was performed with the EnVision+System Kit (Dako, Burlington, ON,
Canada). Slides were visualized with a NanoZoomer slide scanner and NDP.view2 soft-
ware (Hamamatsu, Boston, MA, USA). Cell counts were performed on well-oriented crypts
in a blinded manner.

2.6. Enteroids

Crypts were isolated from the jejunum of 8- to 12-week-old mice [15]. Jejunum was
opened longitudinally and rinsed with cold PBS. The intestine was then cut into pieces of
approximately 5 mm and fragments washed with PBS multiple times by stirring in a 50 mL
conical tube. Intestinal fragments were transferred into a new 50 mL conical tube containing
20 mL of 30 mM EDTA in PBS and incubated for 5 min on ice. EDTA was replaced followed
by a 20 min incubation on ice with gentle stirring. EDTA was then replaced with 40 mL of
PBS and the tube was shaken vigorously until dissociated crypts were visualized in the
solution under a microscope. Residual villi were removed by filtering the solution through
a 70 µm cell strainer with crypts going through as opposed to residual villi being retained by
the filter. Crypts were then centrifuged at 150× g for 5 min, crypt pellet was washed twice
with 25 mL of Advanced DMEM/F-12 medium, resuspended in phenol red free Matrigel
basement membrane (Corning, Glendale, AZ, USA) and plated in a 48-well plate (Corning
Costar) (20 µL/well). Enteroids were cultured in Advanced DMEM/F-12 culture medium
(Gibco, Waltham, MA, USA) supplemented with 1 mM N-acetylcysteine, 50 ng/mL murine
EGF (Life Technologies, Waltham, MA, USA), B27 supplement 1× and N2 supplement
1× (Life Technologies), 10% R-spondin and 10% Noggin-conditioned media. Noggin-Fc
and R-spondin 1-Fc were produced in HEK293T cell lines stably expressing R-spondin
1-Fc (C. Kuo, Stanford University, Stanford, CA, USA) or Noggin-Fc (G. R. van den Brink,
Hubrecht Institute, Utrecht, The Netherlands). Phase contrast images were taken using a
Celldiscoverer 7 live Imaging Station equipped with ZEN software (Carl Zeiss, Toronto, ON,
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Canada). Enteroid proliferation was evaluated with the Click-it 5-Ethynyl-2′-deoxyuridine
(EdU) Alexa Fluor 555 imaging kit (Thermo Fisher Scientific) and visualized with an LSM
Olympus FV1000 confocal microscope equipped with FV10-ASW 3.1 software (Olympus;
Coopersburg, PA, USA).

2.7. Western Blot Analysis

Proteins from scraped intestinal mucosal enrichments were isolated in chilled RIPA
buffer. Proteins from cell lines were extracted in chilled Triton X-100 buffer. After a 30 min
incubation at 4 ◦C, samples were sonicated (15%, 10 s). Proteins extracts quantified with
the PierceTM BCA protein assay (Thermo Fisher Scientific) were diluted in Laemmli buffer
(62.5 mM Tris-HCl (pH 6.9), 2% sodium dodecyl sulfate, 1% β-mercaptoethanol, 10%
glycerol, and 0.04% bromophenol blue) before Western blot analysis.

2.8. RNA Extraction and qRT–PCR

RNA was isolated from scraped jejunum mucosa and enteroids with the RNeasy
minikit (Qiagen, Toronto, ON, Canada). RT-PCR was performed using the Transcriptor re-
verse transcriptase with random hexamer primers (Roche Diagnostics, Laval, QC, Canada).
Quantitative polymerase chain reaction (qPCR) was performed by the RNomics Platform
at Université de Sherbrooke. Target expression was quantified relative to Pum1, Psmc4 and
Tbp expression. PCR conditions and primer sequences are available upon request.

2.9. LRP6 Silencing

LRP6 expression was silenced in human colorectal cancer cell lines with inducible
small hairpin RNA (shRNA) plasmids containing 21-mer shRNA sequences targeting the
human LRP6 gene, in the Tet-pLKO-puro plasmid (plasmid #21915, Addgene, Watertown,
MA, USA) [16]. A noneffective 21-mer-non-target shRNA plasmid was used as a con-
trol [17]. ShRNA expression was induced in stable cell populations with medium contain-
ing 50 ng/mL doxycycline. LRP6 expression was silenced in IEC6 BRAFV600E:ER cells with
small hairpin RNA (shRNA) plasmids containing 29-mer shRNA sequences targeting the
rat Lrp6 gene [7]. A noneffective 29-mer-scrambled shRNA cassette in the pGFP-V-RS vec-
tor (OriGene Technologies, Rockville, MD, USA) was used as a control. IEC6 BRAFV600E:ER
cells were infected with control or Lrp6-shRNA lentiviruses and selected with puromycin
(1 µg/mL).

2.10. Soft Agar Assay

Inducible shRNA cell lines were treated with 50 ng/mL doxycycline 48 h before seed-
ing. Cells were counted using a hemocytometer and 30,000 (SW48) or 10,000 cells (HCT116)
were seeded in 0.7% agarose type VII [18] and cultured in media containing 50 ng/mL doxy-
cycline and 10% FBS. Untransfected or shRNA-expressing IEC6 BRAFV600E:ER cells were
treated with 250 nM 4OH-Tamoxifen (Cayman Chemical) 16 h before seeding 30,000 cells
per well in 0.7% agarose type VII and continuous culturing in media containing 250 nM
4OH-Tamoxifen. Cells were grown for 14 (HCT116), 21 (SW48) or 21 to 35 days for
IEC6 BRAFV600E:ER cells. Colonies were stained with 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) added to wells for 4 h at 37 ◦C. Images were ac-
quired using an Infinity VX2 1100/26MX Imaging System (Vilber Lourmat, Marne-la-Vallée,
France). Colony number and size were assessed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA).

2.11. Clonogenic Assay

Inducible shRNA cell lines were treated with 50 ng/mL doxycycline 48 h before
seeding. Approximately 1000 cells were seeded into six-well plates and cultured in media
containing 50 ng/mL doxycycline for 14 days. Colonies were then stained with a PBS
solution containing 0.05% crystal violet, 1% formaldehyde and 1% methanol. Phase contrast
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images were taken with a Zeiss Cell Discoverer 7 live Imaging Station equipped with ZEN
software. Colonies were counted using ImageJ software.

2.12. Statistical Analyses

Assays were carried out at least in triplicate. Results are representative of three
independent experiments if not stated otherwise. Data were analyzed with Student’s t-test
for populations following a normal curve or Mann–Whitney U test in other cases. Results
were considered statistically significant at p ≤ 0.05. Graphs and statistics were generated
using GraphPad Prism software (Prism, San Diego, CA, USA).

3. Results
3.1. Lrp6 Deletion Does Not Alter Intestinal Architecture and Homeostasis but Impairs Wnt Target
Gene Expression

To address the importance of LRP6 in intestinal development and architecture, we
bred Lrp6loxP/loxP mice with Villin-Cre mice that express the Cre recombinase in intestinal
epithelial cells [19] leading to specific loss of LRP6 expression in these cells (Figure 1A).
Because LRP6 is a co-receptor involved in the activation of the Wnt/β-catenin signaling
pathway, we verified the activation status of this pathway by analyzing the levels of to-
tal and activated β-catenin protein. As shown in Figure 1A, total and active β-catenin
levels were not significantly different in mutant and control mucosae. Although we did
not observe a difference in β-catenin expression levels, we cannot exclude that subtle
changes might occur in its transcriptional activity. We therefore analyzed the expression
levels of Wnt/β-catenin target genes. Intriguingly, while Cd44, Sox9 and Ascl2 gene ex-
pression remained unaffected by loss of epithelial LRP6, Axin2, Lgr5 and EphB3 gene
expression was significantly decreased in Lrp6IEC-KO mucosal enrichments (Figure 1B).
Histological analyses of Lrp6IEC-KO mouse jejunal sections revealed, however, no differ-
ence in intestinal architecture, villus length, crypt depth and proliferation in comparison
to control littermates (Figure 1C,D). No histological change was observed in the colonic
epithelium as well (Figure S1A,B). Expression levels of genes encoding mucin 2, lysozyme
and sucrase-isomaltase, the main markers of goblet, Paneth and absorptive differentiated
cells, respectively, were also comparable between control and mutant mice (Figure 1E). The
decreased expression of Lgr5 in Lrp6 KO mucosal enrichments suggests a change in the
number of active cycling stem cells, also named crypt base columnar (CBC) cells. We there-
fore performed immunohistochemistry against OLFM4, a robust marker for these cells. As
shown in Figure 1F, similar numbers of OLFM4-positive cells were found in Lrp6IEC-KO and
control mice. Thus, while loss of LRP6 in intestinal epithelial cells reduced the expression
of some Wnt target genes, including the stem cell marker Lgr5, it was not sufficient to
perturb homeostatic maintenance of the intestinal epithelium under normal conditions.

3.2. LRP6 Expression Is Required for Ex Vivo Intestinal Crypt Regeneration

Since the expression of some Wnt target genes is reduced upon Lrp6 deletion, we
next examined the regenerative abilities of intestinal stem cells by preparing enteroids
from control and Lrp6IEC-KO mice. Notably, development of Lrp6IEC-KO enteroids was
compromised in comparison to control enteroids. Indeed, the number of protrusions was
significantly reduced in enteroids lacking Lrp6 expression (Figure 2A). Three days after
seeding, proliferation of Lrp6-deficient enteroids was significantly decreased in comparison
to control enteroids, as visualized by a reduced number of EdU-positive cells (Figure 2B).
After 5 days, Lrp6-deficient enteroids degenerated and died (Figure 2C) and increased
expression of the pro-apoptotic Noxa gene was noticed (Figure 2D). To examine the effect
of Lrp6 deletion on Wnt signaling in enteroids, we determined the mRNA expression level
of Wnt target stem cell genes by quantitative RT-PCR. There was a significant reduction in
the expression of Axin2, Lgr5, Ascl2 and Cd44 in Lrp6IEC-KO enteroids, 3 days after seeding
(Figure 2E). Since LRP5 expression was also detected in enteroids (Figure 2F), we tested the
ability of exogenous Wnt3a to rescue the growth defect observed in Lrp6IEC-KO enteroids.
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As shown in Figure S2A,B, Lrp6-deficient enteroids still degenerated and died despite
the addition of Wnt3a to culture medium. These results suggest that LRP6 is much more
important than LRP5 for the control of intestinal stem cell renewal and crypt regeneration,
at least ex vivo.
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Figure 1. Loss of LRP6 expression affects Wnt target gene expression without altering intestinal archi-
tecture. (A) LRP6 and β-catenin expression was analyzed in 12-week-old murine small IEC-enriched
lysates by Western blot. (B) β-catenin target gene expression was evaluated by qPCR of IEC-enriched
RNA (n ≥ 5). (C) Villus length and crypt depth were determined on H&E-stained jejunal sections
(n ≥ 8). Bars: 100 µm. (D) Proliferation was assessed after BrdU immunohistochemistry on mutant
and control jejunal sections (n = 9). Bars: 50 µm. (E) The expression of mucin 2 (Muc2), lysozyme
(Lyz1) and sucrase-isomaltase (Sis), the main markers of goblet, Paneth and absorptive cells, respec-
tively, was evaluated by qPCR on IEC-enriched RNA (n ≥ 8). (F) OLFM4 immunohistochemistry was
performed on 12-week-old control and Lrp6IEC-KO jejunal sections (n ≥ 7) to visualize intestinal stem
cells. Bars: 50 µm. Data are expressed as mean ± SEM. Mann–Whitney U test * p ≤ 0.05, ** p ≤ 0.01.
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Figure 2. Loss of LRP6 expression impairs enteroid development. (A) Phase contrast images of
enteroids 1, 3 and 5 days after seeding. Bars: 50 µm. Protrusions per enteroid were counted
5 days after seeding. The average of 6 independent experiments, each with at least 40 organoids, is
summarized in the graph. Chi-square, *** p ≤ 0.001. (B) Enteroid proliferation was evaluated 3 days
after seeding by EdU incorporation and immunofluorescence to evaluate the ratio of proliferative
cells per protrusion. The average of 4 independent experiments, each with at least 8 protrusions,
is summarized in the graph. Bars: 50 µm. Unpaired t-test, * p ≤ 0.05. (C) Enteroid viability was
determined 5 days after seeding by phase contrast microscopy. The average of 3 independent
experiments, each with at least 50 organoids, is summarized in the graph. Unpaired t-test, * p ≤ 0.05.
(D,E) Noxa, Ascl2, Lgr5, Axin2 and Cd44 expression was evaluated by qPCR by comparing mutant and
control enteroid RNA isolated 3 days after seeding (n ≥ 3). Unpaired t-test, * p ≤ 0.05. (F) Enteroid
LRP6 and LRP5 expression was analyzed by Western blot 3 days after seeding. Data are expressed as
mean ± SD.
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3.3. Lrp6IEC-KO Mice Are More Sensitive to DSS-Induced Epithelial Damage and Colitis

We next evaluated the susceptibility of control and Lrp6IEC-KO mice to develop colonic
inflammation in response to dextran sodium sulfate (DSS) administration. As shown in
Figure 3A,B, DSS administration induced acute colitis in control mice after 7 days, as shown
by significant weight loss, diarrhea and occasional bleeding, resulting in a relatively high
Disease Activity Index (DAI). Interestingly, Lrp6IEC-KO mice exhibited more weight loss
and significantly higher DAI associated with more severe diarrhea, rectal bleeding and
bloody stools. Hematoxylin and eosin staining was also performed on colonic tissue to
score damage according to the extent of mucosal architecture destruction, the presence
of cellular infiltration, crypt abscesses, goblet cell depletion and the extent of muscle
thickening; typical alterations observed during colitis. As shown in Figure 3C,D, Lrp6IEC-KO

mice exhibited a significantly higher histological score than control mice, indicating that
Lrp6IEC-KO intestinal mucosa was more affected following DSS treatment.
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Figure 3. Lrp6IEC-KO mice are more sensitive to DSS-induced colitis. Ten- to twelve-week-old
Lrp6IEC-KO and control mice were treated with 1.75–2% DSS in water for 7 days. (A) Body weight
was measured every day (n = 18). (B) Disease activity index of Lrp6IEC-KO and control mice was
calculated by scoring stool softness, occult fecal blood, rectal bleeding and colon rigidity at euthanasia
(n≥ 15). (C,D) H&E staining was performed on Lrp6IEC-KO and control colon tissues to score damage
(C) according to the extent of mucosal architecture destruction, immune cell infiltration, goblet cell
depletion, muscle thickening and crypt abscesses (n ≥ 15). Bars: 200 µm. Data are expressed as mean
± SEM. Mann–Whitney U test, * p ≤ 0.05.

3.4. LRP6 Is Dispensable for Adenoma Formation in ApcMin/+ Mice and for Growth of Human
Colorectal Cancer Cells

Because initiation of most colorectal cancers (CRC) is often due to activating muta-
tions in Wnt/β-catenin signaling, we verified the role of LRP6 in ApcMin/+ mice, which
are heterozygous for an Apc mutation frequently found in human CRC, and which spon-
taneously develop intestinal adenomas [20]. Lrp6IEC-KO mice were crossed with ApcMin/+

mice and intestinal tumor load was analyzed after 3 months. Unexpectedly, the absence
of LRP6 did not significantly affect tumor development in ApcMin/+ mice (Figure 4A,B).
We next assessed the role of LRP6 in two established human CRC cell lines exhibiting
activated Wnt signaling, namely HCT116 (CTNNB1 mutation) and SW48 (APC mutation)
cells, by using a doxycycline-inducible shRNA expression vector targeting LRP6 mRNA, to
knockdown LRP6 protein expression. LRP6 knockdown (Figure 4C) was not sufficient to
alter clonogenic potential nor anchorage-independent growth of HCT116 and SW48 cancer
cells (Figure 4D–F).
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Figure 4. Role of LRP6 in adenoma formation and growth of colorectal cancer cells. (A) Polyp number was counted in
12-week-old Lrp6loxP/loxP; Villin-Cre; ApcMin/+ small intestines compared to controls (Lrp6loxP/+; ApcMin/+ or Lrp6loxP/loxP;
ApcMin/+) (n ≥ 5). (B) Small intestinal polyp size (diameter) was analyzed in Lrp6loxP/loxP; Villin-Cre; ApcMin/+ and control
mice (n ≥ 5). (C) Expression of a shRNA against LRP6 (shLRP6) or a non-target shRNA (shCTRL) was induced with
50 ng/mL doxycycline for 48 h in HCT116 and SW48 cells. Loss of LRP6 expression was determined by Western blot.
(D) shLRP6 or shCTRL expression was induced with 50 ng/mL doxycycline 48 h before seeding cells at low density for
clonogenic assays. Cells grown for 14 days were stained with crystal violet and colonies counted. Three independent
experiments are summarized in the graph. (E,F) shLRP6 or shCTRL expression was induced with 50 ng/mL doxycycline
48 h before soft agar seeding. HCT116 cells were grown for 14 days and SW48 cells for 21 days in soft agar before MTT
staining. The number of colonies (E) and their size (F) were evaluated. Three independent experiments are summarized in
the graph. Data are expressed as mean ± SD. Paired t-test.
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3.5. ERK-Dependent Phosphorylation of LRP6 in KRAS- and BRAF-Mutated Colorectal Cancer
Cells—A Role for LRP6 in BRAF-Induced Intestinal Oncogenesis

Previously, we reported that oncogenic KRAS and BRAF signaling in rodent intestinal
epithelial cells (IEC-6 cells) activates the Wnt/β-catenin pathway by increasing LRP6 phos-
phorylation [7]. Accordingly, treatment of KRAS (HCT116) and BRAF (HT-29)-mutated
human CRC cells with the ERK1/2 inhibitor, SCH7729846, reduced LRP6 phosphorylation
on serine 1490, a residue required for Wnt signal transduction. Interestingly, LRP6 phos-
phorylation was not or only barely affected by the SCH7729846 inhibitor in KRAS and
BRAF wild-type CRC cells (Caco-215 or SW48) (Figure 5A). These data suggest that
LRP6 phosphorylation may be instrumental for oncogenesis induced by abnormal ERK
signaling. We therefore knocked down LRP6 expression in IEC-6 cells transformed by
the 4-hydroxytamoxifen-inducible BRAFV600E:ER fusion protein (Figure 5B). As shown
in Figure 5C, LRP6 silencing clearly reduced the ability of oncogenic BRAF to induce
anchorage-independent growth in IEC-6 cells.
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Figure 5. LRP6 phosphorylation contributes to BRAF-induced intestinal oncogenesis. (A) KRAS-
mutated HCT116, BRAF-mutated HT-29, KRAS and BRAF wild-type Caco-2/15 and SW48 cells were
treated with SCH772984 (1 µM) or DMSO for 1 and 6 h. Protein expression and phosphorylation
were analyzed by Western blot. (B) Loss of LRP6 expression was determined by Western blot in IEC-
6 cells expressing the inducible BRAFV600E:ER fusion protein, and shRNA against Lrp6 (shLrp6) or a
control shRNA (shCtrl) and compared to non-transfected cells. (C) IEC6 BRAFV600E:ER cells stably
expressing shLrp6, shCtrl or that were non-transfected were treated with 250 nM 4OH-tamoxifen
16 h before soft agar seeding. Cells were grown for 3 to 5 weeks in soft agar before MTT staining and
colony counting. Three independent experiments are summarized in the graph. Data are expressed
as mean ± SD. Paired t-test, ** p ≤ 0.01.

4. Discussion

Although LRP6 is involved in Wnt/β-catenin signal transduction, its role in the
maintenance of intestinal homeostasis remains unclear [5]. Herein, we demonstrated
that IEC-specific Lrp6 deletion in mice does not affect intestinal development nor crypt
cell proliferation and differentiation. Because the maintenance of Wnt signaling in the
intestinal epithelium is absolutely required to maintain homeostasis, total and active
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β-catenin expression was analyzed as a readout of Wnt pathway activation. Levels of
total and active β-catenin proteins remained similar between control and Lrp6-deficient
mucosae. Nonetheless, expression of some Wnt target genes, namely Lgr5, Axin2 and
Ephb3, was decreased in Lrp6IEC-KO mice, suggesting that intestinal crypt cells might be
somehow less responsive to Wnt stimulation in the absence of the LRP6 protein. One
of the reduced genes, Lgr5, was previously recognized as a marker of active cycling
stem cells, located at the crypt base of the crypt–villus axis, and whose self-renewal is
dependent on Wnt signaling. Hence, impaired activation of Wnt pathway activation may
result in decreased LGR5-positive active stem cell numbers, as observed after β-catenin
deletion in the murine intestinal epithelium [21]. However, immunohistochemistry against
OLFM4 protein, a robust marker for these stem cells [1], indicates that Lrp6IEC-KO and
control crypts retain similar numbers of active stem cells. Additionally, expression of
Ascl2, a Wnt-responsive master transcription factor that controls LGR5-positive intestinal
stem cell gene expression programs [22], remains unaffected without LRP6 in the murine
intestinal epithelium. Thus, although Lgr5 gene expression is reduced, the number of
actively cycling stem cells and proliferative cells in Lrp6-deficient intestinal crypts remain
comparable to what is observed in control crypts. This could be at least explained by the
fact that LRP5, a LRP6 ortholog, is also expressed in murine crypt epithelial cells. Indeed,
LRP5 and LRP6 can play compensatory functions as reported during murine intestinal
epithelial development [5]. A modest increase in LRP5 protein expression was observed
in Lrp6IEC-KO intestines in comparison to controls (Figure S3A). This slight LRP5 increase
could be sufficient to sustain enough Wnt signaling and maintain intestinal homeostasis
and renewal in mice. Alternatively, additional factors such as fibroblast growth factors
(FGF2 and FGF9) [23], glucagon-like pertide-2 [24], heparin-binding epidermal growth
factor-like growth factor [25] and epidermal growth factor (EGF) [26] have been also shown
to stimulate β-catenin signaling in intestinal crypts and thus, could compensate for the
absence of LRP6 for the maintenance of intestinal homeostasis.

Interestingly, Lrp6IEC-KO jejunal crypt enteroids showed hindered proliferation and
died a few days after seeding, probably by increased apoptosis, as suggested by the
increased expression of the pro-apoptotic gene Noxa. Decreased Lrp6-deficient enteroid pro-
liferation and viability may be due to Wnt signaling inhibition in stem and progenitor cells,
as revealed by the substantially decreased expression of the Wnt target genes Lgr5, Ascl2,
Axin2 and Cd44. Additionally, Olfm4 was also significantly decreased in Lrp6-deficient
enteroids. Decreased expression of Olfm4, Ascl2 and Lgr5 strongly indicates that function-
ality of active stem cells in enteroids was impaired in the absence of LRP6. Since such
alterations were not observed in vivo, one could speculate that underlying mesenchymal
niche cells likely maintain stem cell homeostasis in Lrp6IEC-KO mice. Moreover, our findings
are reminiscent of those observed with Math1- and Wnt3-inducible-IEC-KO mouse models.
While no alteration in stem cell numbers and Wnt signaling, as assessed by measuring
active β-catenin levels, was observed in vivo, enteroids derived from these KO mice could
not grow [27,28]. Of note, MATH1 is an essential driver of differentiation of secretory cells,
including Paneth cells, which produce growth factors such as EGF, Notch and Wnt3, which
collectively promote the growth and maintenance of LGR5-positive stem cells. Therefore,
the absence of MATH1, specifically in intestinal epithelial cells, leads to crypt enteroid
growth arrest, resulting from the inhibition of Paneth cell differentiation and of the pro-
duction of growth factors, especially Wnt3 [28]. Thus, these studies have revealed that
Paneth cell-secreted Wnt3 is not the only niche factor involved in stem cell maintenance
in vivo, suggesting that redundant Wnt signals exist in mice to ensure intestinal homeosta-
sis. Indeed, intestinal stromal cells act as important regulators of the stem cell niche, by
producing and secreting several Wnt factors, notably Wnt2b and Wnt4 [29–33]. Although
Wnt2b or Wnt4 gene expression was not modulated in Lrp6IEC-KO intestines (Figure S3B),
other mesenchymal-derived growth factors may contribute to the maintenance of intestinal
homeostasis in Lrp6IEC-KO mice, as described above. That being said, Lrp6IEC-KO enteroids
continued to degenerate and die despite the addition of Wnt3a (Figure S2), indicating that



Cells 2021, 10, 1792 12 of 15

LRP6, but not LRP5, is required for Wnt signaling transduction in intestinal crypt cells.
Likewise, LRP6 has been reported to be much more potent than LRP5 in activating Wnt
signaling in other cell types [34,35].

A variant of the human LRP6 gene was recently found to be frequently expressed
in early onset ileal Crohn’s Disease, a chronic intestinal inflammatory disorder [36]. We
therefore analyzed the sensitivity of Lrp6IEC-KO mice to intestinal inflammation. Even
though no difference in Lrp6IEC-KO colons was observed compared to controls in basal
conditions (Figure S1A–C), DSS-treated Lrp6IEC-KO mice displayed increased DAI and more
severe mucosal histological damage than control mice. The mechanisms explaining this in-
creased susceptibility to colitis in the absence of Lrp6 still need to be determined. However,
although LRP6 was dispensable for the maintenance of intestinal homeostasis under home-
ostatic conditions, LRP6 may be important to ensure adequate intestinal mucosal recovery
through crypt regeneration, following epithelial damage. Indeed, histological analysis of
Lrp6-deficient colonic mucosae after DSS treatment revealed the presence of large areas
still denuded of epithelium, as opposed to DSS-treated control mice. Increased epithelial
cell proliferation is necessary to allow intestinal mucosal recovery after DSS-induced in-
jury [37]. In this regard, IBD patient mucosa exhibits enhanced epithelial proliferation,
which decreases during resolution of inflammation [38]. Altogether, these data suggest
that, by promoting crypt regeneration, LRP6 may protect the intestinal epithelium against
damage and inflammation.

Most CRC develop via adenomatous polyps initiated by mutations activating the
Wnt/β-catenin pathway, commonly in the adenomatous polyposis coli (APC) gene, or
less frequently in the β-catenin (CTNNB1) gene. Interestingly, LRP6 overexpression in
CRC cells activates Wnt/β-catenin signaling and cell migration [9]. However, whether
LRP6 expression contributes to Wnt signaling and CRC tumoral properties, especially
in CRC with APC or β-catenin mutations, remains unclear. Chen and He (2019) did
not observe changes in Wnt signaling activation in APC-deficient CRC cells after Lrp6
knockout by CRISPR/Cas9 genome editing [39]. In contrast, Saito-Diaz et al. (2018)
demonstrated that LRP6 knockdown in CRC cells, even those exhibiting APC mutations,
significantly reduced Wnt signaling [40] and this was recently confirmed by single cell
analyses of endogenous β-catenin levels [41]. Unfortunately, in their study, Saito-Diaz et al.
(2018) did not analyze the impact of LRP6 knockdown on CRC cell growth. Herein, we
show that significantly decreased expression of LRP6 did not affect CRC cell clonogenic
potential nor ability to form colonies in soft agar. Of note, the two cell lines analyzed,
namely HCT116 and SW48 cells, exhibit mutations in CTNNB1 (β-catenin) and APC genes,
respectively. Thus, our results suggest that CRC cells harboring activating mutations in
Wnt signaling do not need LRP6 expression for their growth. Likewise, epithelial Lrp6
deletion does not affect intestinal tumor load and size in ApcMin/+ mice. Taken together,
these findings support the notion that epithelial LRP6 expression is dispensable not only for
the maintenance of intestinal homeostasis but also for tumorigenesis induced by aberrant
β-catenin signaling.

Serrated adenocarcinomas, which account for 20–30% of CRC, follow an alternative
pathway independent of APC mutations, in which serrated polyps replace traditional
adenoma as the CRC precursor lesion [42]. This pathway involves early BRAF mutations,
excess CpG island methylation and DNA microsatellite instability (MSI). Previous reports
have demonstrated that the expression of constitutively active mutants of BRAF or KRAS
in non-transformed IEC, such as IEC-6 cells, is sufficient to promote tumoral transforma-
tion [7,43]. We previously reported that expression of BRAFV600E or KRASG12D oncogenes
in IEC activates β-catenin nuclear transcriptional activity and target gene expression [7].
Notably, LRP6 was phosphorylated on serine-1490 and threonine-1572 in a MEK-dependent
manner, in IEC transformed by oncogenic KRAS or BRAF, thus providing a mechanism
integrating KRAS/MAPK and canonical Wnt/β-catenin signaling during intestinal trans-
formation. Indeed, both the serine-1490 and threonine-1572 residues are localized within
the PPPS/TP motifs of the LRP6 co-receptor, motifs required for Wnt signal transduction.
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Herein, we observed ERK-dependent LRP6 phosphorylation in human CRC cell lines
with KRAS or BRAF mutations. This suggests that LRP6 phosphorylation is involved
in oncogenic signaling induced by KRAS or BRAF mutations. However, LRP6 silencing
in HCT116 cells which harbored a KRAS mutation did not significantly alter anchorage-
independent growth nor clonogenic potential. It is important to note that, in addition to
KRAS mutation, HCT116 cells exhibit several other genetic alterations including CTTNB1
mutation, PIK3CA mutation, CIMP and microsatellite instability that may also stimulate
their growth. To circumvent this situation, we used a simpler model, namely IEC-6 stably
expressing an inducible oncogenic form of human BRAF, BRAFV600E:ER. Following stimu-
lation with 4-hydroxytamoxifen, BRAFV600E induced ERK1/2 signaling, cell transformation
and anchorage-independent growth [43]. LRP6 knockdown in this model significantly
reduced the capacity of BRAFV600E to induce colony formation in soft agar, which is a
measure of anchorage-independent growth potential correlating with tumorigenic growth
in vivo. Nonetheless, it will be important in future studies to confirm this function of
LRP6 in a more relevant model of human cancer such as patient-derived CRC organoids
(e.g., with or without BRAF mutation). Indeed, fewer genetic or epigenetic events are
required to induce a malignant transformation in murine cells compared with human
cells [10], and patient-derived tumoroids, which grow as irregular compact structures,
maintain hallmarks of the isolated CRC tumor type [44]. They thus represent a more
relevant model for drug screening in cancer [45].

5. Conclusions

In conclusion, although LRP6 does not play an essential role in the regulation of
intestinal homeostasis and Apc-induced tumorigenesis in mice, LRP6 promotes crypt
regeneration after epithelium damage and contributes to oncogenesis induced by BRAF
oncogene. Our results suggest that LRP6 could represent a novel target for colorectal
tumorigenesis associated with KRAS or BRAF mutations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10071792/s1. Table S1: Histological damage scoring description, Figure S1: Loss of
LRP6 expression does not alter colonic architecture. (A) Crypt depth was determined on H&E-
stained colonic sections from Lrp6IEC-KO mice and control littermates (n ≥ 5). Scale bars, 50 µm. (B)
Proliferative cells were observed by BrdU immunohistochemistry on colonic sections from mutant
mice compared with control littermates (n = 6). Scale bars, 50 µm. (C) Colon weight (mg), colon
length (cm) and body weight (g) were measured in 3-month-old mice (n ≥ 5). Data are expressed
as mean ± SEM. Mann–Whitney U test, Figure S2: Wnt3a does not rescue impaired Lrp6IEC-KO

enteroid development. (A) Enteroid viability was determined 5 days after seeding by phase contrast
microscopy on Lrp6IEC-KO organoids treated or not with Wnt3a (100 ng/mL) from day 1 to day 5.
The average of 3 independent experiments, each with at least 50 organoids, is summarized in the
graph. Unpaired t-test. (B) Protrusions per enteroid were counted 5 days after seeding on Lrp6IEC-KO

organoids treated or not with Wnt3a (100 ng/mL) from day 1 to day 5. The average of 3 independent
experiments, each with at least 40 organoids, is summarized in the graph. Chi-square test. Data are
expressed as mean ± SD, Figure S3: Loss of LRP6 expression impacts on other proteins implicated
in the Wnt/β-catenin pathway. (A) LRP5 expression was determined by Western blot on small
intestinal epithelial cell-enriched lysates from 12-week-old Lrp6 mutant and control mice. (B) Relative
expression level of different Wnt factors was evaluated by qPCR from small intestinal lysate RNA
of mutant mice compared to littermate controls. Data are expressed as mean ± SD. Mann–Whitney
U test.

Author Contributions: Conceptualization, J.R. and N.R.; Data curation, J.R., A.C.-B. and M.-J.L.;
Formal analysis, J.R. and M.-J.L.; Funding acquisition, N.R.; Investigation, J.R., A.C.-B., M.-J.L. and
C.L.; Methodology, J.R., M.-J.L. and N.R.; Project administration, N.R.; Resources, N.R.; Writing—
original draft, J.R.; Writing—review and editing, M.-J.L. and N.R. All authors have read and agreed
to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/cells10071792/s1
https://www.mdpi.com/article/10.3390/cells10071792/s1


Cells 2021, 10, 1792 14 of 15

Funding: This research was supported by a grant from Canadian Institutes of Health Research (CIHR,
PJT165979) to Nathalie Rivard. Jennifer Raisch holds a scholarship from the FRQS-Funded Centre de
recherche du CHUS. Nathalie Rivard is a recipient of a Canadian Research Chair in colorectal cancer
and inflammatory cell signaling.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Animal Research Ethics Committee of the Université de
Sherbrooke (protocol code: FMSS-399-18B, date of approval: 27 March 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We thank Claude Asselin for critical reading of the manuscript. We thank the
RNomics and Electron Microscopy and Histology platforms of the Université de Sherbrooke for
services. Nathalie Rivard is a member of the Fonds de la Recherche en Santé du Québec–funded
Centre de Recherche du Centre Hospitalier Universitaire de Sherbrooke.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Van Der Flier, L.G.; Clevers, H. Stem Cells, Self-Renewal, and Differentiation in the Intestinal Epithelium. Annu. Rev. Physiol.

2009, 71, 241–260. [CrossRef]
2. Takahashi, T.; Shiraishi, A. Stem Cell Signaling Pathways in the Small Intestine. Int. J. Mol. Sci. 2020, 21, 2032. [CrossRef]
3. Pinson, K.I.; Brennan, J.; Monkley, S.; Avery, B.J.; Skarnes, W.C. An LDL-receptor-related protein mediates Wnt signalling in mice.

Nat. Cell Biol. 2000, 407, 535–538. [CrossRef] [PubMed]
4. Zhou, C.J.; Yamagami, T.; Zhao, T.; Song, L.; Wang, K.; Wang, Y.-Z. Generation of Lrp6 conditional gene-targeting mouse line for

modeling and dissecting multiple birth defects/congenital anomalies. Dev. Dyn. 2009, 239, 318–326. [CrossRef] [PubMed]
5. Zhong, Z.; Baker, J.J.; Zylstra-Diegel, C.R.; Williams, B.O. Lrp5 and Lrp6 play compensatory roles in mouse intestinal development.

J. Cell. Biochem. 2012, 113, 31–38. [CrossRef]
6. Fearon, E.R.; Vogelstein, B. A genetic model for colorectal tumorigenesis. Cell 1990, 61, 759–767. [CrossRef]
7. Lemieux, E.; Cagnol, S.; Beaudry, K.; Carrier, J.; Rivard, N. Oncogenic KRAS signalling promotes the Wnt/β-catenin pathway

through LRP6 in colorectal cancer. Oncogene 2014, 34, 4914–4927. [CrossRef]
8. Rismani, E.; Fazeli, M.S.; Mahmoodzadeh, H.; Movassagh, A.; Azami, S.; Karimipoor, M.; Teimoori-Toolabi, L. Pattern of

LRP6 gene expression in tumoral tissues of colorectal cancer. Cancer Biomark. 2017, 19, 151–159. [CrossRef] [PubMed]
9. Yao, Q.; An, Y.; Hou, W.; Cao, Y.-N.; Yao, M.-F.; Ma, N.-N.; Hou, L.; Zhang, H.; Liu, H.-J.; Zhang, B. LRP6 promotes invasion and

metastasis of colorectal cancer through cytoskeleton dynamics. Oncotarget 2017, 8, 109632–109645. [CrossRef]
10. Perlman, R.L. Mouse Models of Human Disease: An Evolutionary Perspective. Evol. Med. Public Health 2016, 2016, 170–176.

[CrossRef]
11. Chinwalla, A.T.; Cook, L.L.; Delehaunty, K.D.; Fewell, G.A.; Fulton, L.A.; Fulton, R.S.; Graves, T.A.; Hillier, L.W.; Mardis, E.R.;

McPherson, J.D.; et al. Initial sequencing and comparative analysis of the mouse genome. Nature 2002, 420, 520–562. [CrossRef]
12. Bergeron, S.; Lemieux, E.; Durand, V.; Cagnol, S.; Carrier, J.C.; Lussier, J.G.; Boucher, M.-J.; Rivard, N. The serine protease inhibitor

serpinE2 is a novel target of ERK signaling involved in human colorectal tumorigenesis. Mol. Cancer 2010, 9, 1–15. [CrossRef]
13. Cooper, H.S.; Murthy, S.N.; Shah, R.S.; Sedergran, D.J. Clinicopathologic study of dextran sulfate sodium experimental murine

colitis. Lab. Investig. 1993, 69, 238–249. [PubMed]
14. Leblanc, C.; Langlois, M.; Coulombe, G.; Vaillancourt-Lavigueur, V.; Jones, C.; Carrier, J.C.; Boudreau, F.; Rivard, N. Epithelial Src

homology region 2 domain–containing phosphatase-1 restrains intestinal growth, secretory cell differentiation, and tumorigenesis.
FASEB J. 2017, 31, 3512–3526. [CrossRef] [PubMed]

15. Gonneaud, A.; Jones, C.; Turgeon, N.; Lévesque, D.; Asselin, C.; Boudreau, F.; Boisvert, F.-M. A SILAC-Based Method for
Quantitative Proteomic Analysis of Intestinal Organoids. Sci. Rep. 2016, 6, 38195 . [CrossRef] [PubMed]

16. Wiederschain, D.; Susan, W.; Chen, L.; Loo, A.; Yang, G.; Huang, A.; Chen, Y.; Caponigro, G.; Yao, Y.-M.; Lengauer, C.; et al.
Single-vector inducible lentiviral RNAi system for oncology target validation. Cell Cycle 2009, 8, 498–504. [CrossRef] [PubMed]

17. Babeu, J.-P.; Jones, C.; Geha, S.; Carrier, J.C.; Boudreau, F. P1 promoter-driven HNF4α isoforms are specifically repressed by
β-catenin signaling in colorectal cancer cells. J. Cell Sci. 2018, 131, jcs.214734. [CrossRef]

18. Bian, B.; Mongrain, S.; Cagnol, S.; Langlois, M.-J.; Boulanger, J.; Bernatchez, G.; Carrier, J.C.; Boudreau, F.; Rivard, N. Cathepsin B
promotes colorectal tumorigenesis, cell invasion, and metastasis. Mol. Carcinog. 2015, 55, 671–687. [CrossRef]

19. Madison, B.B.; Dunbar, L.; Qiao, X.T.; Braunstein, K.; Braunstein, E.; Gumucio, D.L. cis Elements of the Villin Gene Control
Expression in Restricted Domains of the Vertical (Crypt) and Horizontal (Duodenum, Cecum) Axes of the Intestine. J. Biol. Chem.
2002, 277, 33275–33283. [CrossRef]

http://doi.org/10.1146/annurev.physiol.010908.163145
http://doi.org/10.3390/ijms21062032
http://doi.org/10.1038/35035124
http://www.ncbi.nlm.nih.gov/pubmed/11029008
http://doi.org/10.1002/dvdy.22054
http://www.ncbi.nlm.nih.gov/pubmed/19653321
http://doi.org/10.1002/jcb.23324
http://doi.org/10.1016/0092-8674(90)90186-I
http://doi.org/10.1038/onc.2014.416
http://doi.org/10.3233/CBM-160175
http://www.ncbi.nlm.nih.gov/pubmed/28387660
http://doi.org/10.18632/oncotarget.22759
http://doi.org/10.1093/emph/eow014
http://doi.org/10.1038/nature01262
http://doi.org/10.1186/1476-4598-9-271
http://www.ncbi.nlm.nih.gov/pubmed/8350599
http://doi.org/10.1096/fj.201601378R
http://www.ncbi.nlm.nih.gov/pubmed/28465325
http://doi.org/10.1038/srep38195
http://www.ncbi.nlm.nih.gov/pubmed/27901089
http://doi.org/10.4161/cc.8.3.7701
http://www.ncbi.nlm.nih.gov/pubmed/19177017
http://doi.org/10.1242/jcs.214734
http://doi.org/10.1002/mc.22312
http://doi.org/10.1074/jbc.M204935200


Cells 2021, 10, 1792 15 of 15

20. Moser, A.R.; Pitot, H.C.; Dove, W.F. A dominant mutation that predisposes to multiple intestinal neoplasia in the mouse. Science
1990, 247, 322–324. [CrossRef]

21. Fevr, T.; Robine, S.; Louvard, D.; Huelsken, J. Wnt/β-Catenin Is Essential for Intestinal Homeostasis and Maintenance of Intestinal
Stem Cells. Mol. Cell. Biol. 2007, 27, 7551–7559. [CrossRef] [PubMed]

22. Yan, K.S.; Kuo, C.J. Ascl2 reinforces intestinal stem cell identity. Cell Stem Cell 2015, 16, 105–106. [CrossRef]
23. Brodrick, B.; Vidrich, A.; Porter, E.; Bradley, L.; Buzan, J.M.; Cohn, S.M. Fibroblast Growth Factor Receptor-3 (FGFR-3) Regulates

Expression of Paneth Cell Lineage-specific Genes in Intestinal Epithelial Cells through both TCF4/β-Catenin-dependent and
-independent Signaling Pathways. J. Biol. Chem. 2011, 286, 18515–18525. [CrossRef]

24. Dubé, P.E.; Rowland, K.J.; Brubaker, P.L. Glucagon-Like Peptide-2 Activates β-Catenin Signaling in the Mouse Intestinal Crypt:
Role of Insulin-Like Growth Factor-I. Endocrinology 2008, 149, 291–301. [CrossRef] [PubMed]

25. Chen, C.-L.; Yang, J.; James, I.O.; Zhang, H.-Y.; Besner, G.E. Heparin-binding epidermal growth factor-like growth factor restores
Wnt/β-catenin signaling in intestinal stem cells exposed to ischemia/reperfusion injury. Surgery 2014, 155, 1069–1080. [CrossRef]

26. Wang, L.X.; Zhu, F.; Li, J.Z.; Li, Y.L.; Ding, X.Q.; Yin, J.; Xiong, X.; Yang, H.S. Epidermal growth factor promotes intestinal secretory
cell differentiation in weaning piglets via Wnt/β-catenin signalling. Animal 2020, 14, 790–798. [CrossRef] [PubMed]

27. Durand, A.; Donahue, B.; Peignon, G.; Letourneur, F.; Cagnard, N.; Slomianny, C.; Perret, C.; Shroyer, N.; Romagnolo, B.
Functional intestinal stem cells after Paneth cell ablation induced by the loss of transcription factor Math1 (Atoh1). Proc. Natl.
Acad. Sci. USA 2012, 109, 8965–8970. [CrossRef] [PubMed]

28. Farin, H.F.; Van Es, J.H.; Clevers, H. Redundant Sources of Wnt Regulate Intestinal Stem Cells and Promote Formation of Paneth
Cells. Gastroenterology 2012, 143, 1518–1529.e7. [CrossRef]

29. Aoki, R.; Carmel, M.S.; Gao, N.; Shin, S.; May, C.L.; Golson, M.L.; Zahm, A.M.; Ray, M.; Wiser, C.L.; Wright, C.V.; et al. Foxl1-
Expressing Mesenchymal Cells Constitute the Intestinal Stem Cell Niche. Cell. Mol. Gastroenterol. Hepatol. 2016, 2, 175–188.
[CrossRef]

30. Degirmenci, B.; Valenta, T.; Dimitrieva, S.; Hausmann, G.; Basler, K. GLI1-expressing mesenchymal cells form the essential
Wnt-secreting niche for colon stem cells. Nature 2018, 558, 449–453. [CrossRef] [PubMed]

31. Greicius, G.; Kabiri, Z.; Sigmundsson, K.; Liang, C.; Bunte, R.; Singh, M.; Virshup, D.M. PDGFRα+ pericryptal stromal cells are
the critical source of Wnts and RSPO3 for murine intestinal stem cells in vivo. Proc. Natl. Acad. Sci. USA 2018, 115, E3173–E3181.
[CrossRef] [PubMed]

32. Kabiri, Z.; Greicius, G.; Madan, B.; Biechele, S.; Zhong, Z.; Zaribafzadeh, H.; Edison; Aliyev, J.; Wu, Y.; Bunte, R.; et al. Stroma
provides an intestinal stem cell niche in the absence of epithelial Wnts. Development 2014, 141, 2206–2215. [CrossRef] [PubMed]

33. Shoshkes-Carmel, M.; Wang, Y.J.; Wangensteen, K.J.; Tóth, B.; Kondo, A.; Massassa, E.E.; Itzkovitz, S.; Kaestner, K.H. Subepithelial
telocytes are an important source of Wnts that supports intestinal crypts. Nature 2018, 557, 242–246. [CrossRef] [PubMed]

34. Holmen, S.L.; Salic, A.; Zylstra, C.R.; Kirschner, M.W.; Williams, B. A Novel Set of Wnt-Frizzled Fusion Proteins Identifies
Receptor Components that Activate β-Catenin-dependent Signaling. J. Biol. Chem. 2002, 277, 34727–34735. [CrossRef]

35. He, X.; Semenov, M.; Tamai, K.; Zeng, X. LDL receptor-related proteins 5 and 6 in Wnt/β-catenin signaling:Arrows point the way.
Development 2004, 131, 1663–1677. [CrossRef] [PubMed]

36. Koslowski, M.J.; Teltschik, Z.; Beißner, J.; Schaeffeler, E.; Wang, G.; Kübler, I.; Gersemann, M.; Cooney, R.; Jewell, D.;
Reinisch, W.; et al. Association of a Functional Variant in the Wnt Co-Receptor LRP6 with Early Onset Ileal Crohn’s Disease.
PLoS Genet. 2012, 8, e1002523. [CrossRef]

37. Nava, P.; Koch, S.; Laukoetter, M.G.; Lee, W.Y.; Kolegraff, K.; Capaldo, C.T.; Beeman, N.; Addis, C.; Gerner-Smidt, K.;
Neumaier, I.; et al. Interferon-γ Regulates Intestinal Epithelial Homeostasis through Converging β-Catenin Signaling Path-
ways. Immunity 2010, 32, 392–402. [CrossRef]

38. Eastwood, G.L. Gastrointestinal Epithelial Renewal. Gastroenterology 1977, 72, 962–975. [CrossRef]
39. Chen, M.; He, X. APC Deficiency Leads to β-Catenin Stabilization and Signaling Independent of LRP5/6. Dev. Cell 2019, 49,

825–826. [CrossRef]
40. Saito-Diaz, K.; Benchabane, H.; Tiwari, A.; Tian, A.; Li, B.; Thompson, J.J.; Hyde, A.S.; Sawyer, L.M.; Jodoin, J.N.; Santos, E.; et al.

APC Inhibits Ligand-Independent Wnt Signaling by the Clathrin Endocytic Pathway. Dev. Cell 2018, 44, 566–581.e8. [CrossRef]
41. Cabel, C.R.; Alizadeh, E.; Robbins, D.J.; Ahmed, Y.; Lee, E.; Thorne, C.A. Single-Cell Analyses Confirm the Critical Role of

LRP6 for Wnt Signaling in APC-Deficient Cells. Dev. Cell 2019, 49, 827–828. [CrossRef] [PubMed]
42. East, J.E.; Atkin, W.S.; Bateman, A.C.; Clark, S.K.; Dolwani, S.; Ket, S.N.; Leedham, S.J.; Phull, P.S.; Rutter, M.D.;

Shepherd, N.A.; et al. British Society of Gastroenterology position statement on serrated polyps in the colon and rectum. Gut
2017, 66, 1181–1196. [CrossRef]

43. Cagnol, S.; Rivard, N. Oncogenic KRAS and BRAF activation of the MEK/ERK signaling pathway promotes expression of
dual-specificity phosphatase 4 (DUSP4/MKP2) resulting in nuclear ERK1/2 inhibition. Oncogene 2012, 32, 564–576. [CrossRef]
[PubMed]

44. Sachs, N.; Clevers, H. Organoid cultures for the analysis of cancer phenotypes. Curr. Opin. Genet. Dev. 2014, 24, 68–73. [CrossRef]
45. Van De Wetering, M.; Francies, H.E.; Francis, J.M.; Bounova, G.; Iorio, F.; Pronk, A.; Van Houdt, W.; Van Gorp, J.; Taylor-Weiner, A.;

Kester, L.; et al. Prospective derivation of a living organoid biobank of colorectal cancer patients. Cell 2015, 161, 933–945. [CrossRef]
[PubMed]

http://doi.org/10.1126/science.2296722
http://doi.org/10.1128/MCB.01034-07
http://www.ncbi.nlm.nih.gov/pubmed/17785439
http://doi.org/10.1016/j.stem.2015.01.014
http://doi.org/10.1074/jbc.M111.229252
http://doi.org/10.1210/en.2007-0561
http://www.ncbi.nlm.nih.gov/pubmed/17884945
http://doi.org/10.1016/j.surg.2014.01.013
http://doi.org/10.1017/S1751731119002581
http://www.ncbi.nlm.nih.gov/pubmed/31650938
http://doi.org/10.1073/pnas.1201652109
http://www.ncbi.nlm.nih.gov/pubmed/22586121
http://doi.org/10.1053/j.gastro.2012.08.031
http://doi.org/10.1016/j.jcmgh.2015.12.004
http://doi.org/10.1038/s41586-018-0190-3
http://www.ncbi.nlm.nih.gov/pubmed/29875413
http://doi.org/10.1073/pnas.1713510115
http://www.ncbi.nlm.nih.gov/pubmed/29559533
http://doi.org/10.1242/dev.104976
http://www.ncbi.nlm.nih.gov/pubmed/24821987
http://doi.org/10.1038/s41586-018-0084-4
http://www.ncbi.nlm.nih.gov/pubmed/29720649
http://doi.org/10.1074/jbc.M204989200
http://doi.org/10.1242/dev.01117
http://www.ncbi.nlm.nih.gov/pubmed/15084453
http://doi.org/10.1371/journal.pgen.1002523
http://doi.org/10.1016/j.immuni.2010.03.001
http://doi.org/10.1016/S0016-5085(77)80221-7
http://doi.org/10.1016/j.devcel.2019.05.013
http://doi.org/10.1016/j.devcel.2018.02.013
http://doi.org/10.1016/j.devcel.2019.05.039
http://www.ncbi.nlm.nih.gov/pubmed/31211991
http://doi.org/10.1136/gutjnl-2017-314005
http://doi.org/10.1038/onc.2012.88
http://www.ncbi.nlm.nih.gov/pubmed/22430215
http://doi.org/10.1016/j.gde.2013.11.012
http://doi.org/10.1016/j.cell.2015.03.053
http://www.ncbi.nlm.nih.gov/pubmed/25957691

	Introduction 
	Materials and Methods 
	Antibodies and Reagents 
	Cell Culture 
	Mice 
	Colitis Induction with DSS and Clinical Evaluation 
	Macroadenoma Count, Histological Staining, Immunofluorescence and Immunohistochemistry 
	Enteroids 
	Western Blot Analysis 
	RNA Extraction and qRT–PCR 
	LRP6 Silencing 
	Soft Agar Assay 
	Clonogenic Assay 
	Statistical Analyses 

	Results 
	Lrp6 Deletion Does Not Alter Intestinal Architecture and Homeostasis but Impairs Wnt Target Gene Expression 
	LRP6 Expression Is Required for Ex Vivo Intestinal Crypt Regeneration 
	Lrp6IEC-KO Mice Are More Sensitive to DSS-Induced Epithelial Damage and Colitis 
	LRP6 Is Dispensable for Adenoma Formation in ApcMin/+ Mice and for Growth of Human Colorectal Cancer Cells 
	ERK-Dependent Phosphorylation of LRP6 in KRAS- and BRAF-Mutated Colorectal Cancer Cells—A Role for LRP6 in BRAF-Induced Intestinal Oncogenesis 

	Discussion 
	Conclusions 
	References

