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Abstract

Dysregulation of Wnt signaling is implicated in multiple ocular disorders. The roles of Wnt co-
receptors LRP5 and LRP6 in Wnt signaling regulation remain elusive, as most retinal cells express
both of the co-receptors. To address this question, LRP5and LRP6 were individually knocked-out
in a human retinal pigment epithelium cell line using the CRISPR-Cas9 technology. Wnt signaling
activity induced by various Wnt ligands was measured using wild-type and the KO cell lines. The
results identified three groups of Wnt ligands based on their co-receptor specificity: 1) activation
of Wnt signaling only through LRP6, 2) through both LRP5 and LRP6 and 3) predominantly
through LRP5. These results indicate that LRP5 and LRP6 have differential roles in Wnt singling
regulation.
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1. Introduction

Whnt signaling plays a crucial role in embryogenesis and maintenance of homeostasis in
adult tissues [1-3]. Dysregulation of Wnt signaling results in birth defects, and diseases such
as cancer, age-related macular degeneration (AMD) and diabetic retinopathy (DR) [1-6].
Therefore, this ancient and highly conserved signaling pathway is pivotal for the embryonic
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development, physiological and pathological processes. Wnt signaling transduces through
either a canonical or a non-canonical pathway [1-3]. In canonical Wnt signaling, binding of
a Whnt ligand to a ternary complex of a Frizzled (FZD) receptor and a co-receptor low-
density lipoprotein receptor-like protein 5 (LRP5) or LRP6 is required for the stabilization
of cytosolic B-catenin [1-3,7]. In the absence of Wnt ligand binding, glycogen synthase
kinase-3p (GSK-3p), a component of the destruction kinase complex, phosphorylates
cytosolic B-catenin, leading to degradation [1-3]. When Whnt ligand binds to the receptor
complex (a FZD receptor and LRP5 or LRP6), the co-receptors are phosphorylated, and the
destruction complex is dissociated, leading to stabilization of cytosolic, non-phosphorylated
[B-catenin [1-3]. Accumulated non-phosphorylated B-catenin translocates into the nucleus
and binds to a family of T cell factor/lymphoid enhancer factor (TCF/LEF-1) transcription
factors, activating transcription of Wnt target genes including vascular endothelial growth
factor (VEGF), cyclin D, c-Myc, interleukin-8 (IL-8), and matrix metalloproteinase-3
(MMP3) [1-3,7-12].

There are 19 Wnt ligands and 10 FZDs in mammals, while there are only two co-receptors,
LRP5 and LRP6 [1-3]. Therefore, blocking LRP5 and/or LRP6 is considered a promising
therapeutic approach to abrogate aberrant Wnt signal activation. LRP5/6 are both single-pass
transmembrane receptors [1-3]. The extracellular domains of LRP5/6 contain the binding
sites for Wnt ligands and Wnt antagonists [13-15]. Although LRP5 and LRP6 share 71%
sequence homology, LRP5knockout mice are viable, whereas L~RP6 knockout mice die
prenatally [1,16,17]. Thus, these co-receptors possess distinct functions at least during
development (embryogenesis and vasculogenesis) and may mediate different physiological
and pathological events in adult tissues [18]. Their functional differences in the complex
Whnt biology remain uncertain, as most cell types in the retina express both LRP5 and LRP6
[19,20].

To define the distinct roles of the co-receptors in the regulation of Wnt signaling in the
retinal degenerative diseases with aberrant activation of Wnt signaling, the present study
generated LRP5 knockout (KO) and LRPE KO in ARPE-19 [21], a cell line derived from the
human RPE, using the CRISPR-Cas9 technology [22,23]. Using these KO cell lines, we
examined specificities of canonical Wnt ligands toward LRP5 or LRP6 and regulatory roles
of these co-receptors in Wnt signaling activation.

2. Materials and Methods

2.1. Generation of LRP5 KO and LRP6 KO RPE cell lines

The guide RNAs (gRNAs) to knock out the human LRP5and LRP6 genes were designed
using online applications (target finder and off-spotter). Prediction software showed that
there is no potential off-target gene in the protein coding sequences for the designed LRP5
gRNA, while the LRP6 gRNA possesses 2 potential off-target genes with 4 mismatches in
20 bases of the target sequence. The synthesized gRNA oligos were hybridized and sub-
cloned into the vector expressing both Cas9 nuclease and the designed gRNA (Plasmid ID,
PX459) from Addgene (Cambridge, MA). Following sequence verification of gRNAs, the
constructed vectors for knocking out the LRP5and LRP6 genes were transfected into
ARPE-19 cells, and transfected cells were selected with puromycin. Genomic DNA

Biochem Biophys Res Commun. Author manuscript; available in PMC 2022 March 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al. Page 3

modification and protein expression of puromycinresistant (potential LRP5KO and LRP6
KO) cells were verified by PCR product mismatch cleavage assay (using a Guide-it
Mutation Detection kit (Clontech, Mountain View, CA) and Western blot analysis,
respectively. Moreover, the genomic DNA sequences of the LRP5and LRPE genes
containing respective gRNA target sites were analyzed by DNA sequencing. All DNA oligos
and primers used in this study are shown in Supplementary Table 1.

2.2. Preparation of Wnt3A Conditioned Medium

Control L cell line (CRL-2648, ATCC, Manassas, VA) and Wnt3A cell line, L cells stably
expressing Wnt3A (CRL-2647, ATCC), were cultured in low-glucose DMEM containing
10% FBS. Conditioned media from the control L cells (LCM) and Wnt3A cells (WCM)
without G-418 were generated and collected according to ATCC’s recommendation
followed by sterile filtration.

2.3. Western blot analysis

Following treatment or transfection, WT, LRP5KO (KO5) and LRP6 KO (KO6) cells were
harvested and total cellular proteins were extracted in lysis buffer. Western blot and
densitometry analyses were carried out as described previously [24,25].

The following antibodies were used for Western blot analysis in this study: HRP- conjugated
secondary antibodies (anti-mouse (Cat. No. P1-2000), anti-rabbit (Cat. No. PI-1000) were
purchased from Vector Laboratory (Burlingame, CA). The anti-LRP5 (Cat. No. 5440), anti-
phosphorylated LRP6 (Cat. No. 2568) antibodies were purchased from Cell Signaling
Technology (Danvers, MA). A monoclonal anti-LRP6 antibody (2F1) was generated in our
lab as described previously [26]. A monoclonal anti-B-actin antibody (Cat. No. A2228) was
purchased from Sigma (St. Louis, MO). An anti-VEGF (Cat. No. sc-152) antibody was
purchased from Santa Cruz Biotechnology (Dallas, TX).

2.4. Cell treatments, plasmid transfection and TCF/B-catenin activity (TOP-flash) assay

Equal numbers (7x10% cells/well) of cells were seeded in 24-well culture plates one day
prior to transfection. The cells were treated with 50% of LCM or WCM for another 24 hrs,
or co-transfected with an empty plasmid, plasmids expressing Wnt ligands (a gift from Dr.
Xi He [27] through Addgene) together with Wnt reporter plasmids (a super TOP-flash
vector [28] and a vector expressing Renilla luciferase (pRL-TK, Promega, Madison, WI) as
an internal control) using Lipofectamine 2000 (ThermoFisher, Waltham, MA). For receptor
rescue analysis, the plasmids expressing LRP5 [29] or LRP6 [15] were co-transfected with
Whit reporter plasmids. At 24 hrs post-transfection, TCF/p-catenin activity was measured
with the dual luciferase reporter system (Promega) using a GloMax microplate reader
(Promega) following the manufacturer’s instruction.

2.5. Cell growth curve

The cells were seeded in culture dishes at the same density (1x10% cells/dish). Then the cells
were trypsinized, and the viable cells were counted using a hemocytometer after trypan blue
staining for 5 consecutive days and the culture media were replaced once at day 3.
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2.6. Statistical analysis

All the data are presented as mean £ SEM. The data were obtained from three independent
biological experiments unless stated. Statistical analysis was performed using a Prism
version 7 (GraphPad Software, San Diego, CA). Unpaired two-tailed Student’s t-test was
used for comparison between two groups and one-way ANOVA with Tukey’s post hoc
analysis was used for multiple group comparisons.

3. Results

3.1. LRP5 and LRP6 knockout in the ARPE-19 cell line using the CRISPR-Cas9 system

The LRP5and an LRP6 genes were knocked-out in ARPE-19 cell line using the CRISPR-
Cas9 system. PCR product mismatch cleavage assays demonstrated the expected genomic
modifications in the LRP5and LRP6 genes in these KO cell lines, without detectable off-
target effects (Fig. 1A). Western blot analyses confirmed that LRP5 and LRP6 expression
was abolished in the respective cell lines, suggesting a successful KO of the desired genes
(Fig. 1B). In addition, the genomic DNA sequences of respective gRNA target sites in the
LRP5and LRPE genes in respective KO cell lines (Suppl. Fig. 1), and also two putative off-
target genes (SOGA1 and LMF1) for the LRP6 gRNA in the KOG cells (Suppl. Fig. 2) were
analyzed. We verified successful knockout of the LRP5and LRP6 genes without off-target
gene modifications. Furthermore, lithium chloride (LiCl), a GSK-3p inhibitor, intracellularly
activated Wnt signaling in wild-type (WT), LRP5KO (KO5) and LRPE6 KO (KOB6) cells to a
similar extent (Fig. 1C), indicating that intracellular Wnt signaling components are intact in
these KO cells.

3.2. Impacts of LRP5 KO and LRP6 KO on cell morphology and growth rate

KO5 and KOG cell lines showed morphology similar to that of WT cells (Suppl. Fig. 3A).
However, the KOG cell line grew at a significantly higher rate compared to the KO5 cell line
and WT cells, while the KOS5 cell line showed a growth rate lower than that of WT cells
(Suppl. Fig. 3B).

3.3. Ligand specificities of the Wnt co-receptors

To examine differential specificities toward Wnt ligands, TCF/B-catenin activities in the WT,
KO5 and KOG cells were measured at 24 hrs after transfection of plasmids expressing
Wnt3A, Wntl and Wnt2 ligands. Wnt3A increased TCF/B-catenin activity in WT and KO5
cells compared to the empty control plasmid, but not in KOG cells (Fig. 2A), suggesting that
Whnt3A activated canonical Wnt signaling only through LRP6. Next, Wnt1 increased TCF/B-
catenin activity in all WT, KO5 and KOG cells, but with lesser extent in KO6 cells (Fig. 2B),
suggesting that Wnt1 ligand activates canonical Wnt signaling through both LRP5 and
LRP6, and is more affected by LRP6. In contrast, Wnt2 increased TCF/B-catenin activity in
WT and KOG cells, while the Wnt2-induced Wnt activation was diminished in KO5 cells
(Fig. 2C), suggesting that Wnt2 activated canonical Wnt signaling predominantly through
LRP5. Further, the Western blot analysis of Wnt3A, Wnt1 and Wnt2 showed similar
expression levels in these cell lines, suggesting that the observed differences in Wnt
signaling activation were not due to different expression levels of Wnt ligands.
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It should be noted that we have obtained more than one independent clones for each KO cell
line, and these clones showed results similar to those in the original clone reported in the
manuscript (data not shown), indicating that the different TCF/p-catenin activities in KO5
and KOG cell lines were ascribed to the knock-out of the LRP5and LRPE genes.

Using the same strategy, we have examined co-receptor specificities of 6 more canonical
Whnt ligands (Suppl. Fig. 4). The results showed that the examined Wnt ligands can be
categorized into three groups based on their specificities toward LRP5 and LRP6 (Table 1):
Group 1: Wnt ligands activate Wnt signaling only through LRP6 (Wnt3, Wnt3A, Wnt6,
Wnt8A, and Wnt8B). Group 2: Wnt ligands activate Wnt signaling through both LRP5 and
LRP6 (Wntl, Wnt7B and Wnt9A). Group 3: Wnt ligands activate Wnt signaling
predominantly through LRP5 (Wnt2).

3.4. Verification of Wnt signaling activation by Wnt3A conditioned media

To verify the results of luciferase-based TCF/B-catenin activity assay by the Wnt3A
expression plasmid, we further examined Wnt signaling activation by Wnt3A-conditioned
media (WCM) at: 1) the co-receptor level, by phosphorylation of LRP6 and 2) the
expression level of Wnt target genes (e.g. VEGF). WCM significantly increased levels of
phosphorylated LRP6 (pLRP6) in WT and KOS5 cells, but not in KO6 cells, compared to that
of control LCM (Fig. 3A). It should be noted that weak signals in pLRP6 Western blot
analysis in KO6 cells were likely non-specific signals possibly due to cross-reaction of the
anti-pLRP6 antibody with LRP5, as our KOG cells did not show detectable total LRP6 (Fig.
1B). Further, WCM increased levels of VEGF, one of the Wnt target genes, in WT and KO5
cells, but not in KO6 cells, compared to LCM (Fig. 3B). These results indicated that Wnt3A
activated canonical Wnt signaling through LRP6, as demonstrated by increased levels of
pLRP6 and expression of VEGF in WT and KO5 cells, but not in KOG cells, consistent with
the result from the TCF/B-catenin activity assay (Fig. 2A).

3.5. Rescuing effect of co-receptor expression on Wnt signaling in their respective
knockout cell lines

We further examined whether restored expression of the Wnt co-receptors (LRP5 and LRP6)
can rescue the abrogated TCF/p-catenin activity in KO5 and KOG cells. TCF/B-catenin
activity assay showed that transfection of the LRP5 expression plasmid restored Wnt2-
mediated Wnt signaling in KOS5 cells (Suppl. Fig. 5A). Similarly, transfection of an LRP6
expression plasmid restored Wnt3A-mediated Whnt signaling activation in KOG cells (Suppl.
Fig. 5B). These results further support that intracellular Wnt signaling components in KO5
and KOG cells remain intact.

3.6. Both LRP5 and LRP6 mediate A2E-induced Wnt signal activation

Finally, we investigated whether an AMD stressor, A2E, activated Wnt signaling through
either LRP5 or LRP6. TCF/B-catenin activity assay showed that A2E substantially induced
Whnt signal activation in WT, KO5 and KOG cells. However, KO5 and KO6 cells showed
significant reductions in A2E-induced Whnt signaling compared to that of WT cells, and
there was no significant difference between KO5 and KOG cells, suggesting A2E activates
Wht signaling through both LRP5 and LRP6 (Suppl. Fig. 6).
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4. Discussion

Extensive studies have established that dysregulation of Wnt signaling plays key pathogenic
roles in ocular diseases including diabetic retinopathy and AMD [1-6]. However, most cell
types in the retina express both LRP5 and LRP6 [19,20], and thus, their individual roles in
mediating Wnt signaling are not completely understood. Therefore, it is imperative to fill
this critical knowledge gap in the regulation of Wnt signaling. The present study for the first
time knocked out LRP5and LRPE individually in RPE cells using the CRISPR system [21-
23] and identified differential roles of LRP5 and LRP6 in mediating Wnt signaling. Our
studies for the first time demonstrated that most Wnt ligands activate Wnt signaling through
LRP6, suggesting a predominant role of LRP6 in mediating Wnt signaling, and that LRP6
may have a higher functional significance at least in the retina relative to LRP5. These
findings may explain why LRP6 KO is embryonically lethal [1,16], whereas L~RP5 KO does
not affect viability of mice, although it causes retinal vascular pathologies [1,17].

An earlier study reported that L/P5 knock-down in mammary epithelial cells resulted in a
lower growth rate relative to WT and LRP6 knock-down cells [30]. Consistent with this
study, our LRP5KO ARPE-19 cells grew at a slower rate relative to WT and LRP6 KO
cells, although the KOS5 and KO6 cells showed morphology similar to that of WT cells
(Suppl. Fig. 3). We also demonstrated that L~RP6 KO cells showed a higher growth rate than
that of WT and LRP5KO cell lines (Suppl. Fig. 3). The difference in the growth rate
between LRP6 KO RPE cells and LRP6 knock-down mammary epithelial cells can be
attributed to the different origins of the cells (mammary epithelial vs RPE cells) or methods
of gene ablation (shRNA-mediated knock-down vs complete knockout using the CRISPR-
Cas9 system).

In the present study, 9 canonical Wnt ligands were examined for their differential
specificities toward co-receptors using the LRP5KO and LRP6 KO cells (Table 1 and Suppl.
Fig. 4). A previous study using mouse embryonic fibroblasts (MEFs) reported that Wnt3A
activates Wnt signaling only through LRP6, and Wnt1 activates canonical Wnt signaling
through both LRP5 and LRP6 [31]. This study was consistent with our current findings.
Also earlier studies using AMD models showed that Wnt3A was upregulated in the eye cup
in the laser-induced choroidal neovascularization model [6], and Wnt3A, Wnt7A and
Wnt10A mRNAs were significantly upregulated in the retinas of oxygen-induced
retinopathy mice model [32], suggesting that, at least, Wnt3A and its receptor LRP6 play
roles in pathological neovascularization in AMD. Our study allowed us to analyze co-
receptor specificities of Wnt ligands expressed in the retina and filled a knowledge gap
regarding activation of Wnt signaling through the co-receptors.

VEGEF is one of the Wnt target genes and a key pathogenic factor in wet AMD [10,33].
Currently, anti-VEGF drugs are widely used clinically to treat pathological angiogenesis and
vascular dysfunction in cancer, wet AMD and DR [33-35]. However, these therapies are not
always effective in all patients. Therefore, blocking Wnt signaling has potential to become
an effective approach for those patients who do not respond to the anti-VEGF therapy, since
Whnt signaling is an up-stream signaling pathway regulating multiple pro-angiogenic and
pro-inflammatory factors in addition to VEGF. Combination of a Wnt signaling blocker and
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an anti-VEGF drug may generate synergistic effects. Blocking LRP6 may be a promising
therapeutic approach, as LRP6 is a dominant receptor and ocular injection of an LRP6-
blocking antibody showed partial alleviation of pathogenic features in AMD and DR [6,26].

In summary, to study the distinct role of LRP5 and LRP6 in the retina and RPE, we
successfully generated the co-receptor KO cells using the CRISPR-Cas9 technology without
disturbing the intracellular Wnt signaling cascade or detectable off-target effect. As
ARPE-19 cells have a high transfection efficiency, our KO cells can be used as models to
examine other genes interacting with LRP5 and LRP6 and can be used to examine the roles
of LRP5 and LRP6 in disease—induced aberrant Wnt signaling activation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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gRNAs guide RNAs

KO Knock out

KO5 Knock out of LRP5

KO6 Knock out of LRP6

LRP Low-density lipoprotein receptor-related protein
MEF mouse embryonic fibroblast

MMP Matrix metallopeptidase

RPE Retinal pigment epithelial

shRNA Short hairpin RNA
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TOP flash TCF Reporter Plasmid
TCF/LEF-1 T cell factor/lymphoid enhancer factor
VEGF Vascular endothelial growth factor
WT Wild type
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Highlights
LRP5 and LRP6, Wnt co-receptors are both co-expressed in RPE cells.

LRP5 and LRP6 individually knockout in a RPE cells line using CRISPR-Cas9
technology.

LRP5 and LRP6 showed differential ligand specificities for canonical Wnt ligands.

More Wnt ligand activate Wnt signaling through LRP6.
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Figure 1. LRP5 and LRP6 knockout (KO) in ARPE-19 cell line.
(A) Genomic DNA modifications in LRP5KO (KO5) and LRP6KO (KO6) ARPE-19 cell

lines were verified using PCR product mismatch cleavage assay. Compared to wild-type
(WT) cells, the assay demonstrated indel formation in the L~P5 gene in the KOS5 cell line
and the LRP6 gene in the KOG cell line (A1), but no indel formation in the potential off-
target genes for the LRP6gRNA (SOGAL and LMF1) genes (A2). Agarose gel
electrophoresis showed full-length PCR products (circles) and cleaved fragments (triangles).
(B) Equal amounts of total cellular proteins from three independent experimental samples of
WT, KO5 and KOG cell lines were immunoblotted for LRP5, LRP6 and pB-actin,
respectively. (C) TCF/p-catenin (Wnt signaling) activities in WT, KO5 and KOG cell lines
were measured after 24 hrs treatment of NaCl or LiCl. TCF/B-catenin activities are
presented as fold of control in mean £ SEM, and one-way ANOVA with Tukey’s post hoc
analysis was performed (n=9, n.s.: not significant, **** P<0.0001).
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Figure 2. Ligand specificity for individual Wnt co-receptors.

B-actin

TCF/p-catenin activities in WT, KO5 and KO6 cells were measured at 24 hrs post-
transfection of plasmids expressing Wnt3A (A), Wntl (B), Wnt2 (C) or an empty control
plasmid (Nc), respectively. Representative Western blot images showed levels of each Wnt
ligand (upper) and p—actin (lower) as a loading control. TCF/B-catenin activities are
presented as fold of the empty plasmid control in WT cells, and one-way ANOVA with
Tukey’s post hoc analysis was performed (n=3 (Wntl), n=9 (Wnt2 and Wnt3A), n.s.: not

significant, ** P<0.01, ***P<0.001, **** P<0.0001).
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Figure 3. Confirmation of Wnt signaling activation by Wnt3A conditioned media.
WT, KO5 and KOG cells were treated with a control L-cell conditioned medium (L) or

Wnt3A conditioned medium (W) for 24 hrs. Whole cell lysates of the treated cells were used
for Western blot analyses. Representative images showed levels of phosphorylated LRP6
(pLRPS6) (A) and VEGF (B) with B-actin as a loading control. Levels of pLRP6 and VEGF
were semi-quantified by densitometry, normalized by p-actin and presented as fold of

1duosnuen Joyiny

1duosnuep Joyiny

control in L-cell medium-treated cells (n=3, * P<0.05, ** P<0.01 by Student’s t-test).
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Classification of Wnt ligands specificities toward LRP5/LRP6 receptors

Table 1:

Only through LRP6

Both LRP5 and LRP6

Predominantly through LRP5

Wnt3 Whntl (more affected by LRP6) Whnt2
Wnt3A Wnt7B

Wnt6 Wnt9A (more affected by LRP5)

Wnt8A

Wnt8B
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