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Hyperactivation of Wnt/β-catenin (canonical) signaling in
colorectal cancers (CRCs) was identified in the 1990s. Most
CRC patients have mutations in genes that encode components
of the Wnt pathway. Inactivating mutations in the adenoma-
tous polyposis coli (APC) gene, which encodes a protein
necessary for β-catenin degradation, are by far the most prev-
alent. Other Wnt signaling components are mutated in a
smaller proportion of CRCs; these include a FZD-specific
ubiquitin E3 ligase known as ring finger protein 43 that
removes FZDs from the cell membrane. Our understanding of
the genetic and epigenetic landscape of CRC has grown expo-
nentially because of contributions from high-throughput
sequencing projects such as The Cancer Genome Atlas.
Despite this, no Wnt modulators have been successfully
developed for CRC-targeted therapies. In this review, we will
focus on the Wnt receptor complex, and speculate on recent
discoveries about ring finger protein 43regulating Wnt re-
ceptors in CRCs. We then review the current debate on a new
APC–Wnt receptor interaction model with therapeutic
implications.

Colorectal cancer (CRC) is the second most common cause
of cancer-related death and the third most prevalent malignant
tumor worldwide. The American Cancer Society estimated
that there would be some 150,000 new CRC cases and about
53,200 CRC-related deaths in the United States in 2020
(https://www.cancer.org/cancer/colon-rectal-cancer/about/key
-statistics.html). Overall survival for CRC patients has steadily
increased over the past several decades, mainly because of the
success rates of surgical intervention. However, once tumors
start to invade local tissues or metastasize to distant sites, 5-
year survival rates drop to 71% and 14%, respectively (1, 2).
The current treatment regimen for patients with metastatic
disease includes various fluorouracil-based treatments, all of
which have similar patient outcomes (3–7). Several targeted
therapies have been approved over the past few years,
including monoclonal anti-EGFR antibodies (cetuximab and
panitumumab), anti-angiogenic therapies (bevacizumab and
aflibercept), and BRAF inhibitors (reviewed in (8)). In addition,
sequencing the genomic DNA of patient tumors has allowed
these inhibitors to be more successfully used in some CRC
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patients. The recent approval of checkpoint inhibitors against
CRC has opened the door to using previously approved che-
motherapeutics combined with immunotherapies. However,
these results are still unsatisfying regarding metastatic CRC
patient outcomes, and future research should continue to
focus on novel targeted therapies.

A major therapeutic target in CRC is the frequently mutated
and activated Wnt signaling pathway. Hyperactivation of ca-
nonical Wnt signaling in CRC is often associated with the
mutations inactivating the adenomatous polyposis coli (APC)
gene. Mutations in other Wnt signaling pathway components
are also associated with CRCs, although at a lower frequency.
Anticancer drugs that target proteins throughout the Wnt
signaling cascade are in preclinical and clinical studies,
including CRC trials, but no Wnt-targeting therapies are part
of current clinical practice. The lack of such therapeutics is
partly because of an ongoing debate regarding receptor spec-
ificity and general toxicity caused by Wnt inhibition. This re-
view will summarize this debate and discuss recent advances in
Wnt receptor research that may inform new targeted therapies
for CRC patients.

Wnt/β-catenin signaling

WNTs are a family of 19 secreted glycolipoproteins in
mammals that can activate Wnt signaling synergistically (9).
Wnt signaling can broadly be classified as canonical (β-cat-
enin-dependent) or noncanonical (β-catenin-independent).
These pathways preferentially use different receptors and
coreceptors to activate downstream signaling cascades, but
this demarcation is not absolute. Some WNTs can engage
multiple Wnt signaling pathways, depending on receptor
context (10–14). The downstream canonical and noncanonical
signaling cascades share some common intracellular compo-
nents (15). Although we focus on canonical Wnt signaling in
this review, noncanonical Wnt signaling is likely also affected
when these common Wnt pathway components are
manipulated.

WNT ligand–receptor interactions are complex, and the
hydrophobic nature of WNTs has complicated attempts to
understand these interactions in more detail. While the first
Wnt gene was identified in 1982 (16), it took another 14 years
to identify a cognate receptor (17). The purification of bio-
logically active WNT protein was not reported until 2003 (18),
and the first crystal structure of a WNT in complex with one
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of its receptors, frizzled 8, was solved in 2012 (19). These
advances have helped us understand why the biochemistry
associated with WNTs is so challenging. For example, WNTs
contain 12 disulfide bonds. Also, a palmitoleic acid modifica-
tion is required for WNT protein secretion (Fig. 1) and re-
ceptor binding (20), and this modification increases the
hydrophobicity of the protein and makes it harder to work
with in vitro.

Two proteins, Porcupine (PORCN) and Wntless, necessary
for the proper secretion of WNT ligands, are located within
the endoplasmic reticulum. PORCN first adds lipid modifica-
tions to glycosylated WNTs, which are essential for Wntless to
bind and transport WNTs to the cell surface and out of WNT-
secreting cells (Fig. 1) (20–22). During active Wnt/β-catenin
signaling, WNTs bind to members of the frizzled (FZD) re-
ceptors and LRP5 or LRP6 (low-density lipoprotein receptor-
related proteins 5 or 6) on WNT-receiving cells. WNT bind-
ing induces these receptors to assemble into large signalosome
complexes. These complexes stimulate the recruitment of an
intracellular protein, Dishevelled (DVL), which subsequently
recruits the destruction complex to the ligand-bound,
Figure 1. Overview of the canonical Wnt/β-catenin signaling pathway. To
transported to the Golgi complex, where WLS palmitoleoylates and chaperones
WNT present (“WNT OFF”). FZD is removed from the cell membrane by RNF43/
intracellular multiprotein destruction complex that includes APC, axin, CK1, an
phosphorylation of β-catenin that targets it for ubiquitin-dependent proteolys
nuclear translocation of β-catenin. Right, WNT causes the accumulation of β-ca
receptor complex, the C terminus of LRP5/6 is phosphorylated, creating a bind
activity, allowing cytoplasmic levels of β-catenin to increase. β-Catenin subseq
and other co-factors to activate transcription of target genes. CK1, casein kinase
5; LRP6, low-density lipoprotein receptor-related proteins 6; RNF43, Ring finge
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activated receptors. LRPs then undergo further phosphoryla-
tion leading to glycogen synthase kinase 3 (GSK3) inactivation
and β-catenin stabilization (23, 24).

Ring finger protein 43 (RNF43) and zing and ring finger 3
(ZNRF3) are direct Wnt targets and negative feedback regu-
lators of Wnt signaling (Fig. 1). RNF43 and ZNRF3 are ho-
mologous transmembrane ubiquitin ligases that specialize in
removing frizzled (FZD) receptors from the cell surface by
targeting them for ubiquitin-mediated endocytosis and lyso-
somal degradation (25, 26). DVL is involved in RNF43/
ZRNF3–mediated FZD removal and also in active Wnt
signaling (25). R-spondins (RSPO1-4), important stem cell
factors of the intestines, can directly bind to RNF43/ZNRF3
and facilitate their removal from the cell membrane, thus
increasing membranous FZDs and sensitizes cells to respond
to WNT (27).
Wnt/β-catenin signaling in CRC

The majority of sporadic CRCs contain at least one alter-
ation in known Wnt regulator genes, and mutations in APC
p, WNT is lipid modified by PORCN in the endoplasmic reticulum (ER) and
WNT to the plasma membrane. Left, β-catenin signaling is inhibited without
ZNRF3 binding through DVL. The β-catenin concentration is kept low by an
d glycogen synthase kinase 3 (GSK3), which facilitates the GSK3-dependent
is. This continuous degradation is vital in preventing the accumulation and
tenin and activates signaling (“WNT ON”). When a WNT ligand engages the
ing site for axin, resulting in inhibition of the destruction complex and GSK3
uently translocates into the nucleus and complexes with LEF/TCF proteins
1; DVL, Dishevelled; LRP5, low-density lipoprotein receptor-related proteins
r protein 43; ZNRF3, Zing and ring finger 3.
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are by far the most frequent. RNF43 and β-catenin (CTNNB1)
mutations are also present in some CRC patients but at a lower
frequency. The mutations in either the APC or RNF43 gene
cause loss of function. Mutations in CTNNB1 are gain of
function: they typically encode forms of β-catenin that are
resistant to GSK3-mediated phosphorylation and subsequent
ubiquitin-mediated degradation. Mutations in APC, CTNNB1,
and RNF43 are virtually mutually exclusive in CRC (Fig. 2A)
(28), consistent with them being part of the same signaling
pathway. However, some CRC samples that lack mutations in
Figure 2. Canonical Wnt signaling in CRC is associated with APC/CTNNB1
associated with canonical Wnt signaling. CRC samples (634 in total) from TCG
analyzed for single nucleotide variations (SNV) in APC, RNF43, and CTNNB1 as w
the indicated Wnt target genes and the APC/APC2/CTNNB1 genes. RNF43 itself
represented by some of the most sensitive Wnt targets (AXIN2, NKD1, RNF43,
Another study also identified these genes as leading-edge negative regulator
As expected, the transcription of these Wnt target genes is significantly higher i
noncanonical Wnt target genes (HADH, REEP1, PLOD2, and LCOR) are shown
generally those that cause a complete deletion of the “mutation cluster regio
mutations within GSK3 phosphorylation sites. The mutations in RNF43 having
several sensitive Wnt targeting genes that are highly expressed in COAD or R
cancer types. The RNAseq data from matched TCGA tumor samples and GTEx n
Analysis (GEPIA, http://gepia.cancer-pku.cn/). The red arrows indicate tumor sa
Wnt target genes AXIN2 or NKD1 and patient prolonged disease-free interva
xenabrowser.net/heatmap/). APC, adenomatous polyposis coli; COAD, colon a
READ, rectal adenocarcinoma; TCGA, The Cancer Genome Atlas.
APC or CTNNB1 still have elevated Wnt/β-catenin activity.
This could be because of mutations in other components that
can directly or indirectly impact Wnt signaling or epigenetic
mechanisms (29). For example, recent studies identified the
Wnt signaling pathway as a major target of P53 in murine
systems that regulate stem cell differentiation and cancer
metastasis (30–32).

Based on mRNA analysis of a set of classic Wnt targets and
detection of nuclear β-catenin protein levels in cancer tissues,
β-catenin signaling is elevated in ligand-independent CRC
mutations and patient outcomes. A, key WNT gene mutations in CRC are
A with both RNA sequencing and exome sequencing data available were
ell as for gene expression (log10 of Transcripts Per Kilobase Million, TPM) of
is also a strong Wnt target gene. The heatmap shows Wnt/β-catenin activity
APCDD1, NOTUM) identified by two studies using cancer cell lines (33, 37).
genes to differentiate ligand-dependent and ligand-independent CRCs (28).
n CRCs with high-impact mutations in APC and CTNNB1. The newly proposed
(37). The mutations in APC having “high” impact on protein function are
n”. The mutations in CTNNB1 having “high” impact are those with missense
“high” impact are nonsense or frameshift mutations. B, a heatmap showing
EAD tumors (the first two columns). This pattern was not observed in other
ormal samples are compared using the Gene Expression Profiling Interactive
mples of each cancer type. C and D, the association between expression of
l was evaluated using UCSC Xena Functional Genomics Explorer (https://
denocarcinoma; CRC, colorectal cancer; GSK3, glycogen synthase kinase 3;
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samples that had either APC or CTNNB1 mutations, (28, 29).
In fact, colon adenocarcinoma and rectal adenocarcinoma
present the most dramatic increase in Wnt/β-catenin target
genes across all The Cancer Genome Atlas tumors (Fig. 2B)
(33). High expression of AXIN2 and NKD1 (NKD Inhibitor Of
Wnt Signaling Pathway 1, NAKED-1) have a strong negative
association with a prolonged disease-free interval among both
colon adenocarcinoma and rectal adenocarcinoma patients
(Fig. 2, C and D), implying that the inhibition of Wnt/β-cat-
enin signaling in CRC patients could help to reduce relapse
after treatment. It is also possible that tumor-intrinsic active β-
catenin signaling could result in T-cell exclusion and resis-
tance to immunotherapies (34–36).

Because Wnt signaling regulates cell growth and differen-
tiation, it is not surprising that its dysregulation is commonly
associated with tumorigenesis. However, despite substantial
efforts, no therapies that target the pathway have been clini-
cally effective. This is not only because of technical challenges
and/or the side-effects associated with targeting components
of the pathway but also because of the complex regulation of
the pathway by many Wnt components. Nonetheless, stabili-
zation of β-catenin, the hallmark of canonical Wnt activation,
results in the tumorigenic phenotypes often observed in CRC.
So, the stabilized β-catenin remains the most promising target
for curing the disease. In the following sections, we will focus
on recent discoveries related to RNF43 and APC in CRC and
the therapeutic implications of these discoveries.

Blocking Wnt secretion to treat RNF43-mutant CRC

RNF43 and ZNRF3 are major Wnt antagonists and Wnt/β-
catenin downstream targets (25, 26), making them important
negative feedback regulators for the Wnt signaling pathway.
RNF43 loss-of-function mutations can presumably lead to
Wnt signaling activation by increasing FZD receptors on the
cell surface, sensitizing cells to WNTs. RNF43 is the third most
highly mutated Wnt gene in CRCs, which is in line with
Figure 3. RNF43 mutations in human cancers. Top, human RNF43 protein
protein. Bottom, the dot colors indicate the mutation types, and the Y-axis show
The pie chart shows the number of cases of TCGA primary cancers having RN
Dishevelled; RING, RING finger domain; TCGA, The Cancer Genome Atlas; TM,
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RNF43 (but not ZNRF3) being highly expressed in the intes-
tine (27, 38). RNF43 mutation is also common in stomach,
corpus uteri, and other cancers, one of which is the highly
recurrent RNF43 frame-shift mutation, G659Vfs (Fig. 3).The
loss of RNF43 protein expression is significantly more com-
mon in colorectal and gastric tumor samples with G659Vfs
than in those with WT RNF43 (39). Single-cell RNA-
sequencing data from the Tabula Muris project pinpoints the
large intestine epithelial cell as the highest Rnf43-expressing
cell type among 20 adult mouse organs (40). These observa-
tions suggest that RNF43 mutations could contribute to CRC
pathogenesis.

Some studies have aimed to reduce tumorigenesis in models
of RNF43 loss-of-function by targeting WNT secretion.
PORCN is a WNT-specific O-acyltransferase (Fig. 1), without
which all WNT secretion from cells is blocked. Mutations in
PORCN have been linked to several human diseases in which
Wnt signaling is affected during embryogenesis and develop-
ment (41). Blocking WNT secretion by using PORCN in-
hibitors such as LGK974 and C59 has been highly efficient in
inhibiting Wnt/β-catenin signaling in vitro and in vivo. In a
mouse colon cancer model with intestinal epithelium-specific
deletion of both Rnf43 and Znrf3, tumorigenic growth was
strongly inhibited by C59 treatments. In contrast, the adjacent
normal intestinal epithelium was not affected (42), which
indicated WNT blockage was well-tolerated in normal tissues.
Another study showed that cancer cell lines with inactivating
RNF43 mutations could be growth-inhibited with PORCN
inhibitors in vitro and in vivo (43). Wnt secretion blocking is
also very effective in inhibiting CRC growth using patient-
derived xenograft models with RSPO3 fusion proteins that
potentially engage RNF43/ZNRF3 to increase membrane FZD
levels and sensitize Wnt response (44). This evidence proves
that RNF43/ZNRF3 loss of function in cancer cells is still
dependent on Wnt ligand stimulation. So, blocking local WNT
secretion is a promising way to suppress RNF43-mutant
domains. The numbers indicate amino acid numbers of the human RNF43
s the number of cases with mutations across RNF43 protein domains (X-axis).
F43 mutations. Data from Genomic Data Commons Data Portal (NIH). DVL,
transmembrane motif.
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tumors. There are current clinical trials for patients with
BRAF-mutant metastatic CRC that use the Novartis PORCN
inhibitor LGK974, either in combination with an immuno-
modulator (NCT01351103) or with the BRAF/EGFR inhibitors
(NCT02278133).

One caveat of using PORCN inhibitors is that highly
efficient blocking of Wnt secretion is required to inhibit
Wnt signaling. Most in vitro and in vivo studies using
PORCN inhibitors have adopted significantly higher con-
centrations than their labeled IC50 values to block WNT
secretion effectively and stop tumor cell growth. Fortu-
nately, the intestine, one of the most sensitive organs to
Wnt signaling, can tolerate high (pharmacological level that
can effectively inhibit grafted tumor growth) exposure to
C59 without showing any phenotypic changes, perhaps
because of the expression of drug efflux pumps in Wnt-
producing cells (45, 46). However, when a higher amount
of C59 was used or the Porcupine gene was deleted in the
gut, severe intestinal homeostasis impairment was observed
due to intestine stromal WNT blockage (46, 47).

Unexpectedly, some of the frequent RNF43 mutations
found in CRC patients, including the most common RNF43-
G659Vfs, actually retain the ability to eliminate FZDs from
the cell membrane and attenuate Wnt/β-catenin signaling
(at least in a FZD overexpression cell culture system) (48,
49). This brings up the question of whether these RNF43
mutations confer WNT dependence onto these cancers. In
line with these findings, RNF43 mutations in COREAD
samples are not associated with higher Wnt/β-catenin tar-
gets (Fig. 2A). In fact, the signet-ring cell carcinoma, a rare
subtype of CRC with a high (34.5%) RNF43 mutation rate,
actually showed significantly inhibited Wnt/β-catenin
signaling than those without RNF43 mutations (50). One
possibility is that the RNF43 mutants found in CRC patients
may play a role in regulating noncanonical Wnt signaling,
which has many downstream pathways and targets. One
study showed that some point mutations at the N terminus
(around the PA domain) of RNF43 could switch it from a
Wnt antagonist to a Wnt agonist or may disable RNF43 from
suppressing canonical Wnt/β-catenin signaling while leaving
its noncanonical Wnt inhibition role intact. However, the
noncanonical Wnt activation outcome in this study was
limited to DVL2 phosphorylation (51), and some newly
proposed noncanonical Wnt target genes are not transcrip-
tionally elevated in RNF43-mutant CRC samples (Fig. 2A)
(37). Interestingly, recent studies suggest that mutant forms
of RNF43 may be doing more than regulating FZD dynamics
on the cell membrane. Some truncating mutations at the C-
terminus of RNF43 robustly activate β-catenin signaling by
trapping casein kinase 1 (CK1) at the cell membrane, thus
preventing β-catenin degradation (52). Further investigation
on the effects of RNF43 mutations on noncanonical Wnt
signaling regulation is necessary.

In summary, the presence of RNF43 mutations in CRCs and
the effectiveness of PORCN inhibitors on a number of RNF43-
mediated CRC models provide optimism and opportunity to
develop therapeutics targeting Wnt signaling. However,
caution is warranted when interpreting the effects of RNF43
mutations, because possibly not all involve loss of function.
The impact of RNF43 mutations on noncanonical Wnt
signaling also needs to be carefully studied regarding its impact
on tumor growth and metastasis. While new efforts are
addressing how RNF43 mutations affect Wnt receptor avail-
ability and downstream signaling, much work has already been
done on how APC mutations regulate CRC initiation and
progression. Nonetheless, a novel model involving APC’s
interaction with the Wnt receptor complex has been proposed
and debated in the field.
Targeting Wnt receptors to inhibit β-catenin in APC-
mutant cells

APC is a multifunctional and crucial tumor suppressor gene
in the gastrointestinal tract, and mutations causing APC
inactivation are found in about 80% of all human colon tu-
mors. Loss-of-function mutations in one allele of APC are
widely recognized as the initiating event (“first hit”) in most
CRC cases (both sporadic and familial) as well as in CRC an-
imal models. Familial adenomatous polyposis patients with
heterozygous germline APC mutations can develop hundreds
of colon tumors that are precancerous. Their removal is rec-
ommended to avoid progression to invasive and metastatic
tumors (53). Murine models and other model animals have
confirmed that heterozygosity of APC mutations similar to
those seen in CRC patients produce an autosomal dominant
colon cancer predisposition (54). In both mouse models and
familial adenomatous polyposis patients with heterozygous
APC mutations, mutation of the other WT APC allele (“sec-
ond hit”) is associated with tumorigenesis.

APC loss of function is different from β-catenin gain of
function

Why do mutations in APC result in aggressive colorectal
cancer when compared with mutations which directly activate
β-catenin? We have long known that human colon cancers
having β-catenin mutations grow less aggressively than those
with APC mutations (55). We also know that colorectal tu-
mors with APC loss of function are transcriptionally distinct
from colorectal tumors with hyperactivated Wnt signaling
caused by other non-APC–mediated mechanisms (56). The
APC protein contains both nuclear localization signals and
nuclear export signals that enable its shuttling between the
nucleus and cytoplasm. While in the nucleus, APC can interact
with β-catenin, which results in transcriptional repression of
Wnt target genes. Most APC mutations found in CRC patients
can both reduce APC protein levels and prevent β-catenin
from exiting the nucleus (57–59). Although it has not been
confirmed that APC is directly involved in regulating gene
transcription, an anti-APC ChIP-seq study showed that APC
binding sites overlap with a large portion of the canonical Wnt
transcription factor TCFL2/TCF4 and AP-1 binding sites.
Thus, APC can regulate a wide range of the cellular processes
that AP-1 is responsible for, including cell growth, differenti-
ation, and apoptosis (60).
J. Biol. Chem. (2021) 296 100782 5
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APC2 is a homolog of APC

APC2 (APC regulator of WNT signaling pathway 2) is a
mammalian APC homolog and closely resembles APC in its
overall domain structure. Overexpression of either APC or
APC2 in colon cancer cells that lack functional APC could
inhibit Wnt signaling effectively (61, 62). Mammalian APC and
APC2 are at least partially compensatory in specific tissues. For
example, knocking out either Apc or Apc2 in the mammary
gland fails to induce Wnt/β-catenin signaling or any pheno-
typic changes. In contrast, concomitant mammary Apc and
Apc2 deletion can cause squamous carcinoma with elevated β-
catenin levels (63). In aged mice with a hypomorphic Apc
allele, an Apc2 deficiency resulted in a predisposition to
granulosa cell tumor formation and tumor-related Wnt/β-
catenin signaling activation (64). Consistently, the Apcmin/+

mammary epithelium did not show any epithelial lesions or
reduced proliferation until lactation began, which is when APC
expression reaches its peak. Interestingly, β-catenin signaling
appears to be unchanged in Apcmin/+ mammary tissue (65),
suggesting that APC2 could completely compensate for APC
in the mammary to keep ß-catenin signaling in check while
participate in other roles such as maintaining epithelial
integrity. Consistently, dAPC and dAPC2 function in a
partially redundant manner in Drosophila, although these
isoforms have distinct tissue distribution and subcellular lo-
calizations (66–68). Interestingly, the homozygous knockout of
dAPC2 is embryonically lethal because of elevated Wg
signaling in Drosophila (69), whereas Apc2-deficient mice are
viable and virtually normal-looking, except for reduced female
fertility as homozygotes and a mild increase in the number of
intestinal cells expressing nuclear β-catenin (64, 70). Although
APC2 expression is significantly decreased in CRC samples
(71, 72) and associated with CRC patients (71), More work on
APC2 for human cancers is needed.

A new model of APC/APC2–LRP5/6 interaction

It had been assumed that the loss of APC led to β-catenin
stabilization and activation of target genes regardless of up-
stream receptor status. This assumption was based on the
absolute requirement for APC in the destruction complex that
targets β-catenin for degradation. However, recent reports
have suggested that upstream signals (such as FZD, DKK,
sFRPs, and WNTs) can still affect Wnt signaling in APC-
mutant colorectal and gastric cancer cell lines (73–75). This
suggests that mutant or truncated APC proteins in CRC pa-
tients can participate in destruction complex formation or
facilitate β-catenin ubiquitination (24). Even so, the destruc-
tion complex containing a mutant APC may be defective in
responding to some upstream signaling, such as responding to
a WNT cue to relocate the destruction complex toward the
plasma membrane (76). Higher levels of Wnt expression in
Apc mutant cells and their ability to remain responsive to
these increased levels of ligand may also contribute to
signaling (77).

A novel and compelling signaling model has been proposed
recently by Saito-Diaz et al. (78), in which APC plays a role in
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suppressing the ligand-independent Wnt signalosome (a
multiprotein signaling platform consisting of LRP6, FZD, DVL,
AXIN, CK1, GSK3β, and other intracellular signaling com-
ponents) assembly by binding to clathrin. If APC is lost, APC2
can compensate in destruction complex formation but cannot
replace the function of APC in signalosome suppression (see
Fig. 4 (modified from (78)) for a more detailed description).
One difference between APC and APC2 is that APC knock-
down by siRNA can rapidly induce LRP6 phosphorylation
(signalosome activation), even though knockdown of either
APC or APC2 can increase β-catenin levels in HEK293 cells.
The clathrin-interacting region in APC has not been identified
and is presumably missing in both APC2 and C-terminus-
truncated APC. In this new model, β-catenin stabilization after
APC loss is dependent on both the disassembly of the APC/
AXIN/GSK3/CK1-mediated destruction complex and the as-
sembly of signalosome complexes (Fig. 4).

In other words, hyperactivated Wnt/β-catenin signaling in
APC-mutant or APC-deficient cells could be dramatically
reduced by knockdown or chemical inhibition of the receptor
components (LRP, FZD, or DVL, but not WNTs) or with an
LRP6 antibody (78). This was confirmed in APCmin/+ orga-
noids and Drosophila. Importantly, the translational implica-
tions from this study included targeting the Wnt receptor
complex to inhibit Wnt hyperactivation caused by APC inac-
tivation in cancers like CRC. For example, vantictumab (a pan-
FZD antibody), which has been used in clinical trials to treat
breast, pancreatic, and ovarian cancers, could be repurposed to
treat APC-mutant CRC patients. However, a better strategy is
needed to gain more specificity and avoid side-effects caused
by a systematic WNT inhibition, such as detrimental effects on
bone (79). One example is developing FZD5-specific anti-
bodies, with an expectation that targeting only FZD5-
expressing cells will not cause as severe systemic toxicity as
porcupine inhibitors or pan-FZD antibodies will (80).

Contradictory evidence on APC–LRP6 interaction

In a recent letter in Developmental Cell (81), Chen et al.
argued that LRP5/6 were indeed not required for APC-defi-
ciency–induced Wnt activation. This work was based on
CRISPR/Cas9 technology using some of the same key cell lines
used by Saito-Diaz et al. (78). Surprisingly, Chen found that
LRP5/6 knockout in HEK293 T cells did not affect Wnt acti-
vation in responding to APC-deficiency. Chen further sug-
gested that side-effects of the siRNA-mediated gene
knockdown used in Saito-Diaz work might have contributed to
the unexpected outcomes. For example, the LRP6 knockdown
may have off-target effects specifically in APC-deficient
HEK293 T cells and a number of APC-mutant colon cancer
cell lines, and LRP6 knockdown in these cell lines further
increased Wnt signaling instead of decreasing shown by Saito-
Diaz (78). Although the mechanism of the off-target effects of
LRP6 siRNAs in these cells was not clear, LRP6 knockdown
did significantly reduce LRP6 protein and abolished Wnt3a
response in wild-type HEK293 T cells, which verifies siRNA
knockdown efficiency not being the discrepancy (81).



Figure 4. APC-deficiency induces Wnt signaling through the clathrin endocytic pathway. Left, in wild-type cells, APC works with axin, GSK3, and CK1 to
degrade β-catenin protein and binds to clathrin to suppress Wnt-independent signalosome assembly. Middle, when APC is knocked down (or mutated),
APC2 cannot compensate for APC to suppress signalosome formation, which leads to β-catenin protein accumulation in the cell. Right, in the events of LRP
knockdown or treatment with LRP6 antibody or with FZD or DVL antagonists, the signalosome is no longer active, and the APC2-mediated destruction
complex continues to degrade β-catenin, which leads to much suppressed Wnt/β-catenin signaling (right panel). APC, adenomatous polyposis coli; CK1,
casein kinase 1; DVL, Dishevelled; GSK3, glycogen synthase kinase 3; LRP6, low-density lipoprotein receptor-related proteins 6.
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In another letter in the same issue, Cabel et al. (82) pre-
sented additional information by measuring β-catenin nu-
clear localization in single cells to confirm LRP’s
involvement in responding to APC deficiency. They sug-
gested that CRISPR/Cas9-mediated LRP5/6 knockout could
result in compensation by genetic mechanisms that maintain
elevated Wnt signaling over time in knockout cell clones.
Although it has been reported that CRISPR-induced DNA
double-strand breaks can induce a stress response (83), the
cell stress response was reported to be uninheritable through
cell divisions (84). It would be somewhat surprising if a
compensatory genetic mechanism could block Wnt receptor
signaling completely in APC-deficient cell clones. Still, we
appreciate that the clonal variation can sometimes be sig-
nificant enough to show a dramatic effect (85). The variation
in responding to APC inactivation is also evidenced in vivo
by the fact that Apc conditional knockouts in most mouse
organs lead to dramatically induced Wnt/β-catenin signaling
and cause significant phenotypes except in the mammary
glands, which is at least partly because of compensation from
Apc2 (63).

We may also consider cellular heterogeneity and differential
compensatory signaling mechanisms (depending on the timing
of gene deletions or knockdowns) as possible explanations for
these differences. Some technical differences between the two
studies could also be confounding factors. For example, APC
protein truncation by CRISPR could lead to a gain-of-function
APC mutant. At the same time, siRNA-mediated APC mRNA
loss is probably not as complete as CRISPR-mediated APC
truncation. The removal of the entire APC mRNA is not
physiologically relevant to human colon cancer patients
because most CRC patients retain APC N-terminal fragments.
Finally, the levels of APC2 expression in specific cell types (or
even subclones of cell lines) may influence the response to loss
of APC.

The clathrin-mediated endocytic pathway was proposed to
be required for Wnt activation in APC-deficient cells (78).
However, a recent study reported that endocytosis (either
clathrin- or caveolin-mediated) is not necessary for ligand-
induced (but not APC-deficiency–induced) Wnt signaling
(86). This study used genetically modified mouse embryonic
stem cells and some other cell lines to observe β-catenin nu-
clear localization in live cells as the Wnt activation readout
(86). This is quite a surprising finding because endocytosis has
been widely recognized as important for Wnt signaling at
different levels, such as endocytic trafficking in the WNT
source cell and Wnt-receptor complex–induced signal acti-
vation (signalosome formation) (87). The underlying mecha-
nisms of WNT-induced clathrin- or caveolin-mediated
endocytosis are under debate (24, 88–90). Nevertheless, in
cancer cells, components of the Wnt signaling and endocytosis
pathways may be drastically different from those of normal
cells. This endocytosis-independent β-catenin activation/nu-
clear localization is based on WNT recombinant protein
treatment without the involvement of WNT-producing cells. It
will be important to show whether APC-deficiency-induced
Wnt signaling requires endocytosis using the same model
(i.e., nontumor cells). Additional effort is needed to define
further the involvement of endocytosis in Wnt signaling under
other contexts.

Future directions

It is crucial to resolve these debates on the requirements for
LRP5/6 in APC-deficiency–induced Wnt/β-catenin activation
to pursue therapies optimally. The seemingly contradictory
mechanisms reported could be because of cell-specific
J. Biol. Chem. (2021) 296 100782 7
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differences in other components of the Wnt pathway (such as
APC2 expression level). Further examination of this question
could identify a cellular signature that would allow informed
predictions of whether specific APC-deficient CRC tumors
would be more likely to respond to agents targeting the Wnt
receptor complex.

Wnt signaling has been intensely studied for several de-
cades. Just when we think that we have a complete under-
standing of its intricacies, unexpected observations emerge. In
addition to the areas outlined above, there are still open
questions about the stoichiometry of ligand-receptor com-
plexes. In addition, the broad question of how specificity is
generated for downstream signaling by the 19 Wnt ligands, ten
Frizzled receptors, and the cohort of additional co-receptors is
also of continuing interest. Clarifying these and other ques-
tions will undoubtedly identify new opportunities for thera-
peutic development and keep this research area vibrant for
many years to come.

Acknowledgments—We thank the Van Andel Institute for ongoing
support. We thank David Nadziejka for editorial assistance.

Author contributions—Z. A. Z. and B. O. W. writing–original draft;
Z. A. Z., B. O. W., M. N. M., P. D. S., and E. A. S. writing–review and
editing.

Funding and additional information—P. D. S. is supported by a
postdoctoral fellowship from the American Cancer Society.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: APC, adenomatous
polyposis coli; CK1, casein kinase 1; CRC, colorectal cancer; DVL,
Dishevelled; GSK3, glycogen synthase kinase 3; LRP5, low-density
lipoprotein receptor-related proteins 5; LRP6, low-density lipopro-
tein receptor-related proteins 6; PORCN, Porcupine; RNF43, ring
finger protein 43; ZNRF3, zing and ring finger 3.

References

1. Jemal, A., Siegel, R., Ward, E., Hao, Y., Xu, J., Murray, T., and Thun, M. J.
(2008) Cancer statistics, 2008. CA Cancer J. Clin. 58, 71–96

2. Siegel, R. L., Miller, K. D., and Jemal, A. (2020) Cancer statistics, 2020. CA
Cancer J. Clin. 70, 7–30

3. Cersosimo, R. J. (2013) Management of advanced colorectal cancer, part
1. Am. J. Health Syst. Pharm. 70, 395–406

4. Cersosimo, R. J. (2013) Management of advanced colorectal cancer, part
2. Am. J. Health Syst. Pharm. 70, 491–506

5. Montagnani, F., Chiriatti, A., Turrisi, G., Francini, G., and Fiorentini, G.
(2011) A systematic review of FOLFOXIRI chemotherapy for the first-line
treatment of metastatic colorectal cancer: Improved efficacy at the cost of
increased toxicity. Colorectal Dis. 13, 846–852

6. Van Cutsem, E., Cervantes, A., Nordlinger, B., and Arnold, D.
(2014) Metastatic colorectal cancer: ESMO clinical practice guide-
lines for diagnosis, treatment and follow-up. Ann. Oncol. 25 Suppl
3, iii1–iii9

7. Vera, R., Alonso, V., Gállego, J., González, E., Guillén-Ponce, C., Pericay,
C., Rivera, F., Safont, M. J., and Valladares-Ayerbes, M. (2015) Current
controversies in the management of metastatic colorectal cancer. Cancer
Chemother. Pharmacol. 76, 659–677
8 J. Biol. Chem. (2021) 296 100782
8. Xie, Y. H., Chen, Y. X., and Fang, J. Y. (2020) Comprehensive review of
targeted therapy for colorectal cancer. Signal Transduct. Target. Ther.
5, 22

9. Alok, A., Lei, Z., Jagannathan, N. S., Kaur, S., Harmston, N., Rozen, S. G.,
Tucker-Kellogg, L., and Virshup, D. M. (2017) Wnt proteins synergize to
activate beta-catenin signaling. J. Cell Sci. 130, 1532–1544

10. Ring, L., Neth, P., Weber, C., Steffens, S., and Faussner, A. (2014) beta-
Catenin-dependent pathway activation by both promiscuous “canonical”
WNT3a-, and specific “noncanonical” WNT4- and WNT5a-FZD recep-
tor combinations with strong differences in LRP5 and LRP6 dependency.
Cell. Signal. 26, 260–267

11. van Amerongen, R., Fuerer, C., Mizutani, M., and Nusse, R. (2012) Wnt5a
can both activate and repress Wnt/beta-catenin signaling during mouse
embryonic development. Dev. Biol. 369, 101–114

12. Mikels, A. J., and Nusse, R. (2006) Purified Wnt5a protein activates or
inhibits beta-catenin-TCF signaling depending on receptor context. PLoS
Biol. 4, e115

13. Cha, S. W., Tadjuidje, E., Tao, Q., Wylie, C., and Heasman, J. (2008)
Wnt5a and Wnt11 interact in a maternal Dkk1-regulated fashion to
activate both canonical and non-canonical signaling in Xenopus axis
formation. Development 135, 3719–3729

14. Qiu, W., Chen, L., and Kassem, M. (2011) Activation of non-canonical
Wnt/JNK pathway by Wnt3a is associated with differentiation fate
determination of human bone marrow stromal (mesenchymal) stem cells.
Biochem. Biophys. Res. Commun. 413, 98–104

15. Grumolato, L., Liu, G., Mong, P., Mudbhary, R., Biswas, R., Arroyave, R.,
Vijayakumar, S., Economides, A. N., and Aaronson, S. A. (2010) Ca-
nonical and noncanonical Wnts use a common mechanism to activate
completely unrelated coreceptors. Genes Dev. 24, 2517–2530

16. Nusse, R., and Varmus, H. E. (1982) Many tumors induced by the mouse
mammary tumor virus contain a provirus integrated in the same region of
the host genome. Cell 31, 99–109

17. Bhanot, P., Brink, M., Samos, C. H., Hsieh, J. C., Wang, Y., Macke, J. P.,
Andrew, D., Nathans, J., and Nusse, R. (1996) A new member of the
frizzled family from Drosophila functions as a wingless receptor. Nature
382, 225–230

18. Willert, K., Brown, J. D., Danenberg, E., Duncan, A. W., Weissman, I. L.,
Reya, T., Yates, J. R., and Nusse, R. (2003) Wnt proteins are lipid-modified
and can act as stem cell growth factors. Nature 423, 448–452

19. Janda, C. Y., Waghray, D., Levin, A. M., Thomas, C., and Garcia, K. C.
(2012) Structural basis of Wnt recognition by frizzled. Science 337, 59–64

20. Coombs, G. S., Yu, J., Canning, C. A., Veltri, C. A., Covey, T. M., Cheong,
J. K., Utomo, V., Banerjee, N., Zhang, Z. H., Jadulco, R. C., Concepcion,
G. P., Bugni, T. S., Harper, M. K., Mihalek, I., Jones, C. M., et al. (2010)
WLS-dependent secretion of WNT3A requires Ser209 acylation and
vacuolar acidification. J. Cell Sci. 123(Pt 19), 3357–3367

21. Komekado, H., Yamamoto, H., Chiba, T., and Kikuchi, A. (2007)
Glycosylation and palmitoylation of Wnt-3a are coupled to produce an
active form of Wnt-3a. Genes Cells 12, 521–534

22. Lorenowicz, M. J., and Korswagen, H. C. (2009) Sailing with the Wnt:
Charting the Wnt processing and secretion route. Exp. Cell Res. 315,
2683–2689

23. MacDonald, B. T., Tamai, K., and He, X. (2009) Wnt/beta-catenin
signaling: Components, mechanisms, and diseases. Dev. Cell 17, 9–26

24. Li, V. S., Ng, S. S., Boersema, P. J., Low, T. Y., Karthaus, W. R., Gerlach, J.
P., Mohammed, S., Heck, A. J., Maurice, M. M., Mahmoudi, T., and
Clevers, H. (2012) Wnt signaling through inhibition of beta-catenin
degradation in an intact Axin1 complex. Cell 149, 1245–1256

25. Hao, H. X., Xie, Y., Zhang, Y., Charlat, O., Oster, E., Avello, M., Lei, H.,
Mickanin, C., Liu, D., Ruffner, H., Mao, X., Ma, Q., Zamponi, R.,
Bouwmeester, T., Finan, P. M., et al. (2012) ZNRF3 promotes Wnt
receptor turnover in an R-spondin-sensitive manner. Nature 485, 195–
200

26. Koo, B. K., Spit, M., Jordens, I., Low, T. Y., Stange, D. E., van de
Wetering, M., van Es, J. H., Mohammed, S., Heck, A. J., Maurice, M. M.,
and Clevers, H. (2012) Tumour suppressor RNF43 is a stem-cell E3 ligase
that induces endocytosis of Wnt receptors. Nature 488, 665–669

http://refhub.elsevier.com/S0021-9258(21)00575-5/sref1
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref1
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref2
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref2
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref3
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref3
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref4
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref4
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref5
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref6
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref7
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref8
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref9
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref10
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref11
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref11
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref11
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref12
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref12
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref12
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref13
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref14
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref15
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref16
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref17
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref18
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref18
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref18
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref19
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref19
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref20
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref21
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref22
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref22
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref22
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref23
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref24
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref25
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref26
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref26
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref26
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref26


JBC REVIEWS: Wnt receptors in cancer
27. de Lau, W., Peng, W. C., Gros, P., and Clevers, H. (2014) The R-spondin/
Lgr5/Rnf43 module: Regulator of Wnt signal strength. Genes Dev. 28,
305–316

28. Kleeman, S. O., Koelzer, V. H., Jones, H. J., Vazquez, E. G., Davis, H.,
East, J. E., Arnold, R., Koppens, M. A., Blake, A., Domingo, E., Cun-
ningham, C., Beggs, A. D., Pestinger, V., Loughrey, M. B., Wang, L. M.,
et al. (2020) Exploiting differential Wnt target gene expression to
generate a molecular biomarker for colorectal cancer stratification. Gut
69, 1092–1103

29. Schell, M. J., Yang, M., Teer, J. K., Lo, F. Y., Madan, A., Coppola, D.,
Monteiro, A. N., Nebozhyn, M. V., Yue, B., Loboda, A., Bien-Willner, G.
A., Greenawalt, D. M., and Yeatman, T. J. (2016) A multigene mutation
classification of 468 colorectal cancers reveals a prognostic role for APC.
Nat. Commun. 7, 11743

30. Brynczka, C., and Merrick, B. A. (2008) The p53 transcriptional target
gene Wnt7b contributes to NGF-inducible neurite outgrowth in neuronal
PC12 cells. Differentiation 76, 795–808

31. Lee, K. H., Li, M., Michalowski, A. M., Zhang, X., Liao, H., Chen, L., Xu,
Y., Wu, X., and Huang, J. (2010) A genomewide study identifies the Wnt
signaling pathway as a major target of p53 in murine embryonic stem
cells. Proc. Natl. Acad. Sci. U. S. A. 107, 69–74

32. Wellenstein, M. D., Coffelt, S. B., Duits, D. E. M., van Miltenburg, M. H.,
Slagter, M., de Rink, I., Henneman, L., Kas, S. M., Prekovic, S., Hau, C. S.,
Vrijland, K., Drenth, A. P., de Korte-Grimmerink, R., Schut, E., van der
Heijden, I., et al. (2019) Loss of p53 triggers WNT-dependent systemic
inflammation to drive breast cancer metastasis. Nature 572, 538–542

33. Madan, B., Harmston, N., Nallan, G., Montoya, A., Faull, P., Petretto, E.,
and Virshup, D. M. (2018) Temporal dynamics of Wnt-dependent
transcriptome reveal an oncogenic Wnt/MYC/ribosome axis. J. Clin.
Invest. 128, 5620–5633

34. Spranger, S., Bao, R., and Gajewski, T. F. (2015) Melanoma-intrinsic beta-
catenin signalling prevents anti-tumour immunity. Nature 523, 231–235

35. Xue, J., Yu, X., Xue, L., Ge, X., Zhao, W., and Peng, W. (2019) Intrinsic
beta-catenin signaling suppresses CD8(+) T-cell infiltration in colorectal
cancer. Biomed. Pharmacother. 115, 108921

36. Ganesh, S., Shui, X., Craig, K. P., Park, J., Wang, W., Brown, B. D., and
Abrams, M. T. (2018) RNAi-mediated beta-catenin inhibition promotes
T cell infiltration and antitumor activity in combination with immune
checkpoint blockade. Mol. Ther. 26, 2567–2579

37. Voloshanenko, O., Schwartz, U., Kranz, D., Rauscher, B., Linnebacher,
M., Augustin, I., and Boutros, M. (2018) beta-Catenin-independent
regulation of Wnt target genes by RoR2 and ATF2/ATF4 in colon cancer
cells. Sci. Rep. 8, 3178

38. Giannakis, M., Hodis, E., Jasmine Mu, X., Yamauchi, M., Rosenbluh, J.,
Cibulskis, K., Saksena, G., Lawrence, M. S., Qian, Z. R., Nishihara, R., Van
Allen, E. M., Hahn, W. C., Gabriel, S. B., Lander, E. S., Getz, G., et al.
(2014) RNF43 is frequently mutated in colorectal and endometrial can-
cers. Nat. Genet. 46, 1264–1266

39. Jo, Y. S., Kim, M. S., Lee, J. H., Lee, S. H., An, C. H., and Yoo, N. J. (2015)
Frequent frameshift mutations in 2 mononucleotide repeats of RNF43
gene and its regional heterogeneity in gastric and colorectal cancers.
Hum. Pathol. 46, 1640–1646

40. Tabula Muris Consortium, Overall Coordination, Logistical Coordina-
tion, Organ Collection and Processing, Library Preparation and
Sequencing, Computational Data Analysis, Cell Type Annotation,
Writing Group, Supplemental Text Writing Group, Principal In-
vestigators (2018) Single-cell transcriptomics of 20 mouse organs creates
a Tabula Muris. Nature 562, 367–372

41. Herr, P., Hausmann, G., and Basler, K. (2012) WNT secretion and sig-
nalling in human disease. Trends Mol. Med. 18, 483–493

42. Koo, B. K., van Es, J. H., van den Born, M., and Clevers, H. (2015) Por-
cupine inhibitor suppresses paracrine Wnt-driven growth of
Rnf43;Znrf3-mutant neoplasia. Proc. Natl. Acad. Sci. U. S. A. 112, 7548–
7550

43. Jiang, X., Hao, H. X., Growney, J. D., Woolfenden, S., Bottiglio, C., Ng, N.,
Lu, B., Hsieh, M. H., Bagdasarian, L., Meyer, R., Smith, T. R., Avello, M.,
Charlat, O., Xie, Y., Porter, J. A., et al. (2013) Inactivating mutations of
RNF43 confer Wnt dependency in pancreatic ductal adenocarcinoma.
Proc. Natl. Acad. Sci. U. S. A. 110, 12649–12654

44. Madan, B., Ke, Z., Harmston, N., Ho, S. Y., Frois, A. O., Alam, J., Jeyaraj,
D. A., Pendharkar, V., Ghosh, K., Virshup, I. H., Manoharan, V., Ong, E.
H., Sangthongpitag, K., Hill, J., Petretto, E., et al. (2016) Wnt addiction of
genetically defined cancers reversed by PORCN inhibition. Oncogene 35,
2197–2207

45. Chee, Y. C., Pahnke, J., Bunte, R., Adsool, V. A., Madan, B., and Virshup,
D. M. (2018) Intrinsic xenobiotic resistance of the intestinal stem cell
niche. Dev. Cell 46, 681–695.e5

46. Kabiri, Z., Greicius, G., Madan, B., Biechele, S., Zhong, Z., Zaribafzadeh,
H., Edison, Aliyev, J., Wu, Y., Bunte, R., Williams, B. O., Rossant, J., and
Virshup, D. M. (2014) Stroma provides an intestinal stem cell niche in the
absence of epithelial Wnts. Development 141, 2206–2215

47. Greicius, G., Kabiri, Z., Sigmundsson, K., Liang, C., Bunte, R., Singh, M.
K., and Virshup, D. M. (2018) PDGFRalpha(+) pericryptal stromal cells
are the critical source of Wnts and RSPO3 for murine intestinal stem cells
in vivo. Proc. Natl. Acad. Sci. U. S. A. 115, E3173–E3181

48. Li, S., Lavrijsen, M., Bakker, A., Magierowski, M., Magierowska, K., Liu,
P., Wang, W., Peppelenbosch, M. P., and Smits, R. (2020) Commonly
observed RNF43 mutations retain functionality in attenuating Wnt/beta-
catenin signaling and unlikely confer Wnt-dependency onto colorectal
cancers. Oncogene 39, 3458–3472

49. Tu, J., Park, S., Yu, W., Zhang, S., Wu, L., Carmon, K., and Liu, Q. J.
(2019) The most common RNF43 mutant G659Vfs*41 is fully functional
in inhibiting Wnt signaling and unlikely to play a role in tumorigenesis.
Sci. Rep. 9, 18557

50. Li, Y., Li, J., Wang, R., Zhang, L., Fu, G., Wang, X., Wang, Y., Fang, C.,
Zhang, D., Du, D., Ma, X., Pan, M., Guo, Q., Xu, X., Hu, X., et al. (2020)
Frequent RNF43 mutation contributes to moderate activation of Wnt
signaling in colorectal signet-ring cell carcinoma. Protein Cell 11, 292–
298

51. Tsukiyama, T., Fukui, A., Terai, S., Fujioka, Y., Shinada, K., Takahashi, H.,
Yamaguchi, T. P., Ohba, Y., and Hatakeyama, S. (2015) Molecular role of
RNF43 in canonical and noncanonical Wnt signaling. Mol. Cell. Biol. 35,
2007–2023

52. [preprint] Spit, M., Fenderico, N., Jordens, I., Radaszkiewicz, T., Linde-
boom, R. G. H., Bugter, J. M., Ootes, L., Van Osch, M., Janssen, E.,
Boonekamp, K. E., Hanakova, K., Potesil, D., Zdrahal, Z., Boj, S. F.,
Medema, J. P., et al. (2020) RNF43 truncating mutations mediate a
tumour suppressor-to-oncogene switch to drive niche-independent self-
renewal in cancer. bioRxiv. https://doi.org/10.1101/748574

53. Nusse, R., and Clevers, H. (2017) Wnt/beta-catenin signaling, disease, and
emerging therapeutic modalities. Cell 169, 985–999

54. Zeineldin, M., and Neufeld, K. L. (2013) More than two decades of Apc
modeling in rodents. Biochim. Biophys. Acta 1836, 80–89

55. Samowitz, W. S., Powers, M. D., Spirio, L. N., Nollet, F., van Roy, F., and
Slattery, M. L. (1999) Beta-catenin mutations are more frequent in small
colorectal adenomas than in larger adenomas and invasive carcinomas.
Cancer Res. 59, 1442–1444

56. Hankey, W., McIlhatton, M. A., Ebede, K., Kennedy, B., Hancioglu, B.,
Zhang, J., Brock, G. N., Huang, K., and Groden, J. (2018) Mutational
mechanisms that activate Wnt signaling and predict outcomes in colo-
rectal cancer patients. Cancer Res. 78, 617–630

57. Rosin-Arbesfeld, R., Townsley, F., and Bienz, M. (2000) The APC tumour
suppressor has a nuclear export function. Nature 406, 1009–1012

58. Henderson, B. R. (2000) Nuclear-cytoplasmic shuttling of APC regulates
beta-catenin subcellular localization and turnover. Nat. Cell Biol. 2, 653–
660

59. Rosin-Arbesfeld, R., Cliffe, A., Brabletz, T., and Bienz, M. (2003) Nuclear
export of the APC tumour suppressor controls beta-catenin function in
transcription. EMBO J. 22, 1101–1113

60. Hankey, W., Chen, Z., Bergman, M. J., Fernandez, M. O., Hancioglu, B.,
Lan, X., Jegga, A. G., Zhang, J., Jin, V. X., Aronow, B. J., Wang, Q., and
Groden, J. (2018) Chromatin-associated APC regulates gene expression in
collaboration with canonical WNT signaling and AP-1. Oncotarget 9,
31214–31230
J. Biol. Chem. (2021) 296 100782 9

http://refhub.elsevier.com/S0021-9258(21)00575-5/sref27
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref27
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref27
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref28
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref29
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref30
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref30
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref30
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref31
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref32
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref33
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref34
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref34
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref35
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref36
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref37
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref38
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref39
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref40
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref41
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref41
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref42
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref43
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref44
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref45
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref45
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref45
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref46
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref46
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref46
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref46
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref47
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref47
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref47
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref47
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref48
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref48
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref48
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref48
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref48
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref49
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref49
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref49
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref49
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref50
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref50
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref50
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref50
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref50
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref51
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref51
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref51
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref51
https://doi.org/10.1101/748574
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref53
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref53
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref54
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref54
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref55
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref55
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref55
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref55
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref56
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref56
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref56
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref56
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref57
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref57
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref58
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref58
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref58
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref59
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref59
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref59
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref60
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref60
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref60
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref60
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref60


JBC REVIEWS: Wnt receptors in cancer
61. van Es, J. H., Kirkpatrick, C., van de Wetering, M., Molenaar, M., Miles,
A., Kuipers, J., Destrée, O., Peifer, M., and Clevers, H. (1999) Identifica-
tion of APC2, a homologue of the adenomatous polyposis coli tumour
suppressor. Curr. Biol. 9, 105–108

62. Hamada, F., Murata, Y., Nishida, A., Fujita, F., Tomoyasu, Y., Naka-
mura, M., Toyoshima, K., Tabata, T., Ueno, N., and Akiyama, T.
(1999) Identification and characterization of E-APC, a novel
Drosophila homologue of the tumour suppressor APC. Genes Cells 4,
465–474

63. Daly, C. S., Shaw, P., Ordonez, L. D., Williams, G. T., Quist, J., Grigor-
iadis, A., Van Es, J. H., Clevers, H., Clarke, A. R., and Reed, K. R. (2017)
Functional redundancy between Apc and Apc2 regulates tissue homeo-
stasis and prevents tumorigenesis in murine mammary epithelium.
Oncogene 36, 1793–1803

64. Mohamed, N. E., Hay, T., Reed, K. R., Smalley, M. J., and Clarke, A. R.
(2019) APC2 is critical for ovarian WNT signalling control, fertility and
tumour suppression. BMC Cancer 19, 677

65. Prosperi, J. R., Becher, K. R., Willson, T. A., Collins, M. H., Witte, D. P.,
and Goss, K. H. (2009) The APC tumor suppressor is required for
epithelial integrity in the mouse mammary gland. J. Cell. Physiol. 220,
319–331

66. Akong, K., McCartney, B. M., and Peifer, M. (2002) Drosophila APC2 and
APC1 have overlapping roles in the larval brain despite their distinct
intracellular localizations. Dev. Biol. 250, 71–90

67. Ahmed, Y., Nouri, A., and Wieschaus, E. (2002) Drosophila Apc1 and
Apc2 regulate wingless transduction throughout development. Develop-
ment 129, 1751–1762

68. Akong, K., Grevengoed, E. E., Price, M. H., McCartney, B. M., Hayden,
M. A., DeNofrio, J. C., and Peifer, M. (2002) Drosophila APC2 and APC1
play overlapping roles in wingless signaling in the embryo and imaginal
discs. Dev. Biol. 250, 91–100

69. McCartney, B. M., Dierick, H. A., Kirkpatrick, C., Moline, M. M., Baas, A.,
Peifer, M., and Bejsovec, A. (1999) Drosophila APC2 is a cytoskeletally-
associated protein that regulates wingless signaling in the embryonic
epidermis. J. Cell Biol. 146, 1303–1318

70. Young, M. A., Daly, C. S., Taylor, E., James, R., Clarke, A. R., and Reed, K.
R. (2018) Subtle deregulation of the Wnt-signaling pathway through loss
of Apc2 reduces the fitness of intestinal stem cells. Stem Cells 36, 114–
122

71. He, Y., Sun, L. Y., Wang, J., Gong, R., Shao, Q., Zhang, Z. C., Ye, Z. L.,
Wang, H. Y., Xu, R. H., and Shao, J. Y. (2018) Hypermethylation of APC2
is a predictive epigenetic biomarker for Chinese colorectal cancer. Dis.
Markers 2018, 8619462

72. Beta, M., Chitipothu, S., Khetan, V., Biswas, J., and Krishnakumar, S.
(2015) Hypermethylation of adenomatosis polyposis coli-2 and its
tumor suppressor role in retinoblastoma. Curr. Eye Res. 40, 719–728

73. Flanagan, D. J., Barker, N., Costanzo, N. S. D., Mason, E. A., Gurney, A.,
Meniel, V. S., Koushyar, S., Austin, C. R., Ernst, M., Pearson, H. B.,
Boussioutas, A., Clevers, H., Phesse, T. J., and Vincan, E. (2019) Frizzled-7
is required for Wnt signaling in gastric tumors with and without Apc
mutations. Cancer Res. 79, 970–981

74. Baehs, S., Herbst, A., Thieme, S. E., Perschl, C., Behrens, A., Scheel, S.,
Jung, A., Brabletz, T., Göke, B., Blum, H., and Kolligs, F. T. (2009)
Dickkopf-4 is frequently down-regulated and inhibits growth of colorectal
cancer cells. Cancer Lett. 276, 152–159
10 J. Biol. Chem. (2021) 296 100782
75. Suzuki, H., Watkins, D. N., Jair, K. W., Schuebel, K. E., Markowitz, S. D.,
Chen, W. D., Pretlow, T. P., Yang, B., Akiyama, Y., Van Engeland, M.,
Toyota, M., Tokino, T., Hinoda, Y., Imai, K., Herman, J. G., et al. (2004)
Epigenetic inactivation of SFRP genes allows constitutive Wnt signaling in
colorectal cancer. Nat. Genet. 36, 417–422

76. Parker, T. W., and Neufeld, K. L. (2020) APC controls Wnt-induced beta-
catenin destruction complex recruitment in human colonocytes. Sci. Rep.
10, 2957

77. Voloshanenko, O., Erdmann, G., Dubash, T. D., Augustin, I., Metzig, M.,
Moffa, G., Hundsrucker, C., Kerr, G., Sandmann, T., Anchang, B., Demir,
K., Boehm, C., Leible, S., Ball, C. R., Glimm, H., et al. (2013) Wnt
secretion is required to maintain high levels of Wnt activity in colon
cancer cells. Nat. Commun. 4, 2610

78. 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., Lee, L. A., Coffey, R.
J., Beauchamp, R. D., Williams, C. S., Kenworthy, A. K., et al. (2018) APC
inhibits ligand-independent Wnt signaling by the clathrin endocytic
pathway. Dev. Cell 44, 566–581.e8

79. Madan, B., McDonald, M. J., Foxa, G. E., Diegel, C. R., Williams, B. O.,
and Virshup, D. M. (2018) Bone loss from Wnt inhibition mitigated by
concurrent alendronate therapy. Bone Res. 6, 17

80. Steinhart, Z., Pavlovic, Z., Chandrashekhar, M., Hart, T., Wang, X.,
Zhang, X., Robitaille, M., Brown, K. R., Jaksani, S., Overmeer, R., Boj, S. F.,
Adams, J., Pan, J., Clevers, H., Sidhu, S., et al. (2017) Genome-wide
CRISPR screens reveal a Wnt-FZD5 signaling circuit as a druggable
vulnerability of RNF43-mutant pancreatic tumors. Nat. Med. 23, 60–68

81. Chen, M., and He, X. (2019) APC deficiency leads to beta-catenin sta-
bilization and signaling independent of LRP5/6. Dev. Cell 49, 825–826

82. Cabel, C. R., Alizadeh, E., Robbins, D. J., Ahmed, Y., Lee, E., and Thorne,
C. A. (2019) Single-cell analyses confirm the critical role of LRP6 for Wnt
signaling in APC-deficient cells. Dev. Cell 49, 827–828

83. Geisinger, J. M., and Stearns, T. (2020) CRISPR/Cas9 treatment causes
extended TP53-dependent cell cycle arrest in human cells. Nucleic Acids
Res. 48, 9067–9081

84. Johnston, A. D., Abdulrazak, A., Sato, H., Maqbool, S. B., Suzuki, M.,
Greally, J. M., Simões-Pires, C. A., and Simões-Pires, C. A. (2020)
A cellular stress response induced by the CRISPR-dCas9 activation sys-
tem is not heritable through cell divisions. CRISPR J. 3, 188–197

85. Masramon, L., Vendrell, E., Tarafa, G., Capellà, G., Miró, R., Ribas, M.,
and Peinado, M. A. (2006) Genetic instability and divergence of clonal
populations in colon cancer cells in vitro. J. Cell Sci. 119(Pt 8), 1477–1482

86. Rim, E. Y., Kinney, L. K., and Nusse, R. (2020) beta-Catenin-mediated
Wnt signal transduction proceeds through an endocytosis-independent
mechanism. Mol. Biol. Cell 31, 1425–1436

87. Brunt, L., and Scholpp, S. (2018) The function of endocytosis in Wnt
signaling. Cell. Mol. Life Sci. 75, 785–795

88. McGough, I. J., and Vincent, J. P. (2018) APC moonlights to prevent Wnt
signalosome assembly. Dev. Cell 44, 535–537

89. Haack, F., Budde, K., and Uhrmacher, A. M. (2020) Exploring mechanistic
and temporal regulation of LRP6 endocytosis in canonical WNT
signaling. J. Cell Sci. https://doi.org/10.1242/jcs.243675

90. Taelman, V. F., Dobrowolski, R., Plouhinec, J. L., Fuentealba, L. C.,
Vorwald, P. P., Gumper, I., Sabatini, D. D., and De Robertis, E. M. (2010)
Wnt signaling requires sequestration of glycogen synthase kinase 3 inside
multivesicular endosomes. Cell 143, 1136–1148

http://refhub.elsevier.com/S0021-9258(21)00575-5/sref61
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref61
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref61
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref61
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref62
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref62
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref62
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref62
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref62
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref63
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref63
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref63
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref63
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref63
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref64
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref64
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref64
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref65
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref65
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref65
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref65
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref66
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref66
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref66
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref67
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref67
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref67
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref68
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref68
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref68
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref68
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref69
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref69
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref69
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref69
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref70
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref70
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref70
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref70
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref71
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref71
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref71
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref71
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref72
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref72
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref72
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref73
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref73
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref73
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref73
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref73
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref74
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref74
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref74
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref74
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref75
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref75
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref75
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref75
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref75
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref76
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref76
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref76
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref77
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref77
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref77
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref77
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref77
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref78
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref78
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref78
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref78
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref78
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref79
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref79
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref79
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref80
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref80
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref80
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref80
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref80
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref81
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref81
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref82
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref82
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref82
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref83
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref83
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref83
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref84
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref84
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref84
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref84
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref85
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref85
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref85
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref86
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref86
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref86
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref87
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref87
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref88
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref88
https://doi.org/10.1242/jcs.243675
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref90
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref90
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref90
http://refhub.elsevier.com/S0021-9258(21)00575-5/sref90

	Regulation of Wnt receptor activity: Implications for therapeutic development in colon cancer
	Wnt/β-catenin signaling
	Wnt/β-catenin signaling in CRC
	Blocking Wnt secretion to treat RNF43-mutant CRC
	Targeting Wnt receptors to inhibit β-catenin in APC-mutant cells
	APC loss of function is different from β-catenin gain of function
	APC2 is a homolog of APC

	A new model of APC/APC2–LRP5/6 interaction
	Contradictory evidence on APC–LRP6 interaction
	Future directions
	Author contributions
	Funding and additional information
	References


