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Wnt signaling has been implicated in a wide spectrum of important biological phenomena, where either a deficiency or
overactivation of key effectors can lead to various human diseases. This review highlights historical and recent findings on
key mediators of Wnt signaling and its association with various developmental diseases and tumorigenesis.
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| 1. Introduction

Whnt signaling and its components have been implicated in a wide spectrum of important biological phenomena, where
either a deficiency or overactivation of key effectors can lead to developmental disorders or impact cancer risk. The
emergence of Wnt signaling, an integral mode of cell-to-cell communication, can be traced back to the early discovery of
the first mammalian Wnt gene, Int1, discovered in 1982 . Following the discovery of Int1, some of the most impactful
discoveries were made which linked the Wnt pathway with developmental biology. Many of the genes regulated via the
Wnt pathway, which were initially discovered to be important for development, later turned out to be oncogenes and tumor
suppressors when studied in human cancer. Subsequently, some of the early genetic screens involving mutations in
armadillo (B-catenin in vertebrates) and dishevelled (dsh in Drosophila) were similar to the Wingless mutants and thus
shown to play an important role in segment polarity and embryonic development. Soon developmental assays, such as
axis duplication assays in Xenopus, were shown to be excellent experimental model systems to characterize different
components of the Wnt pathway. This led to classification of positive regulators of the Wnt pathway, for instance, wherein
injection of murine Wntl mRNA into the embryo could induce axis duplication. Similarly, axis duplication was also induced
by other components such as B-catenin, TCF, LEF, and GSK3p. In contrast, injection of Axin and APC mRNA resulted in
complete loss of duplication, thereby identifying the negative regulators of the Wnt pathway. There was no major
connection between the Wnt pathway and human cancer, until 1993 when a few research groups 24! reported the role
of tumor suppressor APC and B-catenin in the Wnt pathway. Later, mutations in APC, B-catenin, and Axin were associated
with genetic diseases such as familial adenomatous polyposis (FAP) in patients. These findings, for the first time,
established a direct link between the Wnt pathway and human cancer.

Since the early discoveries, several genetic and biochemical studies have identified novel signaling components and
provided deeper insights into the Wnt pathway. The known components of Wnt signaling include Wnt ligands, receptors
and co-receptors (Frizzled and LRP), components of B-catenin destruction complex, and other transcriptional regulators
within the nucleus. With recent advancements in structural biology and comprehensive genomic studies, it is clearly
evident that the Wnt pathway is integral for developmental biology and plays a critical role in human cancer.

| 2. Overview of the Wnt Signaling Pathway

The Wnt pathway is one of the major signaling cascades that contributes to both normal development and
pathophysiology. Herein, we will discuss the key components of the Wnt pathway and refer to some excellent reports
which have laid the foundation and some recent findings that provide deeper insights into the complexities of this integral
pathway.

The Wnt pathway is divided into two branches: p-catenin dependent (canonical) and independent (noncanonical), as
outlined in Figure 1. The scope of Wnt signaling involvement in normal development and pathophysiology is daunting.

With the 19 Wnt ligands, 10 Frizzled (FZD) receptors, and 3 Dishevelled (DVL) proteins participating in signaling, the
amount of information relayed is enormous. Typically, in the canonical branch, Wnt proteins (secreted glycoproteins) bind
to a seven-pass transmembrane receptor protein called FZD and low-density lipoprotein receptor-related protein 5/6
(LRP5/6) to activate the Wnt signaling pathway at the plasma membrane. In the absence of Wnts, -catenin is degraded
via a destruction complex consisting of tumor suppressors such as adenomatous polyposis coli (APC), Axin, glycogen
synthase kinase-3p (GSK3p), and casein kinase 1 (CK1). This destruction complex induces phosphorylation of B-catenin



on key serine and threonine residues (Ser33, Ser37, Ser 45, and Thr4l) by CK1 and GSK3, resulting in the
ubiquitination by E3 ubiquitin ligase B-TrCP, and subsequent proteasomal degradation of pB-catenin. Conversely, Wnt
protein secretion results in activation of FZD and LRP5/6 receptors on the plasma membrane, permitting binding of DVL
proteins. Sequential phosphorylation of cytoplasmic motifs on LRP5/6 receptors allows its interaction with Axin, resulting
in destabilization of B-catenin destruction complex. Eventually, dephosphorylated B-catenin becomes stabilized and
translocates into the nucleus to interact with transcription factor/lymphoid enhancer-binding factor (TCF/LEF) to initiate
transcription of Wnt target genes. The B-catenin and TCF complex mediated transcriptional activation plays a crucial role
in regulation of diverse cell behaviors, including cell fate, cell survival, proliferation, and stem cell renewal. In recent years,
novel findings about the canonical Wnt pathway allowed the model to be refined and provided deeper insights into how
this pathway is regulated. For instance, we now understand that proper production and secretion of Wnt ligands is a
crucial step for Wnt pathway activation. An ER resident enzyme such as Porcupine, an acyl-transferase, is essential for
the attachment of palmitoleic acid to Wnt ligands. This allows the lipid-modified Wnt ligands to bind to transmembrane
protein Evi/WIs which are shuttled to plasma membrane for secretion . Interestingly, a variety of mechanisms have been
proposed for the short-range versus long-range release of Wnt ligands that may correspond to the role of Wnt in either
development or cellular maintenance. For example, depending on the need, the levels and the range of Wnt signaling
vary between the process of intestinal organoid and sperm maturation, suggesting that tissue-specific mechanisms may
exist. Beyond the Wnt ligands, several other regulators have been demonstrated to play a crucial role in Wnt activation.
For instance, R-spondin ligands serve as positive regulators and bind to leucine-rich repeat-containing G-protein-coupled
receptor (Lgr4-6). In the absence of R-spondin, ZNRF3/RNF43, two homologues of E3 ubiquitin ligases, bind to FZD and
target it for degradation. However, when R-spondin is present, it interacts with Lgr4-6, inhibiting the activity of
ZNRF3/RNF43 and thereby allowing accumulation of FZD receptors on the plasma membrane. It is fascinating to see how
Whnt target genes such as ZNRF3 and RNF43, function as negative feedback regulators in Lgr5-positive cells. Moreover,
recent studies have highlighted the importance of R-spondin, Lgr5, and RNF43 in different cancers types, including
colorectal cancer, which harbor inactivating mutations on RNF43 [8l. A surprising number of cytoplasmic Wnt regulators,
including APC, Axin, and DVL, have been found to localize within the nucleus. APC and Axin, have been found to contain
nuclear import and export sequences that direct them to shuttle in and out of the nucleus . While the classical model
asserts that Dishevelled functions in the cytosol, recent studies have shown that DVL proteins translocate into the nucleus
via a regulatory post-translational acetylation switch in breast cancer cells B2, Recent findings indicate that oncogenic
Yes-associated protein (YAP) of the Hippo pathway paradoxically suppresses Wnt activity. The study reported that Wnt
scaffolding protein Dishevelled (DVL) is responsible for cytosolic translocation of phosphorylated YAP 19, This
mechanistic study complements previous evidence in showing that YAP is a part of B-catenin destruction complex,
thereby acting as a negative regulator of Wnt signaling. Recent findings have shown that alternative tyrosine-kinase
related receptors (such as MET, FER, and FYN), and nonreceptor tyrosine kinases (such as SRC and ABL) could
enhance of B-catenin and TCF complex mediated transcription by disrupting interaction of E-cadherin with B-catenin.
Additionally, G-protein-coupled receptor signal transduction and environmental conditions such as hypoxia and high
glucose levels could activate TCF-B-catenin signaling 111,
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Figure 1. Overview of the Wnt signaling pathway. (A) In the canonical Wnt pathway, secreted Wnt ligands (usually Wnt3A
and Wntl) bind to Frizzled (FZD) receptors and LRP co-receptors. These receptors are then activated via CK1 and
GSK3B mediated phosphorylation, which further recruits Dishevelled (DVL) to the plasma membrane and initiates
activation. The DVL signalosome results in sequestration and inhibition of B-catenin destruction complex (Axin and APC)
allowing stabilized B-catenin levels in the cytoplasm to increase. B-Catenin translocates into the nucleus where it forms an
active complex with lymphoid enhancer factor (LEF), T-cell factor (TCF), and other histone-modifying co-activators such
as CBP/p300 and BCLY, resulting in transcriptional activation (as represented by red arrow) of Wnt target genes which in



turn causes an increase in cellular processes such as cell proliferation and differentiation and stem cell renewal. (B) In the
Wnt/PCP pathway, Wnt ligands bind to FZD and co-receptors such as ROR1/2 and recruit DVL to the plasma membrane.
DVL interacts with small GTPases such as RHO and RAC to further trigger activation of JNK. This results in activation of
cytoskeletal rearrangements by transcriptional responses via JUN and ATF2 (activating transcription factor). (C) The
Wnt/Ca?* pathway is initiated by Wnt-FZD-ROR complex and G-protein-triggered phospholipase C (PLC) activity that
results in intracellular Ca?* influx. This further activates CDC42 and triggers calcium-dependent cell movement and
polarity via various transcriptional responses (red arrow).

The noncanonical branch is independent of B-catenin and, even though less characterized, regulates more diverse
cellular function such as cell organization and polarity, allowing it to be further classified into the planar cell polarity (PCP)
pathway and Wnt/Ca2* pathway. In the PCP pathway, Wnt ligands (usually Wnt 5a and Wnt 11) bind to panel of receptors
including FZD and tyrosine kinase co-receptors such as ROR1/2 and Ryk. DVL relays noncanonical Wnt signals and
interacts with Racl and DVL-associated activator of morphogenesis 1 (DAAM1). Racl activates downstream c-Jun
kinases, while DAAM1 activates Rho to further activate Rho-associated kinase (ROCK), eventually regulating actin
polymerization and cellular cytoskeletal arrangements. In the Wnt/Ca?* pathway, the Wnt ligands bind to FZD which
interacts with heterotrimeric G-proteins and DVL, resulting in activation of phospholipase C (PLC) and an intracellular
increase in Ca?* levels. This cascade results in downstream activation of downstream signaling proteins such as protein
kinase C (PKC), calcineurin, and Ca?*/calmodulin-dependent protein kinase Il (CaMKIl) that regulate cell adhesion and
cell migration. Wnt5a-mediated activation of the Wnt/Ca%* branch antagonizes canonical Wnt/B-catenin signaling by
phosphorylating TCF4 via Nemo-like kinase, thus preventing the binding of the B-catenin-TCF4 complex to DNA 121131
suggesting a coordinated interplay between the different branches of the Wnt pathway.

Together, Wnt signals incorporated into the canonical and noncanonical pathways regulate complex normal cellular
processes such as cell differentiation, development, tissue homeostasis, and wound healing; however, when the Wnt
pathway is aberrantly regulated, it can be associated with developmental disorders, tumorigenesis, and other diseases.

| 3. Wnt Signaling in Human Diseases

Since Wnt signaling coordinates cell development processes and adult tissue homeostasis, it is certain that its
deregulation can be linked with developmental disorders, cancer, and other diseases. Table 1 provides a list of some of

the diseases associated with mutations in the Wnt signaling components. These include mutations in various Wnt ligands
and components involved in both canonical and noncanonical branches of the Wnt pathway, shedding light on Wnt
regulation in human development. For instance, increased expression of Whtl results in synaptic rearrangement in
patients with schizophrenia. Tetra-amelia, a rare human genetic disease characterized by absence of four limbs, has been
proposed to be caused by a nonsense mutation in the Wnt3 gene. Similarly, mutation in the Wnt4 gene is linked to
intersex phenotype, Mullerian-duct regression, and kidney developmental defects. Other development disorders such as
Fuhrmann syndrome, Al-Awadi/Raas-Rothschild/Schinzel phocomelia syndrome, and Santos Syndrome are linked with
loss-of-function mutation in Wnt7A gene. Mutations in Wnt5B and Whnt10B may be linked to type |l diabetes and obesity,
respectively. Aberrant Wnt signaling may play a role in precancerous conditions such as hypohidrotic ectodermal
dysplasia and odonto-onycho-dermal dysplasia as a result of Wnt10A mutations. Mutations in either Fzd4 or LRP5 genes
are associated with familial exudative vitreoretinopathy (FEVR). Moreover, heterozygous mutations in Fzd2 are implicated
to be involved with cardiovascular diseases and a rare skeletal disorder (known as omodysplasia) characterized by
severe limb shortening and facial dysmorphism. The Wnt pathway is also involved in controlling bone mass, a discovery
that stemmed from analysis of LRP5 mutation in patients with osteoporosis-pseudoglioma syndrome (OPPG), a disorder
characterized by low bone-mass density. Conversely, patients who harbor LRP5 gain-of-function mutations experience
high bone mass disease. Moreover, LRP6 mutations are also linked with neuronal and metabolic disorders such as
Alzheimer's and coronary artery disease. The central mediators of the Wnt pathway, Dishevelled genes, are also
implicated in human disease. Early discoveries suggested that DVL genes were imperative for segment polarity in wing
hair of Drosophila and Xenopus embryos 4. Moreover, DVL knockout mice were shown to exhibit abnormal social
interaction in nest building, home cage huddling, neural tube closure, and cardiovascular malformations LSR8 |
humans, mutations in DVL are associated with severe disorders such as Schwartz-Jampel syndrome, Charcot-Marie-
Tooth disease type 2A, DiGeorge syndrome, and Hirschsprung's disease 1819 Recent promising evidence suggests that
frameshift mutations on C-terminal tail of all three DVL genes can cause Robinow syndrome, characterized by skeletal
abnormalities [2021122](23][24] 7o summarize, DVL plays an important role in development, and mutations in DVL genes
can lead to severe phenotypic defects. Recently, components of Wnt signaling such as DVL were reported to play an
instrumental role in developing neural circuits and adult brain function and cause neurodevelopmental disorders such as
autism spectrum disorders (ASDs) and intellectual disability (ID) (23],



Table 1. Human diseases associated with dysregulation in Wnt signaling components.

Gene

Wwnt 1

wnt 3

Wnt 4

Wwnt 5B

Wnt 7A

Wnt 10A

Wnt 10B

Fzd 2

Fzd 4

LRP5

LRP6

DVL1

DvL2

DVL3

Axin 1

Axin 2

Dysfunction

Gain of function

Loss of function

Gain and loss of
function

Gain of function

Loss of function

Loss of function

Loss of function

Heterozygous
mutations

Loss of function

Gain and loss of
function

Gain and loss of
function

Gain and loss of
function

Loss of function

Gain and loss of

function

Loss of function

Loss of function

Associated Disease

Schizophrenia

Tetra-amelia

Intersex phenotype (GOF), kidney development, Mullerian duct
regression and virilization (LOF)

Type Il diabetes, breast tumorigenesis

Fuhrmann syndrome, Al-Awadi/Raas-Rothschild/Schinzel
phocomelia syndrome, Santos syndrome

Hypohidrotic ectodermal dysplasia, odonto-onycho-dermal
dysplasia

Obesity, reduced bone mass

Omodysplasia, cardiovascular disease

Familial exudative vitreoretinopathy (FEVR)

High bone mass (GOF), osteoporosis-pseudoglioma syndrome
(LOF), familial exudative vitreoretinopathy (FEVR)

Alzheimer's disease (LOF), coronary artery disease (LOF),
osteoarthritis (GOF)

Robinow syndrome (frameshift mutation), Schwartz—Jampel
syndrome, Charcot—Marie—Tooth disease type 2A and DiGeorge
syndrome, myocardial infarction, Hirschsprung's disease (GOF),
autism spectrum disorders

Robinow syndrome, defect in cardiac outflow tract formation

Hirschsprung's disease (GOF), autism spectrum disorders

Caudal duplication anomalies, gastrointestinal cancers, colorectal

cancer, hepatocellular carcinomas, sporadic medulloblastoma,
breast cancer

Congenital heart defects, familial tooth agenesis, predisposition to

multiple cancers including hepatocellular carcinoma and
colorectal, prostate, ovarian, and lung cancers
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APC Loss of function ~ Familial adenomatous polyposis (FAP), colon cancer (31[64]

- Alzheimer's disease, diabetes, schizophrenia, bipolar disorder, [65][66][67](68][69]
GSK3p Altered activity [z0]
and cancer
. Gain and loss of ) ) [71z2173]
B-Catenin . Cancer (GOF), Alzheimer's disease (LOF)
function
TCF4 Transcript Pitt—Hopkins syndrome, schizophrenia, Fuchs' endothelial corneal [74][75][76]
variants dystrophy, primary sclerosing cholangitis, type Il diabetes
JINK Altered activity Obesity, type Il diabetes, nonalcoholic fatty liver disease (NAFLD) (7]
Alzheimer's disease, cardiovascular disease, leukocyte adhesion
Rho/Rac Altered activity ~ deficiency [Z8][z91[80]
(LAD)
TIAM1 Altered activity Cardiovascular disease and cancer [B1182]{83]
NFAT Loss of function ~ Down's syndrome (84]

Deregulation of Wnt/B-catenin signaling also predisposes patients to multiple cancer types such as colorectal,
hepatocellular carcinoma, ovarian, and lung cancer. In particular, loss-of-function mutations in APC, Axinl1, and Axin, have
been well documented in the cancer types mentioned above. Conversely, gain-of-function mutation of 3-catenin has been
established in colorectal cancer with wild-type APC. In contrast, attenuated (-catenin signaling may be implicated in the
development of Alzheimer's disease, a neurodegenerative disease characterized by deposits of the amyloid (3-peptide and
selective death of neurons. Recently, increasing evidence has shown that GSK-38 may be a key link between diabetes
mellitus (DM) and Alzheimer's disease (AD), where GSK-3f3 controls glycogen synthesis, thereby regulating blood glucose
[0, Genome-wide association studies have illustrated the role of TCF4 in these seemingly diverse disorders. TCF4 gene
has been strongly implicated in type Il diabetes; however, recent data suggest that TCF4 is also an important regulator of
neurodevelopment disorders such as schizophrenia, Fuchs' endothelial corneal dystrophy, and primary sclerosing
cholangitis. However, rare TCF4 mutations causing Pitt—Hopkins syndrome, a disorder characterized by intellectual
disability and developmental delay, have also been described in patients with other neurodevelopmental disorders [Z8],

Interestingly, since components of noncanonical branch also play a central role in the cell processes and stress response,
mutations in JNK, Rho/Rac, TIAM1, and NFAT have been associated with various disorders, including metabolic,
neurodegenerative, and cardiovascular diseases. JNK is one of the most investigated signal transducers, and emerging
evidence suggests that different isoforms of JINK (JNK1 and JNK2) may promote the development of obesity to insulin
resistance in a cell-specific manner, NAFLD, and type Il diabetes. This has led to development of isoform-specific INK
inhibitors with specific tissue distribution as possible drug targets for the treatment of type Il diabetes 7. Moreover, recent
evidence suggests that excessive activity of the RhoA/Rac-kinase pathway, widely known to play important roles in many
cellular functions, promotes the development of AD pathogenesis and cardiovascular diseases 879 Recently, mutations
in the hematopoietic specific GTPase, RAC2, have been found to cause a human disease, a severe phagocytic
immunodeficiency characterized by life-threatening infections in infancy. Interestingly, the phenotype was predicted by a
mouse knockout of Rac2 and resembles leukocyte adhesion deficiency (LAD) (Y. The activity of T-cell lymphoma
invasion and metastasis 1 (TIAM1), a Rac guanine nucleotide exchange factor (GEF), crucial for cell adhesion and
migration, has been demonstrated to be upregulated in some cancers BUB2 aAdditionally, TIAM1 has also shown to play a
pivotal role in cardiac hypertrophy associated with heart failure 8. Mathematical models and in vivo studies predict that
restriction of nuclear occupancy of NFAT transcription factors, resulting in inactivation of NFAT target genes, may cause
Down's syndrome (chromosomal trisomy), further causing neurological, skeletal, cardiovascular, and immunological
defects 4. More generally, these findings suggest that the destabilization of important regulatory pathways such as Wnt
signaling can underlie human diseases.
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