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Abstract: Developmental signaling pathways control a vast array of biological processes during
embryogenesis and in adult life. The WNT pathway was discovered simultaneously in cancer and
development. Recent advances have expanded the role of WNT to a wide range of pathologies in
humans. Here, we discuss the WNT pathway and its role in human disease and some of the
advances in WNT-related treatments.

Keywords: WNT; cancer; metabolic syndrome; Alzheimer’s disease

1. The Basics of WNT

The WNT signaling pathway is an evolutionarily conserved signal transduction pathway that
regulates a wide range of cellular functions during development and adulthood. It controls multiple
aspects of development, including cell proliferation, cell fate determination, apoptosis, cell migration
and cell polarity during development and stem cell maintenance in adults [1-3]. Inappropriate
activation of the WNT pathway is also a major factor in human oncogenesis [4].

The first WNT gene, then known as int-1 (mouse mammary tumor virus integration site 1), was
isolated from mouse mammary tumors in 1982 [5]. Int-1 turned out to be highly conserved across
multiple species and especially similar to the Drosophila gene wingless (Wg) a gene found to be
involved in wing development, segmentation and formation of body axis during flight development
[6-9]. The name WNT comes from a fusion of wg and int [10,11]. Most animals have several WNT
genes with mice and humans encoding 19 WNT genes, seven in Drosophila and five in Caenorhabditis
elegans (C.elegans) [6].

The WNT proteins are secreted, lipid-modified glycoproteins, usually 350-400 amino acids in
length [12]. WNT proteins act as ligands interacting with Frizzled (FZD) receptors on the cell surface
to activate intracellular signaling pathways [6,12,13]. Frizzled receptors are seven-pass
transmembrane proteins (similar to G-protein coupled receptors or GPCRs) that act as primary
receptors for WNT signals. In addition to the interaction between WNT ligands and FZD receptors,
a variety of co-receptors, such as, the low-density lipoprotein receptor related protein (LRP) may be
required to mediate WNT signaling [14,15]. Upon activation, a signal is transduced by the pathway
activating protein Disheveled (Dsh or Dvl) [13,16]. Dsh proteins have highly conserved protein
domains comprised of an amino-terminal DIX domain (named for Dsh and Axin), a central PDZ
domain (named for postsynaptic density-95, discs-large and zonula occludens-1) and a carboxy-
terminal DEP domain (named for Dsh, Egl-10 and pleckstrin). Dsh acts as a key switch in WNT
signaling where, depending on which of the three domains is activated, the WNT signal can be
branched off into multiple downstream pathways [16]. The resulting pathways can be categorized
into the canonical WNT pathway (-catenin dependent pathway) and the non-canonical WNT
pathways (B-catenin independent pathways) which include polarity and the WNT/Ca?* pathway [15].
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Canonical pathway: The stability of cytoplasmic B-catenin is mediated by a multimeric protein
complex known as the destruction complex formed by the scaffolding proteins (Axin) [17], the tumor
suppressor adenomatous polyposis coli (APC) [18,19], glycogen synthase kinase 3 (GSK-3) and casein
kinase 1 (CK1). In the absence of canonical WNT ligands, 3-catenin binds to the destruction complex
and is phosphorylated by CK1 and GSK-3. Phosphorylated p-catenin is then ubiquitinated and
subsequently degraded through the proteasome (Figure 1) [14,20-22].
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Figure 1. The canonical WNT pathway in on and off states. APC, adenomatous polyposis coli; CK1,
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casein kinase 1; GSK3, glycogen synthase kinase 3; TCF/LEF, T-cell factor/lymphoid enhancing factor;
LRP6, lipoprotein receptor related protein 6; FZD/Fz, Frizzled; Dsh, Disheveled.

In the presence of canonical WNT ligands, p-catenin phosphorylation and degradation is
inhibited. Gene expression downstream of canonical WNT signaling is regulated by controlling the
amount of the transcriptional co-activator B-catenin. When WNT ligands bind to FZD receptors and
LRP co-receptors, a cascade of events is initiated, resulting in the disassembly of the destruction
complex stabilizing (3-catenin [22]. The signaling cascade is initiated when Dsh is activated through
the DIX and PDZ domain, and the FZD-associated Disheveled (Dsh) protein then binds to Axin; Axin
then inhibits GSK-3 phosphorylation of (-catenin in the destruction complex. Axin and the
destruction complex are thus recruited to the plasma membrane forming signalosomes [23]. 3-catenin
accumulates in the cytoplasm and localizes to the nucleus where it forms a nuclear complex with
DNA-bound T-cell factor/lymphoid enhancing factor (TCF/LEF) transcription factor, resulting in the
activation of WNT-responsive genes [14,16,20,24].

Non-canonical pathways: In contrast to the (-catenin-dependent canonical pathway, WNT
proteins are able to activate additional signaling pathways that are independent of (3-catenin. These
pathways are called non-canonical pathways, which can be further categorized into two distinct
branches, the planar cell polarity (PCP) pathway and the WNT/Ca? pathway (Figure 2).

The non-canonical PCP pathway regulates a variety of cellular behaviors including planar cell
polarity, cell movements during gastrulation and cell migration of neural crest cells [25-28]. This PCP
pathway is activated through the binding of WNT ligands to the FZD receptor independently of the
LRP [16]. The non-canonical pathways do not need to utilize the majority of canonical pathway
components including WNT itself, but most do involve Dsh and specifically the PDZ and DEP
domains and the Disheveled-associated activator of morphogenesis 1 (DAAM 1). This links FZD and
Dsh to the small GTPases Rho, and Rho further activates Rho-associated kinase (ROCK), thus leading
to cytoskeletal reorganization [29]. Dsh utilizes the DEP domain to form a complex with Rac GTPase,
independent of the DAAM 1, then stimulates Jun kinase (JNK) activity and mediates profilin binding
to actin [16,28,29]. The polarity signaling pathway is likely best described as a collection of WNT-
dependent and WNT-independent effects on cellular organization both within a cell sheet and within
the cell itself, showing an intricate interplay between polarity and adhesion [30-35].

A second branch of non-canonical WNT signaling is termed the WNT/Ca?" pathway. The role of
the WNT/Ca? pathway is to regulate the release of the intracellular Ca? from the endoplasmic
reticulum [36,37] and modulate signaling for dorsal axis formation and PCP signaling for gastrulation
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cell movements, cell adhesion, migration and tissue separation during gastrulation [15,38]. Similar to
other WNT pathways, the activation of the WNT/Ca? pathway requires the binding of the WNT
ligands to the FZD receptor. The activated FZD receptor directly interacts and activates the
heterotrimeric G-proteins, leading to an increase in the intracellular Ca?* concentration [15]. The
released Ca?* then activates calcium/calmodulin-dependent kinase II (CamKII), calcineurin or Protein
Kinase C [36].
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Figure 2. The non-canonical planar cell polarity and Calcium pathways. DAAMI1, Disheveled-
associated activator of morphogenesis 1; Rac; ROCK, Rho-associated kinase; JNK, Jun kinase; PLC,
Phospholipase C; CamKII, calcium/calmodulin-dependent kinase II.

2. The Importance of WNT Signaling

Since the identification of the WNT gene more than 30 years ago, various avenues of research
have shown roles in myriad processes. The WNT pathway is most famously known for its
involvement in hereditary familial adenomatous polyposis (FAP), where a mutated APC tumor
suppressor gene fails to regulate -catenin regulation, allowing tumor cells to progress towards
malignancy [39,40]. Among many functions during development, mutations in the WNT pathway
disrupt segment polarity in Drosophila embryos [41], regulate cardiac development in mice [42] and
many other developmental processes in vertebrates and invertebrates [43].

Beyond embryonic development and cancer progression, the WNT pathway has emerged as a
key contributor to Alzheimer’s and metabolic diseases. For example, amyloid-f3 (Ap) neurotoxicity
in Alzheimer’s disease results in downregulated WNT signaling [44], which suggests that
downregulated WNT may play an important role in the pathogenesis of Alzheimer’s. WNT signaling
has also been linked to metabolic disorders (reviewed by Sethi et al. [45]), where dysregulated WNT
is hypothesized to be responsible for obesity and insulin resistance.

Given the vital role that WNT signaling plays in a variety of diseases, this review aims to
summarize recent advances in WNT signaling to provide a thorough understanding of WNT
signaling in disease.

3. WNT Signaling in Aging

Aging can be defined as the time-related progressive accumulation of detrimental changes that
are associated with increasing susceptibility to disease and death [46]. In general, aging is a complex
biological process associated with a decline in efficiency of physiological processes which include
biological function on the molecular, cellular and tissue level [47]. These physiological processes
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reduce the efficiency of body metabolism, resulting in the disruption of body functional processes
and ultimately death. There are a variety of different mechanisms that are thought to participate in
the aging process. The WNT signaling pathway is one pathway that may contribute to aging.

Senescence contributes to tissue aging [48] through inhibition of cell differentiation, apoptosis
and cell division [49,50], and one of the functions of WNT signaling is to maintain proliferation of
tissue stem cells. Ye et al. reported that the canonical WNT2 ligand and downstream canonical WNT-
signals are repressed in senescent human cells [49], where downregulation of WNT signaling
activates senescence-associated heterochromatin focus (SAHF) assembly, a specialized domain of
facultative heterochromatin that represses expression of proliferation-promoting genes, thereby
contributing to senescence-associated cell cycle arrest [51]. The formation of SAHF is dependent on
GSK3p activity, where increased GSK3p activity decreases the level of [3-catenin in senescent cells,
suggesting that the canonical WNT pathway is repressed in senescent human fibroblasts [49].

Another example of the detrimental effect of WNT signaling on aging comes from a mouse
model of accelerated aging. The authors utilized klotho knockout mice that exhibit many age-related
disorders [52]. Klotho is a transmembrane protein that acts as an anti-aging hormone [53]. Klotho binds
to WNT proteins and reduces (-catenin levels leading to lower levels of WNT signaling which
contributes to stem cell depletion and aging [52,54].

Hair graying is another hallmark of the aging process. One mouse study found that B-catenin
expression is significantly elevated in the skin of aged mice through WNT10b/p-catenin signaling
promoting melanocyte stem cell differentiation. The authors concluded that the increase in WNT
signaling is insufficient to induce hair regeneration but may promote melanocyte stem cell
differentiation resulting in a decreased number of melanocyte stem cells and eventually hair graying
[55].

In contrast, a number of studies have also suggested that WNT signaling has positive effects on
aging. In one study, Chen et al. reported that (3-catenin plays an important role in the early phase of
fracture healing. Several WNTs (e.g.,, WNT4, WNT10b and LRP6) were expressed during fracture
repair showing activation of WNT/B-catenin signaling through a TCF-dependent transcription
reporter in both bone and cartilage formation during fracture repair [56]. Another study found that
activation of WNT signaling is required to regenerate hair follicles in wounded mice [57] raising the
possibility of therapy using modulators of the WNT pathway to improve bone healing or treating
hair loss. As with most WNT studies, these results show a complex role for WNT as it has both
positive and negative consequences for aging [58].

4. WNT Signaling in Cancer

The WNT pathway plays a complex role in cancer development. Often, mutations of key
components are associated with processes like uncontrollable cell proliferation, epithelial-
mesenchymal transition (EMT) and metastasis. This section will discuss the main WNT components
that have been investigated in oncology and will review the current progress of their roles in cancer
development (Figure 3).

Frequent APC mutations in colorectal cancer: The APC protein is an important component of
the destruction complex in canonical WNT signaling. In addition to this role, APC is also essential
for the rapid transition of Axin immediately after WNT stimulation and facilitates the association of
Axin and co-receptor LRP6/Arrow in Drosophila [59].

As APC negatively regulates the canonical WNT pathway, it is likely that it can act as a tumor
suppressor. Consistent with this idea, APC mutations, which are present in approximately ~80% of
colorectal cancers, are indeed mostly loss of function and/or truncating mutations [60,61]. These APC
mutations frequently occur in the mutation cluster region (MCR) between codons 1285 and 1513
which accounts for only 10% of the entire coding region [62]. To illustrate this, a study concluded that
28 out of 43 (65%) somatic mutations in colorectal cancer cells occur in the MCR [62]. These mutations
can inhibit B-catenin ubiquitination and cause uncontrollable transcription [63]. Interestingly, an
analysis of 630 human sporadic colorectal cancer tumors revealed that different APC mutations can
result in different levels of canonical WNT signaling, and each region of the large intestine has its
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own optimal threshold of WNT signaling for tumorigenesis [60]. APC mutations also occur in the
germline and are present in up to 85% of patients with classical familial adenomatous polyposis
(CFAP). Most germline mutations are also truncating (e.g., frameshift, nonsense) [64], confirming
APC’s tumor suppressor role.
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Figure 3. Canonical WNT pathway components associated with disease.

The prevalence of APC mutations in colorectal cancers suggest APC as a powerful target for
therapy. TASIN-1 (truncated APC selective inhibitor-1) was identified as a molecule that could
specifically kill cells with truncated APC’s. TASIN-1's administration into xenograft and mouse
models has shown its effectiveness in tumor suppression and its specificity in killing cells with
truncated APC’s while sparing normal cells in vivo [65]. Considering the high frequency of mutated
APC in patients with colorectal cancer, further studies are needed to investigate APC’s molecular
mechanism in [B-catenin degradation, its use as a potential biomarker and other possible therapeutic
targeting approaches.

AXIN1/2: Axin proteins (AXIN1 and AXIN2) are important scaffold proteins that help assemble
the 3-catenin destruction complex [66]. AXIN1/2 act as negative regulators of 3-catenin levels and
tumor suppressor proteins. This is consistent with the finding that the overexpression of AXINI
inhibits cell growth in hepatocellular carcinoma (HCC) [67]. However, the role of AXIN1/2 as a tumor
suppressor through the canonical WNT pathway remains controversial, as other findings have
suggested that most human Axinl mutated HCCs do not show a 3-catenin activation program. These
HCCs might have occurred independently of the WNT/B-catenin pathway and instead involved
other pathways like YAP and Notch [68].

AXIN2 has been shown to behave as both a tumor suppressor and an oncogene. Its mutations
are also observed in various cancers. Chapman et al. observed genetic changes (mostly deletions) of
AXIN2 in 7% of human adrenocortical adenomas tumor samples and 17% of adrenocortical
carcinomas tumor samples [69]. Consistent with the idea that AXIN2 might act as a tumor suppressor,
AXIN2 downregulation is associated with poorer overall survival of patients with breast cancer [70].
However, in vivo findings also suggest AXIN2 as tumor-promoting, as it upregulates the
transcriptional repressor, SNAI1, leading to increased EMT and metastatic activity in colorectal
cancers in mice [71]. As these contradictory studies provide only preliminary evidence of the
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functional significance of Axin in canonical WNT pathways, future studies aimed towards exploring
Axin’s expression in different cancers and its mechanism in affecting tumor progression should be
conducted. The contradictory findings in cancer are not surprising as Axin’s role in development is
complex [72].

LRP5/6: LRP5 and LRP6 in the low-density lipoprotein receptor (LDLR) family are single-pass
transmembrane coreceptors in the WNT canonical signaling pathway. The FZD receptor may form a
WNT-induced FZD-LRP6 (or LRP5) complex with these coreceptors. After WNT ligands bind to
these receptors, the [3-catenin signaling is initiated [73,74].

LRP5 has contradictory roles in cancer progression as well. When osteosarcoma cells are
transfected with dominant negative, soluble LRP5 (sLRP5), epithelial-mesenchymal transition (EMT)
is reversed, suggesting wildtype LRP5's role in promoting EMT and metastasis [75]. However, Horne
et al. observed an opposite effect in which dominant-negative LRP5 failed to block osteosarcoma cell
formation, suggesting LRP’s role as a tumor suppressor [76].

Similarly, LRP6's role in cancer progression has been controversial. A total of 45% of human
hepatocellular carcinoma cells have overexpressed LRP6 and as a result, increased {3-catenin levels,
suggesting LRP6 as tumor-promoting [77]. Consistent with this finding, overexpression of LRP6 is
also found in triple negative breast cancers. When LRP6 is knocked-down in triple negative breast
cancer cells, tumor growth is suppressed in vivo [78]. LRP’s also seem to have a promoting role in
breast cancer metastasis to bone. TM40D-MB breast cells which are highly metastatic to bone have
higher mRNA levels of LRP5, LRP6 and {-catenin, as compared to TM40D cells, which are breast
cancer cells that are non-bone metastatic [79]. However, contrary to previous studies, Ren et al.
reported the novel role of LRP5/6 as suppressing metastasis. This study showed that LRP5/6
downregulation is crucial for metastasis in mouse breast cancer models [80], suggesting that the
binding of LRP5/6 to FZD inhibits the FZD-regulated non-canonical pathway and its further tumor
metastasis.

Therapeutic targeting of LRP5/6 shows promising results. Mesd, a specialized chaperone that
binds to LRP5/6 on the cell surface, inhibits LRP5/6 ligands and suppresses downstream WNT/[3-
catenin signaling in prostate cancer [81]. Niclosamide, another inhibitor targeting LRP6 on the cell
surface, also induces cancer cell apoptosis [81]. Future studies can aim to discover new therapeutic
approaches targeting LRP5/6 and other members in the LDLR family. Other LDLR family members
like LRP8 and LRP10 are also good potential targets to be further investigated given that previous
studies have showed their involvement in breast cancers and hepatocellular carcinomas, respectively
[82,83].

WNT 5A: The WNT5A ligand binds to certain receptors (e.g., ROR2, ROR1, etc.) and activates
non-canonical WNT signaling pathways [84]. Mutations of WNT5A have been shown to associate
with cancer development, possibly through noncanonical WNT signaling pathways [84]. For
example, WNT5A promotes cancer through binding its receptor ROR2 and enhancing human
osteosarcoma invasiveness [85]. WNT5A expression induces EMT in a PKC-dependent pathway in
human melanoma cell lines [86], suggesting that the increased ability of cells to undergo EMT
promotes their invasiveness. Kanzawa et al. reported that the expression of WNT5A in human gastric
carcinoma-derived MKN-7 cells promoted cancer cell invasiveness by upregulating a transcription
factor involved in EMT, namely SNAIL. This study also suggested that WNT5A may play a role in
creating favorable tumor microenvironments and inducing cancer stem cell properties [87]. Aside
from its role of promoting cell invasion, WNT5A drives pseudo-senescence in melanoma cancer cells.
When exposed to stress, pseudo-senescent cells display classical senescence markers, but are highly
invasive, metastatic and resistant to therapy. In response to stressors, tumor cells with knocked down
WNT5A do not display this pseudo-senescent phenotype, whereas highly expressed WNT5A tumor
cells do, suggesting WNT5A’s role in promoting cancer cell adaptiveness under stress [88]. WNT5A
has also been shown to be involved with cancer cell metabolism and inflammation [89]. Future
studies should investigate other WNT ligands (e.g.,, WNT11) and their roles in cancer progression
through non-canonical pathways with the hope of providing novel targets for therapies.
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RNF43: Ring finger protein 43 (RNF43) is an E3 ubiquitin-protein ligase that degrades WNT
receptors such as FZD and LRP5/6. It serves as a negative regulator of the WNT pathway. The
mechanisms of WNT signaling suppression are different between non-canonical and canonical
pathways. In non-canonical pathways, the suppression involves the interaction between RNF43's C-
terminal cytoplasmic region and Dsh’s PDZ domain. Suppression of the canonical pathway involves
FZD’s extracellular protease-associated domain, cysteine-rich domain and the intracellular ring
finger domain of RNF43 [90]. A recent study has suggested a novel way that RNF43 suppresses the
pathway in the nucleus where a physical interaction between RNF43 and TCF4 translocates TCF4 to
the nuclear membrane, inhibiting TCF4 transcriptional activity [91].

RNF43 acts as a tumor suppressor. When 185 human colorectal tumor samples were analyzed,
there were RNF43 somatic mutations in over 18% of colorectal adenocarcinomas and endometrial
carcinomas. This study also showed that most RNF43 mutations (73%-75% of non-silent mutations)
found were truncating, confirming that RNF43 acts as a tumor suppressor [92]. RNF43 mutations
were also found in pancreatic cancers [93] and mucinous ovarian carcinomas [94]. However, few
studies have been conducted to explore the role of RNF43 in these cancers, so further studies are
needed to investigate how certain mutations in RNF43 can possibly lead to the development of these
cancers.

TCF4/TCF7L2: T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) transcription factors
are the downstream effectors of the WNT pathway. When WNT ligands bind to upstream receptors,
[-catenin is released from the cytoplasmic destruction complex and moves to the nucleus, where it
associates with TCFs to regulate the transcription of target genes [95].

TCF4, one of the most studied members of the TCL/LEF family, seems to have contradictory
roles as both tumor-promoting and tumor-suppressing. TCF4 was originally believed to be tumor-
promoting. Van De Wetering et al. demonstrated that dominant-negative TCF4, which fails to bind
to 3-catenin, halted cell proliferation in colorectal cells [96]. However, Angus-Hill et al. reported TCF4
as tumor-suppressing as its loss of function increased proliferation in colon tumors in mice [97]. This
controversy may be resolved by considering that TCL/LEF undergoes alternative splicing, and the
isoforms produced may differ in functional domain composition. Thus, these TCL/LEF isoforms will
differ in DNA binding and target gene activation [98]. To illustrate this, Tsedensodum et al. identified
14 TCF4 isoforms from four hepatocellular carcinoma cell lines. Functional analysis showed that one
isoform, TCF-4K is tumor growth promotive, and another isoform, TCF-4], is tumor growth
suppressive. Strikingly, these two isoforms only differ by five amino acids [99]. These data suggest
that the variants caused by alternative splicing may be a reason to explain the contradictory role of
TCF4 [100]. Further studies should elucidate the roles of TCF in cancer and development [101], taking
into consideration not only the downstream target genes’ roles, but also the different isoforms that
result from alternative splicing. Based on this understanding, more effective therapeutic approaches
can be developed to aim for certain isoforms that cause malignant phenotypes.

PTK?7: Another gene linking the various types of WNT signaling to cancer is the gene PTK7, an
orphan receptor linked to a variety of cancers as a highly upregulated biomarker [102]. PTK7 was
originally discovered as a colon carcinoma kinase-4 upregulated in cancer tissue [103]. Its function
remained unclear until the ortholog was discovered as a neuronal pathfinding gene in Drosophila
(known as off-track in flies) [104] and subsequently shown to be a planar polarity gene during mouse
development [105]. The mechanism of action remains controversial with WNT and non-canonical
functions proposed [105-108], but the use of PTK7 in cancer treatment could well be under way [109].

WNT pathway as a tumor suppressor: Although WNT is usually referred to as an oncogenic
pathway, it can also function in quite the opposite direction depending on cellular context. This has
primarily been studied in malignant melanoma, where activation of WNT reduces cell proliferation
and can actually function as a tumor suppressor. Overall, the main lesson from these studies is that
context is crucial, namely depending on what transforming factor is driving oncogenicity since WNT
activation can lead to unexpected consequences [110-112].

5. WNT Signaling in Alzheimer’s Disease
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Alzheimer’s disease (AD) is an age-associated neurodegenerative disease (ND) characterized by
progressive loss of cognitive function, memory and other associated neurobehavioral issues
[113,114]. Extracellular amyloid deposits and intracellular neurofibrillary tangles are the pathological
hallmarks of the disease [113]. Mutations in amyloid precursor protein (APP), presenilin-1 (PSEN1)
and presenilin-2 (PSEN2) genes are known to play causative roles in the disease pathogenesis of
Alzheimer’s [115-118]. Alois Alzheimer first described this neurodegenerative disease and
characterized the pathological features of AD [115]. Recent genome-wide association studies have
identified several risk loci pointing to the involvement of signaling pathways leading to
investigations of the influence of specific pathways on the onset and progression of the disease [119-
121].

The WNT signaling pathway is fundamental to the development of the central nervous system
and is strongly linked to AD pathogenesis [122]. WNT signaling plays important roles in the adult
brain and regulates synaptic plasticity and memory processes [123]. Impaired WNT signaling has
been reported by many animal models and AD clinical studies. For example, a single nucleotide
polymorphism in LRP6 is associated with late onset AD making LRP6 a susceptibility gene [124].
Another recent study reported a loss of WNT activity in AD patients showing decreased [3-catenin
levels and increased phosphorylation of GSK3 in the cortical lobes of AD brains compared to age-
matched controls [125]. The WNT inhibitory factor Dickkopf-related protein 1 (DKK1) has been
linked to AD as increased DDKT1 activity leads to a reduction in WNT signaling and a subsequent
decline in cognition has been reported in AD brains [126,127].

Tapia-Rojas and colleagues showed that WNT signaling regulates APP processing by changing
the expression of B-secretase (BACE1) enzyme [128]. Inhibition of BACE1 reduces A{ levels in plasma
and cerebrospinal fluid [129]. Overall, these findings indicate that inhibition of WNT/p-catenin
signaling promotes amyloidogenic APP processing, AP1-42 formation and aggregation. The
important pathological hallmark, amyloid deposition, is caused by a compromised blood-brain
barrier and an imbalance between deposition and clearance of A3. Microglia play a crucial role in the
housekeeping of brain regions and also in A clearance by phagocytic and digestive mechanisms.
Regulation of phagocytosis and survival of microglia during the process of Af3 clearance is regulated
by an innate immune receptor, TREM2, which activates WNT/(3-cat signaling, suggesting the
involvement of WNT in Ap clearance [130]. In-depth studies are needed to confirm the involvement
of these underlying WNT mechanisms in AD pathology.

WNT signaling has also been linked to tau microfibrillar phosphorylation, specifically through
the finding that mutations in PSEN1 promote GSK3 activity and tau phosphorylation [131], and
GSK3-mediated tau phosphorylation upon WNT inhibition [132,133].

An important clinical consequence of AD is cognitive decline and memory. WNT signaling plays
arole in the processes of learning and memory through regulation of synaptic structure and function
[134,135]. Activation of WNT can result in cognitive improvement as seen in hippocampus-
dependent cognitive impairment recovery upon activation of WNT by lithium and rosiglitazone in
mouse models [136,137]. These findings suggest that loss of canonical WNT signaling is a key factor
in the cognitive aspects of Alzheimer’s disease [138,139].

6. WNT Signaling in Metabolic Diseases

WNT signaling is an important regulator of development and progression of organ growth and
cell fate. Genes encoding WNT ligands are expressed in the pancreas. Many in vivo and in vitro
studies have shown that components of the WNT pathway are involved in pancreatic p-cell
proliferation, lipid metabolism and glucose-induced insulin secretion [140-143]. Type 2 diabetes
(T2D) is an important metabolic disorder characterized by persistent hyperglycemia and
characteristic insulin resistance. Along with hyperglycemia and insulin resistance, this complex
polygenic disease is a collection of metabolic conditions such as glycosuria, hyperlipidemia,
neuropathy, nephropathy, retinopathy and negative nitrogen balance. All these metabolic conditions
result in defects in insulin secretion and/or insulin action [144-146]. Other forms of diabetes include
type 1 (T1D) and monogenic forms. T1D is insulin-dependent and treated with insulin while T2D
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results from insulin resistance and is treated with insulin sensitizing agents. Monogenic forms of
diabetes are caused by single gene mutations and the treatment can be tablets and/or insulin.

Recent genome-wide association studies have suggested several metabolic connections and the
possible underlying signaling pathways in the pathophysiology of several metabolic diseases and
neurodegenerative diseases. The major finding of these human genetic studies is identification of
TCF7L2/TCF4 as a susceptibility gene for T2D. Polymorphisms of TCF7L2 show a significant effect on
the risk of developing T2D [147-149]. Natural variants of LRP5 have been shown to be associated
with obesity while the missense mutations of LRP6 are associated with the risk of bone loss, early
coronary disease and metabolic syndrome [150,151]. Single nucleotide variants of WNT5B are
associated with T2D [152]. LRP5 encodes a co-receptor of WNT ligands and the polymorphisms are
associated with T1D [153,154] and obesity [155]. These observations show that WNT signaling is
involved not only in pancreatic islet development during embryogenesis, but also in the function of
the pancreas and intestinal endocrine cells during adulthood. A possible mechanism may be through
the accumulation of Reactive Oxygen Species and activation of JNK signaling pathway leading to an
increase in nuclear FOXOs [156]. FOXOs and TCF7L2 compete for the limited pool of [3-catenin
leading to reduced WNT activity which is essential for lipid and glucose metabolism, pancreatic -
cell proliferation and function and the production of GLP-1 (incretin hormone) [157].

Studies have shown the involvement of the WNT pathway in diabetic neuropathy, one of the
long-term complications of diabetes [158]. WNT signaling affects numerous cell types like embryonic
stem cells, neural cells and mammary cells [159]. Reduction of WNT-1 levels has been reported in
diabetic patients [158]. Another link is GSK3 [160] which is involved in mediating inflammation in
peripheral and central nervous systems [161-163]. One important finding is the link between GSK3
and an increase in insulin receptor phosphorylation in diabetic neuropathy subjects [164] and diabetic
neuropathy [165-167]. This makes GSK3 a promising target for treatment in many complex diseases
such as peripheral diabetic neuropathy [168], neural protection [166] and neuropathic pain reduction
[163]. Another link is the association between hypertension, insulin signaling pathway and canonical
WNT signaling, where downregulation of canonical WNT signaling in the nucleus tractus solitarii
correlates with an increase in phosphorylation of insulin signaling components [169]. These findings
bridge the iterations in complex cardiovascular neural pathways.

A long-term complication of diabetes is nephropathy, a process linked to WNT/B-catenin
signaling [170]. The hallmark of diabetic nephropathy includes excessive deposition of extracellular
matrix proteins in the mesangium, tubulointerstitium of glomerulus and basement membrane,
leading to mesangial expansion and renal fibrosis [171]. WNT/B-catenin signaling plays a critical role
in the development of diabetic neuropathy [172], but downregulation of WNT/B-catenin signaling
leads to adverse effects on the kidneys including increased apoptosis of mesangial cells, increased
deposition of fibrous tissue in mesangium, EMT and podocyte injury, renal injury and fibrosis [172-
176]. Together these studies point to the importance of WNT signaling in the pathophysiology of
diabetes and support the role of WNT signaling as a potential therapeutic target.

7. WNT Signaling in Other Diseases

WNT signaling in cardiovascular diseases: WNT signaling is essential for heart development,
but dysregulation of WNT can cause cardiac and vascular diseases [177,178]. For example, WNT
signaling is a major contributor to the development and progression of atherosclerosis, the main
cause of cardiovascular disease. A mutation in the LRP6 gene is responsible for autosomal dominant
early coronary disease, hypertension, hyperlipidemia and osteoporosis [150], and is a risk factor for
carotid artery stenosis in hypertensive patients [179]. The LRP5/6 inhibitor, DKK1, is increased in the
plasma and lesions of patients with coronary artery disease and patients with carotid plaques [180].
DKKT1 is highly expressed in platelets inhibiting WNT/p-catenin signaling in endothelial cells and
leads to endothelial dysfunction [180]. The WNT5A protein, a protein associated with inflammatory
disorders [181], was also found to be expressed highly in the macrophage-rich regions of human and
murine atherosclerotic lesions [182]. Moreover, WNT5A mRNA and protein levels correlated with
advanced arterial lesions [181,183].
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Destabilization of an atherosclerotic plaque over time results in the release of plaque’s contents
into circulation which can lead to myocardial infarction. Alternatively, plaque erosion with distal
embolization or coronary vasospasm can also lead to myocardial infarction [184]. Either way,
disruption of blood flow to the region of the heart results in deprivation of nutrients and oxygen,
causing the death of cells. WNT signaling is negligible in the normal adult heart, however,
pathological conditions trigger the reactivation of fetal genes including WNTs [185]. For example, a
mouse model of myocardial infarction showed the dysregulation of expression of WNT2, -4, -7b, -
10b and -11 as well as FZD1, -2, -5, -8 and -10 [186-189], and mice mutants for Dvll are more
susceptible to infarct rupture after induction of myocardial infarction [178]. FZD2 expression was
also found to be upregulated in a cardiac hypertrophy model of rats [178]. Overexpression of FrzA,
an antagonist of the WNT/Frizzled pathway, reduced infarct size and improved cardiac function in
mice, indicating a role for WNT signaling in neovascularization in the infarct area [186]. An anti-
inflammatory and antiapoptotic role for sFRP5 has also been described in a mouse model of
ischemia/reperfusion damage [190], supporting a beneficial effect of sSFRPs on infarct healing. sFRPs
are secreted FZD-related proteins containing the cysteine-rich domain of FZD, but not the
transmembrane domains. They appear to bind to WNTs in solution working as inhibitors of WNT.
sFRP2 was shown to be a paracrine factor secreted from stem cells to activate the expression of anti-
apoptotic genes in cardiomyocytes [191].

WNT signaling has a role in conferring pathology in several cardiovascular diseases such as
cardiac arrhythmias, cardiac hypertrophy and heart failure. For a detailed review of WNT signaling
in cardiac and vascular diseases, please refer to Foulquier et al. [192].

WNT signaling in neuronal diseases: Several studies have also reported a causative link
between WNT signaling and autism. Mice mutants for Dvll and 3 showed reduced {3-catenin
expression which in turn caused premature deep layer neurogenesis of neural progenitors in specific
brain regions during embryonic development. This had an adverse effect on the precise establishment
of neural connections in the future prefrontal cortex, which was observed by serious deficits in brain
size and social behavior in adults [193]. This deficit was reversed by administration of a GSK-3
inhibitor to activate the canonical WNT pathway in utero.

Fragile-X syndrome (FXS), a heritable form of autism, is caused by a deficiency of fragile-X
linked mental retardation protein (FMRP) that results in various degrees of autism-like behavior.
FMRP is a negative regulator of protein translation, which was found to reduce the translation of
WNT2 mRNA in the brain of Fmrl (FMRP gene) knockout mice [194-196]. FXS patients also showed
reduced expression of WNT7a and consequently [-catenin-dependent signaling [197]. The
connection to WNT signaling was recently extended with the discovery of FMRP and [-catenin
functioning in WNT-dependent translation regulation [198].

WNT signaling was linked to the pathogenesis of Parkinson’s disease by the dysregulation of
expression of WNT pathway components in brain tissue of Parkinson’s disease patients [199]. Further
studies showed that activation of the WNT/B-catenin pathway in astrocytes could recover
neighboring midbrain dopaminergic neurons post-injury in vivo [200,201]. Hence, inducing WNT/[3-
catenin signaling in astrocytes could serve as a therapeutic approach to promote recovery of midbrain
dopaminergic neurons [202].

Patients with schizophrenia showed altered GSK3 activity [203], as well as increased expression
of WNT1, which can lead to synaptic rearrangement and plasticity [204]. Furthermore, several SNPs
in FZD3 were reported to be associated with susceptibility to schizophrenia [205].

Surprisingly, a recent study by Paige et al. showed the essential role of the WNT signaling
pathway in promoting functional recovery from spinal cord injury in lampreys [206]. These studies
signify the importance of WNT signaling in the pathogenesis of neuronal diseases and injury as well
as a potential target for therapeutic intervention. The relevance of WNT signaling in depression,
bipolar disorder as well as epilepsy and seizures have also been reported [7].

WNT signaling in liver diseases: A notable feature of the liver, unlike other tissues, is its ability
to regenerate post-injury, driven by the WNT/B-catenin signaling pathway [207-210]. Loss of {3-
catenin and other components of the WNT signaling pathway causes delayed liver regeneration
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following a partial hepatectomy [211-213]. Genetic polymorphisms in key members of the WNT-{3-
catenin pathway (SFRP2, FZD4, SOST, CTNNB1 and CSNK1A1) have also been associated with
inflammation and fibrosis in patients with hepatitis C [214]. p-Catenin is upregulated in fibrotic
human liver tissue, and increased {3-catenin levels in rat hepatic stellate cells were associated with
collagen production and proliferation [215]. Conversely, inhibition of canonical WNT signaling
pathway by [-catenin/CREB-binding protein (CBP) inhibitor ICG-001 ameliorated fibrosis in vivo
through pharmacological inhibition of stromal CXCL12, a potential therapeutic [216].

Mice with mutant LRP6 developed a fatty liver due to increased AKT/mTOR signaling resulting
in elevated hepatocyte lipogenesis, which could be reversed by the administration of WNT3a [217].
Moreover, under conditions of oxidative stress, B-catenin bound directly to FOXO enhanced the
transcription of FOXO target genes [218]. This interaction also modulated hepatic insulin signaling
by promoting the expression of rate-limiting enzymes in hepatic gluconeogenesis, and the liver-
specific deletion of B-catenin in mice fed a high-fat diet showed higher glucose tolerance due to
decreased gluconeogenesis [219].

Accumulation of toxic cholephilic substances such as bile acids due to reduced bile flow can
cause liver damage, a condition known as cholestasis. This is characterized by a reduced bile flow,
which often results in the accumulation of toxic cholephilic substances such as bile acids that can
cause liver damage [220]. Liver-specific Ctnnbl-null mice showed defective bile acid homeostasis
with elevated levels of toxic liver compounds in the serum and liver [221,222], suggesting the role of
the WNT/B-catenin pathway in regulating bile flow.

Hypoxia inducible factor-la (HIFla), which mediated transcription and promotion of cell
survival during ischemia/reperfusion injury in hepatocytes, was also found to be mediated via {3-
catenin signaling [223,224].

WNT signaling in kidney diseases: Tubule-specific -catenin knockout mice showed higher
mortality, increased serum creatinine as well as more severe morphologic injury after acute kidney
injury as compared to control mice [225]. Conversely, WNT4-mediated activation of {3-catenin at
different intervals after acute kidney injury results in recovery from renal injury by promoting cell
cycle progression [226]. WNT7B derived from macrophages activated WNT signaling to confer
protection and trigger the repair process after ischemia reperfusion injury in mice [227]. B-Catenin
signaling was also reported to reduce Bax-mediated apoptosis and improve cell survival after
induction of metabolic stress in proximal tubular epithelial cells [228]. A WNT agonist was also found
to attenuate inflammation and oxidative stress after ischemic reperfusion injury, suggesting the
potential pharmacological application of manipulating WNT activity on preventing kidney ischemic-
reperfusion injury [229].

Continuous activation of WNT/p-catenin results in the progression of acute kidney injury to
chronic kidney disease displaying interstitial myofibroblast activation and excessive extracellular
matrix deposition [230]. A mouse model of unilateral ureteral obstruction showed upregulation of
the expression of several WNT ligands with consequential upregulation of target genes involved in
fibrosis such as fibronectin, plasminogen activator inhibitor-1 and matrix metalloproteinase 7
[172,231-236]. Inhibition of B-catenin activation using secreted Frizzled-related protein 4 (sFRP4), an
endogenous extracellular WNT antagonist, resulted in reduced renal fibrosis after unilateral ureteral
obstruction possibly by preventing WNTs binding to their receptors [237]. Targeted inhibition of
WNT/B-catenin signaling using a small molecule peptidomimetic, ICG-001, suppressed matrix
expression and ameliorated renal interstitial fibrosis [238-240]. A similar upregulation of WNT
proteins in kidney specimens from patients with chronic kidney disease was observed, suggesting a
role for this pathway in kidney repair and regeneration or progression of the disease in humans as
well [241,242]. Hence, ablation of WNT/B-catenin signaling may be an effective approach to
ameliorate kidney injury and fibrotic lesions in various models of chronic kidney disease [243].

WNT signaling in lung diseases: Increased levels of matrix metalloproteinases (MMPs) and
pro-inflammatory cytokines such as IL1, IL6, IL8 and IL15 are general features of lung inflammation.
The canonical WNT signaling pathway has been shown to regulate the expression of both MMPs and
pro-inflammatory cytokines. Activation of canonical WNT signaling increased expression of MMP-
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2, MMP-3, MMP-7, MMP-9 and MT3-MMP in mice [244] suggesting that WNT regulates the
expression of MMPs, thus regulating lung inflammation.

In addition, the WNT5A-FZD5 signaling cascade may play a role in regulating the levels of pro-
inflammatory cytokines. In pathological studies of theumatoid arthritis, overexpression of WNT5A
and FZD5 correlates with increased levels of pro-inflammatory cytokines (IL-6, IL-8, IL-15) [245].
Experimentally, expression of WNT5A in normal fibroblast cells also increased IL-15 mRNA and
protein expression in synovial fibroblasts [245], suggesting that WNT5A can activate the expression
of pro-inflammatory cytokines. Furthermore, inhibition of WNT5A with antisense WNT-5A vectors
and anti-FZD5 antibodies reduced the expression of pro-inflammatory cytokines IL-6 and IL-15 [246].
While the exact pathway for WNT5A-FZD5 to activate the expression of these pro-inflammatory
cytokines remains unknown, there is strong evidence to suggest that WNT5A-FZD5 can regulate pro-
inflammatory cytokines, which play a key role in lung inflammation. While a comprehensive review
of WNT signaling in lung diseases is beyond the scope of this paper, a good summary can be found
in [247].

In idiopathic pulmonary fibrosis (IPF), immunohistochemical analyses reveal that MMP?7 is
consistently upregulated [248]. Higher MMP?7 also correlates with a worse prognosis for IPF [249],
while mouse knockout models for MMP7 showed decreased pulmonary inflammation [250]. As
MMPY7 is a target of the canonical WNT signaling pathway [251], it is hypothesized that the canonical
WNT signaling pathway will also play a role in the pathogenesis of pulmonary fibrosis.

WNT signaling in oral disease: Mutations in WNT signaling have also been associated with
oral diseases. In salivary gland tumors, loss-of-function mutations in the WIF1 WNT inhibitor gene
are associated with salivary gland oncogenesis [252]. Mutations in the APC gene are also responsible
for Gardner syndrome, where numerous jaw and teeth cysts form in addition to intestinal polyposis
[253]. Mutations in AXIN2 also result in tooth agenesis (the developmental absence of one or more
teeth), with nonsense AXIN2 mutations causing severe permanent tooth agenesis via activating the
WNT signaling pathway [254,255].

WNT signaling in skin disease: A nonsense mutation in WNT10A is responsible for severe
hypodontia in odonto-onycho-dermal dysplasia, a rare ectodermal dysplasia characterized by
keratoderma, dry hair and hyperkeratosis of the skin [256]. Mutations in the human PORCN
(porcupine) gene, a regulator of WNT signaling, result in focal dermal hypoplasia, characterized by
widespread lesions of dermal hypoplasia [257]. In psoriasis, WNT5A is upregulated while the WNT
Inhibitory Factor (WIF) is downregulated [258], and pathway analysis revealed that this may be due
to activation of non-canonical pathways.

WNT signaling in allergic airways: Impaired WNT signaling is also associated with diseases of
allergic airways. In a mouse model, expression of WNT suppressed the development of allergen
airway disease, while treatment with LiCl (a mimic of canonical WNT signaling) protected wild-type
mice from development of allergic airway diseases [259]. In asthma, airway smooth muscle (ASM)
cells of patients show upregulated WNT-5A [260], suggesting that the WNT pathway could be a
potential target for therapeutics.

WNT signaling in skeletal diseases: The notion that WNT is crucial to bone development
gained traction in the early 2000s, when several studies reported that an inactivating mutation in
LRP5 was associated with osteoporosis-pseudoglioma syndrome (OPPG), characterized by lower
bone mass and strength and a higher predisposition to suffer from bone fractures [261]. Another
group discovered that an inherited G171V mutation in LRP5 led to increased bone density, which
was supplemented by mouse models that showed similar increases in bone density and osteoblast
numbers [262,263]. These findings highlighted the importance of LRP5 for bone development and
pioneered the interest in WNT’s role in bone development and disease.

The molecular mechanism by which WNT modulates bone growth and repair is known. WNT
regulates the differentiation of osteoblasts and chondrocytes, thereby directly affecting pathologies
such as osteoarthritis, a disease characterized by dysregulation of osteoblast formation and bone
remodeling [264]. Sclerostin acts as a WNT antagonist by competitively binding to LRP5, resulting in
decreased bone masses [265]. A follow-up study then highlighted that the G171V mutation in LRP5
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interfered with sclerostin binding, providing a mechanistic explanation for sclerostin and LRP5
interaction in bone development [266]. Dickkopf-1, a well-known WNT antagonist, similarly had its
inhibitive capacities decreased in G171V mutants [267]. The inability for DKK1 and sclerostin to
inhibit LRP5 results in increased bone mass and mineral content and provides a very clear foundation
of understanding how WNT signaling functions in relation to bone development.

As WNT regulation is important to bone development and repair, it is not surprising that
dysregulation of the pathway leads to bone disease. As studies that intersect WNT signaling and
bone development continue to emerge, novel interactions of WNT mutations that underlie bone-
related pathologies will also surface. So far, studies have shown involvement of the WNT pathway
in osteoarthritis and osteoporosis [268-270], while more recent studies uncovered that mutations in
WNT1 cause osteogenesis imperfecta and early-onset osteoporosis [271,272]. This has resulted in a
recent surge of interest in targeting the WNT pathway for therapeutic intervention of skeletal
disorders, which we will explore further in the subsequent section of this review.

8. Clinical Relevance of WNT Signaling

The previous sections have highlighted the importance of WNT signaling in various
pathological and physiological contexts. A general search of “WNT in x disease” through academic
journals and recent publications will almost always yield results. As such, it has become obligatory
to invest resources into targeting this pathway, which unfortunately has had little success.

The general concept of treating diseases through the WNT pathway is through one of two
possibilities: either enhancing or inhibiting the pathway. In diseases where WNT is lacking, the
inhibition of naturally occurring WNT antagonists or upregulation of WNT agonists can lead to
supplementation of WNT signaling levels to yield therapeutic effects [273]. In contrast, in diseases
where WNT is aberrant such as metastatic breast and colorectal cancers, the inhibition of the WNT
pathway can also lead to therapeutic benefits [274,275].

There are ongoing efforts to find ways of targeting this pathway, mostly for the treatment of
various WNT-driven cancers. However, the WNT pathway is a great candidate target for the
treatment of pathologies related to musculoskeletal and neurological systems. The WNT pathway
has also drawn interest in the field of dermatology. In this section, we present an update on agonists
and antagonists of WNT signaling in various clinical contexts.

Cancers: Cancers, perhaps, have the highest potential for the development of WNT therapeutics
in the clinic. Aberrant activation of WNT through mutations of specific WNT components can be
found in colorectal, endometrial, breast and lung cancers, among many others [92,276,277]. Arguably,
the classification of cancers as “‘WNT-addicted” or "'WNT-driven’ has potential pitfalls with regards to
potential treatment options—simply targeting the inhibition of WNT could be considered a naive
approach that culminates in insufficiently addressing the complexity of aberrant WNT signaling in
cancers [278,279]. There are ongoing efforts in trying to understand the complexity of WNT in driving
tumorigenesis and how it can successfully be targeted. We hereby present an overview of WNT-
related cancer drugs that are in development (Figure 4).

8.1. Inhibitors of WNT Pathway Components

Porcupine (PORCN) is a membrane-bound O-acyltransferase involved in the secretion of WNT
ligands [280]. There are two inhibitors for PORCN that are undergoing clinical trials, WNT974 and
ETC-159. WNT974 is efficacious in blocking WNT signaling and tumor growth, especially in head
and neck squamous cell carcinoma cell lines [281]. ETC-159, a small molecule inhibitor of PORCN, is
similarly effective in the treatment of preclinical colorectal cancer models with R-spondin mutations
[282]. Both drugs are currently undergoing Phase I/II clinical trials for the treatment of colorectal
cancers [283].

Another approach currently in clinical trials is the introduction of WNT signaling inhibitors
directly into the blood stream of patients. For example, Vantictumab is an antibody targeting 5 of the
10 human FZD receptors (FZD 1, 2, 5, 7, and 8) binding to the extracellular domains of FZD and
interfering with signaling [284,285]. Another example is the FZD8-derived WNT scavenger
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Ipafricept, a fusion protein containing the extracellular ligand binding domain that acts as a decoy
receptor [286,287].

Another class of WNT inhibitors that has shown efficacy in the treatment of WNT-related
cancers are Tankyrase inhibitors. Tankyrase 1 and 2 belong to the poly ADP-ribose polymerase
(PARP) family of proteins and are associated with the WNT pathway by facilitating the degradation
of Axin [288,289]. There are currently four Tankyrase inhibitors which are undergoing preclinical
studies—XAV939, IWR1, JW74, and NVP-TNKS656 [283]. Interestingly, NVP-TNKS656 treatment of
colorectal mouse xenografts and patient-derived cultures re-sensitized the cancers to PI3K and AKT
inhibitors [288]. The same research group also showed that WNT hyperactivation was responsible
for colorectal cancers acquiring resistance to PI3K or AKT inhibition. Interestingly, the treatment of
colorectal xenograft cancers using the Tankyrase inhibitor NVP-TNKS656 led to overcoming WNT-
mediated drug resistance. Further studies must investigate the safety of Tankyrase inhibitors for
gastrointestinal toxicity [290], but Tankyrase inhibitors show great potential especially in
combinatorial therapy or as a second line of drugs to overcome acquired resistance in tumors.
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These anti-cancer agents target more peripheral members of the WNT pathway. This is
necessary, as the treatment of core WNT components could result in non-selective inhibition of WNT
and detrimentally affect WNT-dependent stem cell populations, thereby resulting in unwanted side
effects. This is especially true for tissues with high rates of turnover, such as hair follicles and the
intestinal crypts, both of which are controlled by WNT signaling. However, there are still several
anti-cancer drugs in development which do target components more central to the canonical WNT
signaling cascade. For example, the preclinical drug PKF118-310 directly inhibits the 3-catenin/TCF
transcriptional complex [291]. PRI-724 is another drug that targets [-catenin by inhibiting its
interaction with CBP (CREB-binding protein) [292]. When treated in preclinical pancreatic cancer
models, PRI-724 promoted differentiation of chemoresistant cancer stem cells and significantly
decreased metastatic potential. PRI-724 is currently being evaluated in clinical trials for patients with
advanced pancreatic adenocarcinoma [293].

WNT inhibition via cross-talking pathways: As with many other signaling pathways, the WNT
pathway is highly intricate and complex. This is reflected in its many interacting partners and
involvement in various physiological and pathological contexts. An additional feature of this
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complexity is the crosstalk that occurs between the WNT pathway and other signaling cascades,
especially in cancers [294-296]. As such, the inhibition of pathways which crosstalk with WNT may
lead to therapeutic effects on WNT-driven cancers themselves. We discuss some of the ways in which
this idea has been implemented in both preclinical and clinical settings.

sFRP-1 is another potential target for the treatment of WNT-driven cancers. It functions as a
mediator of crosstalk between two signaling cascades —Hedgehog and WNT [295]. Vismodegib is an
FDA approved drug that binds directly to Smoothed (SMO) and is used in the treatment of advanced
basal cell cancers [297]. Erismodegib is a similar FDA-approved SMO antagonist also used in the
treatment of basal cell cancers [297].

There are several ongoing efforts to develop therapies to target the aberrant WNT signaling
found in many cancers. With drugs ranging from various antibodies of WNT proteins to small
molecule inhibitors, the WNT pathway continues to be an attractive yet elusive target for the
treatment of cancers due to its overwhelming complexity and the possible indirect consequences to
healthy, WNT-dependent cells. We are certain to see more drugs roll out over the course of the next
decade as these WNT anti-cancer agents are further studied and some of the clinical trials move
towards FDA approval.

Neurological diseases: WNT signaling is necessary for the development of the early brain, as it
plays crucial roles in determining cell polarity and migration, as well as neural patterning and
synapse development [298-300]. Mutations that occur to the WNT pathway could lead to brain
defects and malformations [299]. The dysregulation of the WNT pathway has also been implicated in
various neurological diseases, ranging from schizophrenia, autism, Alzheimer’s and epilepsy [301-
303]. We discuss some plausible avenues where WNT could potentially be used for treatment of these
disorders.

Antagonists of the WNT pathway, such as DKKI1 protect against hippocampal sclerosis, a key
characteristic of epilepsy of the temporal lobe [304]. As discussed at length in previous sections, a lot
of effort was put forth to investigate novel mechanisms to inhibit the WNT pathway. However,
relatively few studies explored the effects of these compounds in relation to epileptic seizures [301].
Current treatment options for therapy are diverse, but most do not target the underlying mechanism
of epilepsy and only attempt to mitigate seizures. The WNT pathway, which is disrupted following
seizures, could therefore be a promising target for epilepsy therapies.

Another neurological disorder where WNT inhibition could potentially be used therapeutically
is in cell therapy. More specifically, WNT inhibition could be used to generate cortical motor neurons
(CMNs) in order to treat damaged corticospinal tracts, which may occur from various
neurodegenerative disorders [305]. The WNT inhibitor WNT-C59, a PORCN inhibitor, induced the
differentiation of human iPSCs into cortical neurons [306]. Furthermore, once grafted into the cortex
of adult mice, the induced cells showed fiber extension towards the spinal cord and this suggests the
potential of using C59 for cell replacement therapy in motor neuron diseases.

Musculoskeletal diseases: A strategy that has been proposed to treat musculoskeletal diseases
via the WNT pathway is to develop inhibitors for WNT antagonists that are relevant to bone
development, mainly DKK1 and sclerostin [269]. Mouse bone fracture models show that DKK1
antibody treatment leads to significant gains in bone mineral content and densities [56,307]. The
sclerostin antibody romomosumab (Amgen), which is nearing submission to the FDA for approval,
has shown great efficacy in its human trials and functions similarly in increasing bone mineral
density [308-310].

As the use of WNT therapies for musculoskeletal disorders is a relatively new field, there are
many drugs that are presently under preclinical and clinical studies. For instance, SM04690 is a small
molecule inhibitor of the WNT pathway and is presently undergoing clinical trials for degenerative
disc disease [311]. When tested in vitro, the molecule promoted proliferation, and in its preclinical
rodent model, SM04690 had very low toxicity and promoted regeneration of cartilage matrix while
improving disc height, health and shape. This molecule is also known as lorecivivint and appears to
inactivate the WNT pathway through a novel mechanism involving the nuclear kinases CDC-like
kinase 2 (CLK2) and dual-specificity tyrosine phosphorylation-regulated kinase 1A [312,313].
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Osteoarthritis is another musculoskeletal disease where the WNT pathway is being explored for
potential therapy. Fluoxetine and Verapamil, two pre-approved drugs, were able to successfully
suppress abnormal WNT activity and slowed cartilage degradation in vitro as well as in rodent
models [270,314]. SM04690, the small molecule inhibitor for degenerative disc disease, was also tested
for amelioration of osteoarthritis symptoms. In a double-blind, placebo-controlled phase II study,
patients with osteoarthritis who took SM04690 reported significant improvements compared to the
control group [311,315]

Dermatological disorders: The interest in WNT-related therapies has also made it to the field of
dermatology. Androgenetic alopecia (AGA), commonly known as male pattern baldness, is the most
common progressive hair loss disorder in men and is characterized by progressive hair follicular
miniaturization [316]. SM04554 is a topical scalp treatment that targets the WNT pathway and is
presently in Phase II clinical trials. Specifically, the treatment resulted in increased follicle counts and
suggests that it may be promoting follicular neogenesis, which is in concurrence with our
understanding of the role that WNT plays in hair growth and spacing [317]. Psoriasis is a skin
condition that occurs due to excess proliferation of skin cells. SM04755, another small molecule WNT
inhibitor, has also shown good efficacy in treating psoriasis in preclinical study rodent models by
regulating keratinocyte proliferation [315].

Complexity of treating diseases via WNT modulation: WNT signaling is a highly complex
pathway regulating many biological processes. WNT-related therapeutics focus on one of two
strategies: they either inhibit aberrant WNT signaling or enhance deficient WNT signaling. However,
these two strategies are an all-or-nothing approach, which overlooks the complexity of WNT
signaling and its effect on different cells. The various WNT ligands and receptors generate
permutations that allow for precise control of signaling in contexts ranging from intestinal crypt cell
renewal to hair follicle spacing. The intricacy of WNT signaling in various physiological contexts
leads to a complexity of disorders and diseases where the various WNTs and receptor-complexes
define diseases [273,318].

One approach is to consider the Goldilocks hypothesis (WNT levels being just right) when
looking at WNT signaling in diseases. A study found that the level of WNT signaling, the position of
the tumor in the colon and the rate of tumorigenesis is highly correlated. For example, APC mutations
in the proximal and distal colon vary in their number of B-catenin binding sites required for
tumorigenesis [60,319,320]. This suggests that the amount of WNT signaling that is necessary to
promote growth varies even along the position of the colon, and that too much intracellular WNT
signaling may also be detrimental to cancer growth [321]. The tendency to look for the most potent
enhancers or inhibitors may be a flawed approach in treating WNT-related diseases, as we must move
forward with a more nuanced understanding of how WNT operates in various physiological and
pathological contexts.

Funding: We are thankful for the funding provided by Ministry of Education of Singapore through Yale-NUS
grants IG17-LR006 and IG18-LR001.

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

References

1.  Gruber, J.; Yee, Z.; Tolwinski, N.S. Developmental Drift and the Role of Wnt Signaling in Aging. Cancers
2016, 8, 73.

2. Eisenmann, D.M. Wnt signaling. WormBook 2005, 1-17, d0i:10.1895/wormbook.1.7.1.

3. Kaur, P; Jin, H,; Lusk, J.; Tolwinski, N. Modeling the Role of Wnt Signaling in Human and Drosophila
Stem Cells. Genes 2018, 9, 101.

4, Polakis, P. Wnt signaling and cancer. Genes Dev. 2000, 14, 1837-1851.

5. Nusse, R.;; Varmus, H.E. Many tumors induced by the mouse mammary tumor virus contain a provirus
integrated in the same region of the host genome. Cell 1982, 31, 99-109.

6. Nusse, R. Wnt signaling in disease and in development. Cell Res. 2005, 15, 28-32.

7. Oliva, C.A,; Montecinos-Oliva, C.; Inestrosa, N.C. Wnt Signaling in the Central Nervous System: New
Insights in Health and Disease. Prog. Mol. Biol. Transl. Sci. 2018, 153, 81-130.



Cells 2019, 8, 826 17 of 31

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sharma, R.P.; Chopra, V.L. Effect of the Wingless (wgl) mutation on wing and haltere development in
Drosophila melanogaster. Dev. Biol. 1976, 48, 461-465.

Nusslein-Volhard, C.; Wieschaus, E. Mutations affecting segment number and polarity in Drosophila.
Nature 1980, 287, 795-801.

Wodarz, A.; Nusse, R. Mechanisms of Wnt signaling in development. Annu. Rev. Cell Dev. Biol. 1998, 14,
59-88.

Nusse, R.; Brown, A.; Papkoff, J.; Scambler, P.; Shackleford, G.; McMahon, A.; Moon, R.; Varmus, H. A new
nomenclature for int-1 and related genes: The Wnt gene family. Cell 1991, 64, 231.

Cadigan, K.M.; Nusse, R. Wnt signaling: A common theme in animal development. Genes Dev. 1997, 11,
3286-3305.

Pfister, A.S.; Kuhl, M. Of Wnts and Ribosomes. Prog. Mol. Biol. Transl. Sci. 2018, 153, 131-155.

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

Komiya, Y.; Habas, R. Wnt signal transduction pathways. Organogenesis 2008, 4, 68-75.

Habas, R.; Dawid, I.B. Dishevelled and Wnt signaling: Is the nucleus the final frontier? ]. Biol. 2005, 4, 2.
Zeng, L.; Fagotto, F.; Zhang, T.; Hsu, W.; Vasicek, T.J.; Perry, W.L., III; Lee, ] J.; Tilghman, S.M.; Gumbiner,
B.M.; Costantini, F. The mouse Fused locus encodes Axin, an inhibitor of the Wnt signaling pathway that
regulates embryonic axis formation. Cell 1997, 90, 181-192.

Minde, D.P.; Anvarian, Z.; Rudiger, S.G.; Maurice, M.M. Messing up disorder: How do missense mutations
in the tumor suppressor protein APC lead to cancer? Mol. Cancer 2011, 10, 101.

Minde, D.P.; Radli, M.; Forneris, F.; Maurice, M.M.; Rudiger, S.G. Large extent of disorder in Adenomatous
Polyposis Coli offers a strategy to guard Wnt signalling against point mutations. PLoS ONE 2013, 8, 77257.
MacDonald, B.T.; Tamai, K.; He, X. Wnt/beta-catenin signaling: Components, mechanisms, and diseases.
Dev. Cell 2009, 17, 9-26.

Liu, C; Li, Y.; Semenov, M.; Han, C.; Baeg, G.H.; Tan, Y.; Zhang, Z.; Lin, X.; He, X. Control of beta-catenin
phosphorylation/degradation by a dual-kinase mechanism. Cell 2002, 108, 837-847.

Rao, T.P.; Kuhl, M. An Updated Overview on Wnt Signaling Pathways. Circ. Res. 2010, 106, 1798-1806.
Bili¢, J.; Huang, Y.-L.; Davidson, G.; Zimmermann, T.; Cruciat, C.-M.; Bienz, M.; Niehrs, C. Wnt Induces
LRP6 Signalosomes and Promotes Dishevelled-Dependent LRP6 Phosphorylation. Science 2007, 316, 1619.
Tolwinski, N.S.; Wieschaus, E. A nuclear escort for 3-catenin. Nat. Cell Biol. 2004, 6, 579-580.

Kestler, H.A.; Kuhl, M. From individual Wnt pathways towards a Wnt signalling network. Philos. Trans. R.
Soc. B Biol. Sci. 2008, 363, 1333-1347.

Matsui, T.; Raya, A.; Kawakami, Y.; Callol-Massot, C.; Capdevila, ]J.; Rodriguez-Esteban, C.; Izpisua
Belmonte, J.C. Noncanonical Wnt signaling regulates midline convergence of organ primordia during
zebrafish development. Genes Dev. 2005, 19, 164-175.

De Calisto, J. Essential role of non-canonical Wnt signalling in neural crest migration. Development 2005,
132, 2587-2597.

Veeman, M.T.; Axelrod, J.D.; Moon, R.T. A second canon. Functions and mechanisms of beta-catenin-
independent Wnt signaling. Dev. Cell 2003, 5, 367-377.

Habas, R.; Kato, Y.; He, X. Wnt/Frizzled activation of Rho regulates vertebrate gastrulation and requires a
novel Formin homology protein Daam1. Cell 2001, 107, 843-854.

Colosimo, P.F.; Tolwinski, N.S. Wnt, Hedgehog and junctional Armadillo/beta-catenin establish planar
polarity in the Drosophila embryo. PLoS ONE 2006, 1, €9.

Kaplan, N.A ; Liu, X.; Tolwinski, N.S. Epithelial polarity: Interactions between junctions and apical-basal
machinery. Genetics 2009, 183, 897-904.

Colosimo, P.F.; Liu, X.; Kaplan, N.A.; Tolwinski, N.S. GSK3beta affects apical-basal polarity and cell-cell
adhesion by regulating aPKC levels. Dev. Dyn. 2010, 239, 115-125.

Kaplan, N.A.; Tolwinski, N.S. Spatially defined Dsh-Lgl interaction contributes to directional tissue
morphogenesis. |. Cell Sci. 2010, 123, 3157-3165.

Kaplan, N.A.; Colosimo, P.F.; Liu, X.; Tolwinski, N.S. Complex interactions between GSK3 and aPKC in
Drosophila embryonic epithelial morphogenesis. PLoS ONE 2011, 6, e18616.

Schlessinger, K.; Hall, A.; Tolwinski, N. Wnt signaling pathways meet Rho GTPases. Genes Dev. 2009, 23,
265-277.



Cells 2019, 8, 826 18 of 31

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

Kohn, A.D.; Moon, R.T. Wnt and calcium signaling: Beta-catenin-independent pathways. Cell Calcium 2005,
38, 439-446.

Slusarski, D.C.; Pelegri, F. Calcium signaling in vertebrate embryonic patterning and morphogenesis. Dev.
Biol. 2007, 307, 1-13.

Pataki, C.A.; Couchman, J.R.; Brabek, J. Wnt Signaling Cascades and the Roles of Syndecan Proteoglycans.
J. Histochem. Cytochem. 2015, 63, 465-480.

Fodde, R. The APC gene in colorectal cancer. Eur. J. Cancer 2002, 38, 867-871.

Kinzler, K.W.; Nilbert, M.C.; Su, L.K,; Vogelstein, B.; Bryan, T.M.; Levy, D.B.; Smith, KJ.; Preisinger, A.C.;
Hedge, P.; McKechnie, D.; et al. Identification of FAP locus genes from chromosome 5q21. Science 1991, 253,
661.

Nusslein-Volhard, C.; Wieschaus, E.; Kluding, H. Mutations affecting the pattern of the larval cuticle
inDrosophila melanogaster: I. Zygotic loci on the second chromosome. Wilehm Roux Arch. Dev. Biol. 1984,
193, 267-282.

Tian, Y.; Cohen, E.D.; Morrisey, E.E. The importance of Wnt signaling in cardiovascular development.
Pediatr. Cardiol. 2010, 31, 342-348.

Logan, C.Y.; Nusse, R. The Wnt Signaling Pathway in Development and Disease. Annu. Rev. Cell Dev. Biol.
2004, 20, 781-810.

De Ferrari, G.V.; Chacon, M.A,; Barria, M.I;; Garrido, J.L.; Godoy, J.A.; Olivares, G.; Reyes, A.E.; Alvarez,
A.; Bronfman, M.; Inestrosa, N.C. Activation of Wnt signaling rescues neurodegeneration and behavioral
impairments induced by beta-amyloid fibrils. Mol. Psychiatry 2003, 8, 195-208.

Sethi, J.K.; Vidal-Puig, A. Wnt signalling and the control of cellular metabolism. Biochem. ]. 2010, 427, 1-17.
Harman, D. The aging process. Proc. Natl. Acad. Sci. USA 1981, 78, 7124-7128.

Cummings, S.R. The biology of aging. ]. Musculoskelet. Neuronal Interact. 2007, 7, 340-341.

Campisi, J. Senescent Cells, Tumor Suppression, and Organismal Aging: Good Citizens, Bad Neighbors.
Cell 2005, 120, 513-522.

Ye, X.; Zerlanko, B.; Kennedy, A.; Banumathy, G.; Zhang, R.; Adams, P.D. Downregulation of Wnt signaling
is a trigger for formation of facultative heterochromatin and onset of cell senescence in primary human
cells. Mol. Cell 2007, 27, 183-196.

Reya, T.; Clevers, H. Wnt signalling in stem cells and cancer. Nature 2005, 434, 843-850.

Zhang, R.; Poustovoitov, M.V.; Ye, X; Santos, H.A.; Chen, W.; Daganzo, S.M.; Erzberger, ].P.; Serebriiskii,
I.G.; Canutescu, A.A.; Dunbrack, R.L.; et al. Formation of MacroH2A-containing senescence-associated
heterochromatin foci and senescence driven by ASFla and HIRA. Dev. Cell 2005, 8, 19-30.

Liu, H.; Fergusson, M.M.; Castilho, R.M.; Liu, J.; Cao, L.; Chen, ].; Malide, D.; Rovira, II.; Schimel, D.; Kuo,
C.J.; et al. Augmented Wnt signaling in a mammalian model of accelerated aging. Science 2007, 317, 803—
806.

Kurosu, H.; Yamamoto, M.; Clark, J.D.; Pastor, ].V.; Nandi, A.; Gurnani, P.; McGuinness, O.P.; Chikuda,
H.; Yamaguchi, M.; Kawaguchi, H.; et al. Suppression of aging in mice by the hormone Klotho. Science 2005,
309, 1829-1833.

White, B.D.; Nguyen, N.K.; Moon, R.T. Wnt Signaling: It Gets More Humorous with Age. Curr. Biol. 2007,
17, R923-R925.

Zhang, Z.; Lei, M.; Xin, H.; Hu, C; Yang, T.; Xing, Y.; Li, Y.; Guo, H,; Lian, X.; Deng, F. Wnt/beta-catenin
signaling promotes aging-associated hair graying in mice. Oncotarget 2017, 8, 69316-69327.

Chen, Y.; Whetstone, H.C.; Lin, A.C.; Nadesan, P.; Wei, Q.; Poon, R.; Alman, B.A. Beta-catenin signaling
plays a disparate role in different phases of fracture repair: Implications for therapy to improve bone
healing. PLoS Med. 2007, 4, 249.

Ito, M.; Yang, Z.; And], T.; Cui, C; Kim, N.; Millar, S.E.; Cotsarelis, G. Wnt-dependent de novo hair follicle
regeneration in adult mouse skin after wounding. Nature 2007, 447, 316-320.

DeCarolis, N.A.; Wharton, K.A,, Jr.; Eisch, A.J. Which way does the Wnt blow? Exploring the duality of
canonical Wnt signaling on cellular aging. Bioessays 2008, 30, 102-106.

Tacchelly-Benites, O.; Wang, Z.; Yang, E.; Benchabane, H.; Tian, A.; Randall, M.P.; Ahmed, Y. Axin
phosphorylation in both Wnt-off and Wnt-on states requires the tumor suppressor APC. PLoS Genet. 2018,
14, €1007178.



Cells 2019, 8, 826 19 of 31

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Christie, M.; Jorissen, R.N.; Mouradov, D.; Sakthianandeswaren, A.; Li, S.; Day, F.; Tsui, C.; Lipton, L.;
Desai, J.; Jones, LT.; et al. Different APC genotypes in proximal and distal sporadic colorectal cancers
suggest distinct WNT/beta-catenin signalling thresholds for tumourigenesis. Oncogene 2013, 32, 4675-4682.
Powell, SM.; Zilz, N.; Beazer-Barclay, Y.; Bryan, T.M.; Hamilton, S.R.; Thibodeau, S.N.; Vogelstein, B.;
Kinzler, KW. APC mutations occur early during colorectal tumorigenesis. Nature 1992, 359, 235-237.
Miyoshi, Y.; Nagase, H.; Ando, H.; Horii, A.; Ichii, S.; Nakatsuru, S.; Aoki, T.; Miki, Y.; Mori, T.; Nakamura,
Y. Somatic mutations of the APC gene in colorectal tumors: Mutation cluster region in the APC gene. Hum.
Mol. Genet. 1992, 1, 229-233.

Polakis, P. The oncogenic activation of beta-catenin. Curr. Opin. Genet. Dev. 1999, 9, 15-21.

Friedl, W.; Aretz, S. Familial adenomatous polyposis: Experience from a study of 1164 unrelated german
polyposis patients. Hered. Cancer Clin. Pract. 2005, 3, 95-114.

Zhang, L.; Theodoropoulos, P.C.; Eskiocak, U.; Wang, W.; Moon, Y.A; Posner, B.; Williams, N.S.; Wright,
W.E.; Kim, S.B.; Nijhawan, D.; et al. Selective targeting of mutant adenomatous polyposis coli (APC) in
colorectal cancer. Sci. Transl. Med. 2016, 8, 361ral40.

Thorvaldsen, T.E.; Pedersen, N.M.; Wenzel, E.M.; Stenmark, H. Differential Roles of AXIN1 and AXIN2 in
Tankyrase Inhibitor-Induced Formation of Degradasomes and beta-Catenin Degradation. PLoS ONE 2017,
12, e0170508.

Satoh, S.; Daigo, Y.; Furukawa, Y.; Kato, T.; Miwa, N.; Nishiwaki, T.; Kawasoe, T.; Ishiguro, H.; Fujita, M.;
Tokino, T.; et al. AXIN1 mutations in hepatocellular carcinomas, and growth suppression in cancer cells by
virus-mediated transfer of AXIN1. Nat. Genet. 2000, 24, 245-250.

Abitbol, S.; Dahmani, R.; Coulouarn, C.; Ragazzon, B.; Mlecnik, B.; Senni, N.; Savall, M.; Bossard, P.; Sohier,
P.; Drouet, V.; et al. AXIN deficiency in human and mouse hepatocytes induces hepatocellular carcinoma
in the absence of beta-catenin activation. J. Hepatol. 2018, 68, 1203-1213.

Chapman, A.; Durand, J.; Ouadi, L.; Bourdeau, I. Identification of genetic alterations of AXIN2 gene in
adrenocortical tumors. J. Clin. Endocrinol. Metab. 2011, 96, E1477-E1481.

Dai, J.; Gao, H.; Xue, J.; Lin, W.; Zheng, L. The Association Between AXIN2 Gene Polymorphisms and the
Risk of Breast Cancer in Chinese Women. Genet. Test. Mol. Biomark. 2019, 23, 393-400.

Wu, Z.Q.; Brabletz, T.; Fearon, E.; Willis, A.L.; Hu, C.Y.; Li, X.Y.; Weiss, S.J. Canonical Wnt suppressor,
Axin2, promotes colon carcinoma oncogenic activity. Proc. Natl. Acad. Sci. USA 2012, 109, 11312-11317.
Qian, L.; Mahaffey, J.P.; Alcorn, H.L.; Anderson, K.V. Tissue-specific roles of Axin2 in the inhibition and
activation of Wnt signaling in the mouse embryo. Proc. Natl. Acad. Sci. USA 2011, 108, 8692-8697.

Roslan, Z.; Muhamad, M.; Selvaratnam, L.; Ab-Rahim, S. The Roles of Low-Density Lipoprotein Receptor-
Related Proteins 5, 6, and 8 in Cancer: A Review. . Oncol. 2019, 2019, 4536302.

Janda, C.Y.; Waghray, D.; Levin, A.M.; Thomas, C.; Garcia, K.C. Structural Basis of Wnt Recognition by
Frizzled. Science 2012, 337, 59.

Guo, Y.; Zi, X.; Koontz, Z.; Kim, A.; Xie, J.; Gorlick, R.; Holcombe, R.F.; Hoang, B.H. Blocking Wnt/LRP5
signaling by a soluble receptor modulates the epithelial to mesenchymal transition and suppresses met and
metalloproteinases in osteosarcoma Saos-2 cells. ]. Orthop. Res. 2007, 25, 964-971.

Horne, L.; Avilucea, F.R; Jin, H.; Barrott, J.J.; Smith-Fry, K; Wang, Y.; Hoang, B.H.; Jones, K.B. LRP5
Signaling in Osteosarcomagenesis: A Cautionary Tale of Translation from Cell Lines to Tumors. Transl.
Oncol. 2016, 9, 438—-444.

Tung, EK.,; Wong, B.Y.; Yau, T.O.; Ng, 1.O. Upregulation of the Wnt co-receptor LRP6 promotes
hepatocarcinogenesis and enhances cell invasion. PLoS ONE 2012, 7, e36565.

King, T.D.; Suto, M.J,; Li, Y. The Wnt/beta-catenin signaling pathway: A potential therapeutic target in the
treatment of triple negative breast cancer. . Cell. Biochem. 2012, 113, 13-18.

Chen, Y.; Shi, H.Y; Stock, S.R.; Stern, P.H.; Zhang, M. Regulation of breast cancer-induced bone lesions by
beta-catenin protein signaling. J. Biol. Chem. 2011, 286, 42575-42584.

Ren, D.N.; Chen, J.; Li, Z,; Yan, H.; Yin, Y.; Wo, D.; Zhang, J.; Ao, L.; Chen, B.; Ito, T.K,; et al. LRP5/6 directly
bind to Frizzled and prevent Frizzled-regulated tumour metastasis. Nat. Commun. 2015, 6, 6906.

Lu, W,; Lin, C; Roberts, M.].; Waud, W.R; Piazza, G.A.; Li, Y. Niclosamide suppresses cancer cell growth
by inducing Wnt co-receptor LRP6 degradation and inhibiting the Wnt/beta-catenin pathway. PLoS ONE
2011, 6, €29290.



Cells 2019, 8, 826 20 of 31

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Lin, C.C; Lo, M.C.; Moody, R Jiang, H.; Harouaka, R.; Stevers, N.; Tinsley, S.; Gasparyan, M.; Wicha, M.;
Sun, D. Targeting LRP8 inhibits breast cancer stem cells in triple-negative breast cancer. Cancer Lett. 2018,
438, 165-173.

Gonias, S.L.; Karimi-Mostowfi, N.; Murray, S.S.; Mantuano, E.; Gilder, A.S. Expression of LDL receptor-
related proteins (LRPs) in common solid malignancies correlates with patient survival. PLoS ONE 2017, 12,
e0186649.

Zhan, T.; Rindtorff, N.; Boutros, M. Wnt signaling in cancer. Oncogene 2017, 36, 1461-1473.

Enomoto, M.; Hayakawa, S.; Itsukushima, S.; Ren, D.Y.; Matsuo, M.; Tamada, K.; Oneyama, C.; Okada, M.;
Takumi, T.; Nishita, M.; et al. Autonomous regulation of osteosarcoma cell invasiveness by Wnt5a/Ror2
signaling. Oncogene 2009, 28, 3197-3208.

Dissanayake, S.K.; Wade, M.; Johnson, C.E.; O’Connell, M.P.; Leotlela, P.D.; French, A.D.; Shah, K.V.;
Hewitt, K.J.; Rosenthal, D.T.; Indig, F.E.; et al. The Wnt5A/protein kinase C pathway mediates motility in
melanoma cells via the inhibition of metastasis suppressors and initiation of an epithelial to mesenchymal
transition. J. Biol. Chem. 2007, 282, 17259-17271.

Kanzawa, M.; Semba, S.; Hara, S.; Itoh, T.; Yokozaki, H. WNT5A is a key regulator of the epithelial-
mesenchymal transition and cancer stem cell properties in human gastric carcinoma cells. Pathobiology 2013,
80, 235-244.

Webster, M.R.; Xu, M,; Kinzler, K.A.; Kaur, A.; Appleton, J.; O’Connell, M.P.; Marchbank, K.; Valiga, A.;
Dang, V.M.; Perego, M.; et al. Wnt5A promotes an adaptive, senescent-like stress response, while
continuing to drive invasion in melanoma cells. Pigment Cell Melanoma Res. 2015, 28, 184-195.

Asem, M.S; Buechler, S.; Wates, R.B.; Miller, D.L.; Stack, M.S. Wnt5a Signaling in Cancer. Cancers 2016, 8,
79.

Tsukiyama, T.; Fukui, A.; Terai, S.; Fujioka, Y.; Shinada, K.; Takahashi, H.; Yamaguchi, T.P.; Ohba, Y.;
Hatakeyama, S. Molecular Role of RNF43 in Canonical and Noncanonical Wnt Signaling. Mol. Cell. Biol.
2015, 35, 2007-2023.

Loregger, A.; Grandl, M.; Mejias-Luque, R.; Allgauer, M.; Degenhart, K.; Haselmann, V.; Oikonomou, C,;
Hatzis, P.; Janssen, K.P.; Nitsche, U.; et al. The E3 ligase RNF43 inhibits Wnt signaling downstream of
mutated beta-catenin by sequestering TCF4 to the nuclear membrane. Sci. Signal. 2015, 8, ra90.

Giannakis, M.; Hodis, E.; Jasmine Mu, X.; Yamauchi, M.; Rosenbluh, J.; Cibulskis, K.; Saksena, G.; Lawrence,
M.S,; Qian, Z.R.; Nishihara, R.; et al. RNF43 is frequently mutated in colorectal and endometrial cancers.
Nat. Genet. 2014, 46, 1264-1266.

Jiang, X.; Hao, H.X.; Growney, ].D.; Woolfenden, S.; Bottiglio, C.; Ng, N.; Lu, B.; Hsieh, M.H.; Bagdasarian,
L.; Meyer, R.; et al. Inactivating mutations of RNF43 confer Wnt dependency in pancreatic ductal
adenocarcinoma. Proc. Natl. Acad. Sci. USA 2013, 110, 12649-12654.

Zou, Y.; Wang, F.; Liu, F.Y.; Huang, M.Z; Li, W.; Yuan, X.Q.; Huang, O.P.; He, M. RNF43 mutations are
recurrent in Chinese patients with mucinous ovarian carcinoma but absent in other subtypes of ovarian
cancer. Gene 2013, 531, 112-116.

Hrckulak, D.; Kolar, M.; Strnad, H.; Korinek, V. TCF/LEF Transcription Factors: An Update from the
Internet Resources. Cancers 2016, 8, 70.

van de Wetering, M.; Sancho, E.; Verweij, C.; de Lau, W.; Oving, I.; Hurlstone, A.; van der Horn, K.; Batlle,
E.; Coudreuse, D.; Haramis, A.P.; et al. The beta-catenin/TCF-4 complex imposes a crypt progenitor
phenotype on colorectal cancer cells. Cell 2002, 111, 241-250.

Angus-Hill, M.L.; Elbert, K.M.; Hidalgo, J.; Capecchi, M.R. T-cell factor 4 functions as a tumor suppressor
whose disruption modulates colon cell proliferation and tumorigenesis. Proc. Natl. Acad. Sci. USA 2011, 108,
4914-4919.

Cadigan, K.M.; Waterman, M.L. TCF/LEFs and Wnt signaling in the nucleus. Cold Spring Harb. Perspect.
Biol. 2012, 4, a007906.

Tsedensodnom, O.; Koga, H.; Rosenberg, S.A.; Nambotin, S.B.; Carroll, J.J; Wands, J.R,; Kim, M.
Identification of T-cell factor-4 isoforms that contribute to the malignant phenotype of hepatocellular
carcinoma cells. Exp. Cell Res. 2011, 317, 920-931.

Sumithra, B.; Saxena, U.; Das, A.B. Alternative splicing within the Wnt signaling pathway: Role in cancer
development. Cell. Oncol. 2016, 39, 1-13.

Suresh, J.; Harmston, N.; Lim, K.K,; Kaur, P.; Jin, HJ.; Lusk, ].B.; Petretto, E.; Tolwinski, N.S. An embryonic
system to assess direct and indirect Wnt transcriptional targets. Sci. Rep. 2017, 7, 11092.



Cells 2019, 8, 826 21 0f31

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Dunn, N.R.; Tolwinski, N.S. Ptk7 and Mcc, Unfancied Components in Non-Canonical Wnt Signaling and
Cancer. Cancers 2016, 8, 68.

Mossie, K.; Jallal, B.; Alves, F.; Sures, I.; Plowman, G.D.; Ullrich, A. Colon carcinoma kinase-4 defines a new
subclass of the receptor tyrosine kinase family. Oncogene 1995, 11, 2179-2184.

Winberg, M.L.; Tamagnone, L.; Bai, J.; Comoglio, P.M.; Montell, D.; Goodman, C.S. The transmembrane
protein Off-track associates with Plexins and functions downstream of Semaphorin signaling during axon
guidance. Neuron 2001, 32, 53-62.

Lu, X.; Borchers, A.G.; Jolicoeur, C.; Rayburn, H.; Baker, ].C.; Tessier-Lavigne, M. PTK7/CCK-4 is a novel
regulator of planar cell polarity in vertebrates. Nature 2004, 430, 93-98.

Peradziryi, H.; Tolwinski, N.S.; Borchers, A. The many roles of PTK7: A versatile regulator of cell-cell
communication. Arch. Biochem. Biophys. 2012, 524, 71-76.

Peradziryi, H.; Kaplan, N.A_; Podleschny, M.; Liu, X.; Wehner, P.; Borchers, A.; Tolwinski, N.S. PTK7/Otk
interacts with Wnts and inhibits canonical Wnt signalling. EMBO ]. 2011, 30, 3729-3740.

Linnemannstons, K.; Ripp, C.; Honemann-Capito, M.; Brechtel-Curth, K.; Hedderich, M.; Wodarz, A. The
PTK7-Related Transmembrane Proteins Off-track and Off-track 2 Are Co-receptors for Drosophila Wnt2
Required for Male Fertility. PLoS Genet. 2014, 10, €1004443.

Damelin, M.; Bankovich, A.; Bernstein, J.; Lucas, J.; Chen, L.; Williams, S.; Park, A.; Aguilar, J.; Ernstoff, E.;
Charati, M.; et al. A PTK7-targeted antibody-drug conjugate reduces tumor-initiating cells and induces
sustained tumor regressions. Sci. Transl. Med. 2017, 9, eaag2611.

Zimmerman, Z.F.; Moon, R.T.; Chien, A.J. Targeting Wnt Pathways in Disease. Cold Spring Harb. Perspect.
Biol. 2012, 4, a008086.

Lucero, O.M.; Dawson, D.W.; Moon, R.T.; Chien, A.J. A re-evaluation of the “oncogenic” nature of Wnt/{3-
catenin signaling in melanoma and other cancers. Curr. Oncol. Rep. 2010, 12, 314-318.

Anastas, ].N.; Moon, R.T. WNT signalling pathways as therapeutic targets in cancer. Nat. Rev. Cancer 2012,
13,11.

Serrano-Pozo, A.; Frosch, M.P.; Masliah, E.; Hyman, B.T. Neuropathological alterations in Alzheimer
disease. Cold Spring Harb. Perspect. Med. 2011, 1, a006189.

Heneka, M.T.; Carson, M.].; El Khoury, ].; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.; Wyss-
Coray, T.; Vitorica, J.; Ransohoff, RM.; et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol.
2015, 14, 388-405.

Alzheimer, A.; Stelzmann, R.A.; Schnitzlein, HN.; Murtagh, FR. An English translation of Alzheimer’s
1907 paper, “Uber eine eigenartige Erkankung der Hirnrinde”. Clin. Anat. 1995, 8, 429-431.

James, B.D.; Leurgans, S.E.; Hebert, L.E.; Scherr, P.A.; Yaffe, K.; Bennett, D.A. Contribution of Alzheimer
disease to mortality in the United States. Neurology 2014, 82, 1045-1050.

Weuve, J.; Hebert, L.E.; Scherr, P.A.; Evans, D.A. Deaths in the United States among persons with
Alzheimer’s disease (2010-2050). Alzheimers Dement. 2014, 10, e40—e46.

Levy, E.; Carman, M.D.; Fernandez-Madrid, 1].; Power, M.D.; Lieberburg, I.; van Duinen, S.G.; Bots, G.T.;
Luyendijk, W.; Frangione, B. Mutation of the Alzheimer’s disease amyloid gene in hereditary cerebral
hemorrhage, Dutch type. Science 1990, 248, 1124-1126.

Hollingworth, P.; Harold, D.; Sims, R.; Gerrish, A.; Lambert, ]J.C.; Carrasquillo, M.M.; Abraham, R.;
Hamshere, M.L.; Pahwa, ].S.; Moskvina, V.; et al. Common variants at ABCA7, MS4A6A/MS4A4E, EPHAI,
CD33 and CD2AP are associated with Alzheimer’s disease. Nat. Genet. 2011, 43, 429-435.

Lambert, ].C.; Ibrahim-Verbaas, C.A.; Harold, D.; Naj, A.C.; Sims, R.; Bellenguez, C.; DeStafano, A.L.; Bis,
J.C.; Beecham, G.W.; Grenier-Boley, B.; et al. Meta-analysis of 74,046 individuals identifies 11 new
susceptibility loci for Alzheimer’s disease. Nat. Genet. 2013, 45, 1452-1458.

Bertram, L.; Lange, C.; Mullin, K.; Parkinson, M.; Hsiao, M.; Hogan, M.F.; Schjeide, B.M.; Hooli, B.; Divito,
J.; Ionita, I; et al. Genome-wide association analysis reveals putative Alzheimer’s disease susceptibility loci
in addition to APOE. Am. . Hum. Genet. 2008, 83, 623-632.

De Ferrari, G.V.; Avila, M.E.; Medina, M.A.; Perez-Palma, E.; Bustos, B.I.; Alarcon, M.A. Wnt/beta-catenin
signaling in Alzheimer’s disease. CNS Neurol. Disord. Drug Targets 2014, 13, 745-754.

Inestrosa, N.C.; Varela-Nallar, L. Wnt signaling in the nervous system and in Alzheimer’s disease. ]. Mol.
Cell Biol. 2014, 6, 64-74.

De Ferrari, G.V.; Papassotiropoulos, A.; Biechele, T.; Wavrant De-Vrieze, F.; Avila, M.E.; Major, M.B.;
Myers, A.; Saez, K.; Henriquez, J.P.; Zhao, A.; et al. Common genetic variation within the low-density



Cells 2019, 8, 826 22 0f 31

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

lipoprotein receptor-related protein 6 and late-onset Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2007,
104, 9434-94309.

Folke, J.; Pakkenberg, B.; Brudek, T. Impaired Wnt Signaling in the Prefrontal Cortex of Alzheimer’s
Disease. Mol. Neurobiol. 2019, 56, 873-891.

Caricasole, A.; Copani, A.; Caraci, F.; Aronica, E.; Rozemuller, A ].; Caruso, A.; Storto, M.; Gaviraghi, G.;
Terstappen, G.C.; Nicoletti, F. Induction of Dickkopf-1, a negative modulator of the Wnt pathway, is
associated with neuronal degeneration in Alzheimer’s brain. J. Neurosci. 2004, 24, 6021-6027.

Killick, R.; Ribe, EIM.; Al-Shawi, R.; Malik, B.; Hooper, C.; Fernandes, C.; Dobson, R.; Nolan, P.M.;
Lourdusamy, A.; Furney, S.; et al. Clusterin regulates beta-amyloid toxicity via Dickkopf-1-driven
induction of the wnt-PCP-JNK pathway. Mol. Psychiatry 2014, 19, 88-98.

Tapia-Rojas, C.; Burgos, P.V_; Inestrosa, N.C. Inhibition of Wnt signaling induces amyloidogenic processing
of amyloid precursor protein and the production and aggregation of Amyloid-beta (Abeta)42 peptides. J.
Neurochem. 2016, 139, 1175-1191.

Kennedy, M.E; Stamford, A.W.; Chen, X.; Cox, K.; Cumming, ].N.; Dockendorf, M.F.; Egan, M.; Ereshefsky,
L.; Hodgson, R.A.; Hyde, L.A.; et al. The BACEL1 inhibitor verubecestat (MK-8931) reduces CNS beta-
amyloid in animal models and in Alzheimer’s disease patients. Sci. Transl. Med. 2016, 8, 363ra150.

Zheng, H.; Jia, L.; Liu, C.C.; Rong, Z.; Zhong, L.; Yang, L.; Chen, X.F; Fryer, ].D.; Wang, X.; Zhang, Y.W; et
al. TREM2 Promotes Microglial Survival by Activating Wnt/beta-Catenin Pathway. J. Neurosci. 2017, 37,
1772-1784.

Takashima, A.; Murayama, M.; Murayama, O.; Kohno, T.; Honda, T.; Yasutake, K.; Nihonmatsu, N.;
Mercken, M.; Yamaguchi, H.; Sugihara, S.; et al. Presenilin 1 associates with glycogen synthase kinase-3beta
and its substrate tau. Proc. Natl. Acad. Sci. USA 1998, 95, 9637-9641.

Scali, C.; Caraci, F.; Gianfriddo, M.; Diodato, E.; Roncarati, R.; Pollio, G.; Gaviraghi, G.; Copani, A.; Nicoletti,
F.; Terstappen, G.C,; et al. Inhibition of Wnt signaling, modulation of Tau phosphorylation and induction
of neuronal cell death by DKK1. Neurobiol. Dis. 2006, 24, 254-265.

Hooper, C; Killick, R.; Lovestone, S. The GSK3 hypothesis of Alzheimer’s disease. ]. Neurochem. 2008, 104,
1433-1439.

Speese, S.D.; Budnik, V. Wnts: Up-and-coming at the synapse. Trends Neurosci. 2007, 30, 268-275.
Tabatadze, N.; Tomas, C.; McGonigal, R.; Lin, B.; Schook, A.; Routtenberg, A. Wnt transmembrane
signaling and long-term spatial memory. Hippocampus 2012, 22, 1228-1241.

Toledo, E.M.; Inestrosa, N.C. Activation of Wnt signaling by lithium and rosiglitazone reduced spatial
memory impairment and neurodegeneration in brains of an APPswe/PSEN1DeltaE9 mouse model of
Alzheimer’s disease. Mol. Psychiatry 2010, 15, 272-285.

Serrano, F.G.; Tapia-Rojas, C.; Carvajal, F.J.; Hancke, J.; Cerpa, W.; Inestrosa, N.C. Andrographolide
reduces cognitive impairment in young and mature AbetaPPswe/PS-1 mice. Mol. Neurodegener. 2014, 9, 61.
Chen, J.; Park, C.S.; Tang, S.J. Activity-dependent synaptic Wnt release regulates hippocampal long term
potentiation. J. Biol. Chem. 2006, 281, 11910-11916.

Fortress, AM.; Schram, S.L.; Tuscher, J.J.; Frick, KM. Canonical Wnt signaling is necessary for object
recognition memory consolidation. J. Neurosci. 2013, 33, 12619-12626.

Rulifson, I.C.; Karnik, S.K.; Heiser, P.W.; ten Berge, D.; Chen, H.; Gu, X.; Taketo, M.M.; Nusse, R.; Hebrok,
M.; Kim, S.K. Wnt signaling regulates pancreatic beta cell proliferation. Proc. Natl. Acad. Sci. USA 2007, 104,
6247-6252.

Shu, L.; Sauter, N.S.; Schulthess, F.T.; Matveyenko, A.V.; Oberholzer, J.; Maedler, K. Transcription factor 7-
like 2 regulates beta-cell survival and function in human pancreatic islets. Diabetes 2008, 57, 645-653.

Liu, Z.; Habener, J.F. Glucagon-like peptide-1 activation of TCF7L2-dependent Wnt signaling enhances
pancreatic beta cell proliferation. J. Biol. Chem. 2008, 283, 8723-8735.

Fujino, T.; Asaba, H.; Kang, M.].; Ikeda, Y.; Sone, H.; Takada, S.; Kim, D.H.; Ioka, R.X.; Ono, M.; Tomoyori,
H.; et al. Low-density lipoprotein receptor-related protein 5 (LRP5) is essential for normal cholesterol
metabolism and glucose-induced insulin secretion. Proc. Natl. Acad. Sci. USA 2003, 100, 229-234.

Khanra, R.; Dewanjee, S.; T., K.D.; Sahu, R.; Gangopadhyay, M.; De Feo, V.; Zia-Ul-Haq, M. Abroma augusta
L. (Malvaceae) leaf extract attenuates diabetes induced nephropathy and cardiomyopathy via inhibition of
oxidative stress and inflammatory response. J. Transl. Med. 2015, 13, 6.



Cells 2019, 8, 826 23 0f 31

145.

146.

147.
148.
149.

150.

151.

152.

153.

154.

155.

156.

157.
158.

159.
160.

161.

162.

163.

164.

165.

166.

Khanra, R.; Bhattacharjee, N.; Dua, T.K.; Nandy, A.; Saha, A.; Kalita, J.; Manna, P.; Dewanjee, S. Taraxerol,
a pentacyclic triterpenoid, from Abroma augusta leaf attenuates diabetic nephropathy in type 2 diabetic
rats. Biomed. Pharm. 2017, 94, 726-741.

Bhattacharjee, N.; Dua, T.K.; Khanra, R; Joardar, S.; Nandy, A.; Saha, A.; De Feo, V.; Dewanjee, S.
Protocatechuic Acid, a Phenolic from Sansevieria roxburghiana Leaves, Suppresses Diabetic
Cardiomyopathy via Stimulating Glucose Metabolism, Ameliorating Oxidative Stress, and Inhibiting
Inflammation. Front. Pharm. 2017, 8, 251.

Weedon, M.N. The importance of TCF7L2. Diabet. Med. 2007, 24, 1062—-1066.

Owen, K.R.; McCarthy, M.I. Genetics of type 2 diabetes. Curr. Opin. Genet. Dev. 2007, 17, 239-244.

Grant, S.F.; Thorleifsson, G.; Reynisdottir, I.; Benediktsson, R.; Manolescu, A.; Sainz, J.; Helgason, A.;
Stefansson, H.; Emilsson, V.; Helgadottir, A.; et al. Variant of transcription factor 7-like 2 (TCF7L2) gene
confers risk of type 2 diabetes. Nat. Genet. 2006, 38, 320-323.

Mani, A.; Radhakrishnan, J.; Wang, H.; Mani, A.; Mani, M.A.; Nelson-Williams, C.; Carew, K.S.; Mane, S.;
Najmabadi, H.; Wu, D.; et al. LRP6 mutation in a family with early coronary disease and metabolic risk
factors. Science 2007, 315, 1278-1282.

Kokubu, C.; Heinzmann, U.; Kokubu, T.; Sakai, N.; Kubota, T.; Kawai, M.; Wahl, M.B.; Galceran, J.;
Grossched], R.; Ozono, K;; et al. Skeletal defects in ringelschwanz mutant mice reveal that Lrp6 is required
for proper somitogenesis and osteogenesis. Development 2004, 131, 5469-5480.

Kanazawa, A.; Tsukada, S.; Sekine, A.; Tsunoda, T.; Takahashi, A.; Kashiwagi, A.; Tanaka, Y.; Babazono,
T.; Matsuda, M.; Kaku, K; et al. Association of the gene encoding wingless-type mammary tumor virus
integration-site family member 5B (WNT5B) with type 2 diabetes. Am. ]. Hum. Genet. 2004, 75, 832-843.
Twells, R.C.; Mein, C.A ; Payne, F.; Veijola, R.; Gilbey, M.; Bright, M.; Timms, A.; Nakagawa, Y.; Snook, H.;
Nutland, S.; et al. Linkage and association mapping of the LRP5 locus on chromosome 11q13 in type 1
diabetes. Hum. Genet. 2003, 113, 99-105.

Twells, R.C.; Mein, C.A.; Phillips, M.S.; Hess, ].F.; Veijola, R.; Gilbey, M.; Bright, M.; Metzker, M.; Lie, B.A.;
Kingsnorth, A.; et al. Haplotype structure, LD blocks, and uneven recombination within the LRP5 gene.
Genome Res. 2003, 13, 845-855.

Lim, HW.,; Lee, J.E;; Shin, SJ.; Lee, Y.E.; Oh, SH.; Park, J.Y,; Seong, JK. Park, J.S. Identification of
differentially expressed mRNA during pancreas regeneration of rat by mRNA differential display. Biochem.
Biophys. Res. Commun. 2002, 299, 806-812.

Nishikawa, T.; Araki, E. Impact of mitochondrial ROS production in the pathogenesis of diabetes mellitus
and its complications. Antioxid. Redox Signal. 2007, 9, 343-353.

Jin, T. The WNT signalling pathway and diabetes mellitus. Diabetologia 2008, 51, 1771-1780.

Folestad, A.; Alund, M.; Asteberg, S.; Fowelin, J.; Aurell, Y.; Gothlin, J.; Cassuto, J. Role of Wnt/beta-catenin
and RANKL/OPG in bone healing of diabetic Charcot arthropathy patients. Acta Orthop. 2015, 86, 415-425.
Nusse, R. Wnt signaling and stem cell control. Cell Res. 2008, 18, 523-527.

Morfini, G.; Szebenyi, G.; Elluru, R.; Ratner, N.; Brady, S.T. Glycogen synthase kinase 3 phosphorylates
kinesin light chains and negatively regulates kinesin-based motility. EMBO ]. 2002, 21, 281-293.

Cohen, P.; Frame, S. The renaissance of GSK3. Nat. Rev. Mol. Cell Biol. 2001, 2, 769-776.

Hanger, D.P.; Hughes, K.; Woodgett, ].R.; Brion, ].P.; Anderton, B.H. Glycogen synthase kinase-3 induces
Alzheimer’s disease-like phosphorylation of tau: Generation of paired helical filament epitopes and
neuronal localisation of the kinase. Neurosci. Lett. 1992, 147, 58—62.

Mazzardo-Martins, L.; Martins, D.F.; Stramosk, J.; Cidral-Filho, F.].; Santos, A.R. Glycogen synthase kinase
3-specific inhibitor AR-A014418 decreases neuropathic pain in mice: Evidence for the mechanisms of
action. Neuroscience 2012, 226, 411-420.

King, M.R.; Anderson, N.J.; Liu, C.; Law, E.; Cundiff, M.; Mixcoatl-Zecuatl, T.M.; Jolivalt, C.G. Activation
of the insulin-signaling pathway in sciatic nerve and hippocampus of type 1 diabetic rats. Neuroscience 2015,
303, 220-228.

Song, B.; Lai, B.; Zheng, Z.; Zhang, Y.; Luo, J.; Wang, C.; Chen, Y.; Woodgett, J.R.; Li, M. Inhibitory
phosphorylation of GSK-3 by CaMKII couples depolarization to neuronal survival. J. Biol. Chem. 2010, 285,
41122-41134.

Li, Z; Ma, L.; Chen, X,; Li, Y.; Li, S.; Zhang, ].; Lu, L. Glycogen synthase kinase-3: A key kinase in retinal
neuron apoptosis in early diabetic retinopathy. Chin. Med. ]. 2014, 127, 3464-3470.



Cells 2019, 8, 826 24 of 31

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Jolivalt, C.G.; Calcutt, N.A; Masliah, E. Similar pattern of peripheral neuropathy in mouse models of type
1 diabetes and Alzheimer’s disease. Neuroscience 2012, 202, 405-412.

Hong, Q.-X., Xu, S.-Y., Dai, S.-H., Zhao, W.-X. Expression profiling of spinal genes in peripheral neuropathy
model rats with type 2 diabetes mellitus. Int. |. Clin. Exp. Med. 2016, 9, 6376-6384.

Cheng, P.W.; Chen, Y.Y.; Cheng, W.H.; Lu, P.J.; Chen, H.H.; Chen, B.R;; Yeh, T.C,; Sun, G.C.; Hsiao, M.;
Tseng, C.J. Wnt Signaling Regulates Blood Pressure by Downregulating a GSK-3beta-Mediated Pathway
to Enhance Insulin Signaling in the Central Nervous System. Diabetes 2015, 64, 3413-3424.

Xiao, L.; Wang, M,; Yang, S.; Liu, F.; Sun, L. A glimpse of the pathogenetic mechanisms of Wnt/beta-catenin
signaling in diabetic nephropathy. BioMed Res. Int. 2013, 2013, 987064.

Guo, Q.; Zhong, W.; Duan, A.; Sun, G.; Cui, W.; Zhuang, X.; Liu, L. Protective or deleterious role of
Whnt/beta-catenin signaling in diabetic nephropathy: An unresolved issue. Pharm. Res. 2019, 144, 151-157.
Dai, C; Stolz, D.B.; Kiss, L.P.; Monga, S.P.; Holzman, L.B.; Liu, Y. Wnt/beta-catenin signaling promotes
podocyte dysfunction and albuminuria. J. Am. Soc. Nephrol. 2009, 20, 1997-2008.

Lin, C.L.; Cheng, H.; Tung, CW.; Huang, W.J.; Chang, P.J.; Yang, ].T.; Wang, ].Y. Simvastatin reverses high
glucose-induced apoptosis of mesangial cells via modulation of Wnt signaling pathway. Am. ]. Nephrol.
2008, 28, 290-297.

Ho, C.; Lee, P.H.; Hsu, Y.C,; Wang, F.S.; Huang, Y.T.; Lin, C.L. Sustained Wnt/beta-catenin signaling
rescues high glucose induction of transforming growth factor-betal-mediated renal fibrosis. Am. ]. Med.
Sci. 2012, 344, 374-382.

Lee, Y J.; Han, H.J. Troglitazone ameliorates high glucose-induced EMT and dysfunction of SGLTs through
PI3K/Akt, GSK-3beta, Snaill, and beta-catenin in renal proximal tubule cells. Am. J. Physiol. Ren. Physiol.
2010, 298, F1263-F1275.

Zou, X.R.; Wang, X.Q.; Hu, Y.L.; Zhou, H.L. Effects of Shen’an granules on Wnt signaling pathway in mouse
models of diabetic nephropathy. Exp. Ther. Med. 2016, 12, 3515-3520.

Olson, E.N.; Schneider, M.D. Sizing up the heart: Development redux in disease. Genes Dev. 2003, 17, 1937—
1956.

van Gijn, M.E.; Daemen, M.J.; Smits, ].F.; Blankesteijn, W.M. The wnt-frizzled cascade in cardiovascular
disease. Cardiovasc. Res. 2002, 55, 16-24.

Sarzani, R.; Salvi, F.; Bordicchia, M.; Guerra, F.; Battistoni, I.; Pagliariccio, G.; Carbonari, L.; Dessi-Fulgheri,
P.; Rappelli, A. Carotid artery atherosclerosis in hypertensive patients with a functional LDL receptor-
related protein 6 gene variant. Nutr. Metab. Cardiovasc. Dis. 2011, 21, 150-156.

Ueland, T.; Otterdal, K.; Lekva, T.; Halvorsen, B.; Gabrielsen, A.; Sandberg, W.].; Paulsson-Berne, G.;
Pedersen, T.M.; Folkersen, L.; Gullestad, L.; et al. Dickkopf-1 enhances inflammatory interaction between
platelets and endothelial cells and shows increased expression in atherosclerosis. Arter. Thromb. Vasc. Biol.
2009, 29, 1228-1234.

Bhatt, P.M.; Malgor, R. Wnt5a: A player in the pathogenesis of atherosclerosis and other inflammatory
disorders. Atherosclerosis 2014, 237, 155-162.

Christman, M.A., II; Goetz, D.J.; Dickerson, E.; McCall, K.D.; Lewis, C.J.; Benencia, F.; Silver, M.].; Kohn,
L.D.; Malgor, R. Wntba is expressed in murine and human atherosclerotic lesions. Am. J. Physiol. Heart Circ.
Physiol. 2008, 294, H2864-H2870.

Malgor, R.; Bhatt, P.M.; Connolly, B.A.; Jacoby, D.L.; Feldmann, K.J.; Silver, M.].; Nakazawa, M.; McCall,
K.D.; Goetz, D.J. Wnt5a, TLR2 and TLR4 are elevated in advanced human atherosclerotic lesions. Inflamm.
Res. 2014, 63, 277-285.

EUGenMed, Cardiovascular Clinical Study Group; Regitz-Zagrosek, V.; Oertelt-Prigione, S.; Prescott, E.;
Franconi, F.; Gerdts, E.; Foryst-Ludwig, A.; Maas, A.H.; Kautzky-Willer, A.; Knappe-Wegner, D.; et al.
Gender in cardiovascular diseases: Impact on clinical manifestations, management, and outcomes. Eur.
Heart |. 2016, 37, 24-34.

Kuwahara, K.; Nakao, K. New molecular mechanisms for cardiovascular disease:transcriptional pathways
and novel therapeutic targets in heart failure. J. Pharm. Sci. 2011, 116, 337-342.

Barandon, L.; Couffinhal, T.; Ezan, J.; Dufourcq, P.; Costet, P.; Alzieu, P.; Leroux, L.; Moreau, C.; Dare, D.;
Duplaa, C. Reduction of infarct size and prevention of cardiac rupture in transgenic mice overexpressing
FrzA. Circulation 2003, 108, 2282-2289.



Cells 2019, 8, 826 250f31

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

Aisagbonhi, O.; Rai, M.; Ryzhov, S.; Atria, N.; Feoktistov, I.; Hatzopoulos, A.K. Experimental myocardial
infarction triggers canonical Wnt signaling and endothelial-to-mesenchymal transition. Dis. Models Mech.
2011, 4, 469-483.

Paik, D.T.; Rai, M.; Ryzhov, S.; Sanders, L.N.; Aisagbonhi, O.; Funke, M.].; Feoktistov, I.; Hatzopoulos, A.K.
Wnt10b Gain-of-Function Improves Cardiac Repair by Arteriole Formation and Attenuation of Fibrosis.
Circ. Res. 2015, 117, 804-816.

Morishita, Y.; Kobayashi, K.; Klyachko, E.; Jujo, K.; Maeda, K.; Losordo, D.W.; Murohara, T. Wnt11 Gene
Therapy with Adeno-associated Virus 9 Improves Recovery from Myocardial Infarction by Modulating the
Inflammatory Response. Sci. Rep. 2016, 6, 21705.

Nakamura, K.; Sano, S.; Fuster, ].J.; Kikuchi, R.; Shimizu, I.; Ohshima, K.; Katanasaka, Y.; Ouchi, N.; Walsh,
K. Secreted Frizzled-related Protein 5 Diminishes Cardiac Inflammation and Protects the Heart from
Ischemia/Reperfusion Injury. J. Biol. Chem. 2016, 291, 2566-2575.

Mirotsou, M.; Zhang, Z.; Deb, A.; Zhang, L.; Gnecchi, M.; Noiseux, N.; Mu, H.; Pachori, A.; Dzau, V.
Secreted frizzled related protein 2 (Sfrp2) is the key Akt-mesenchymal stem cell-released paracrine factor
mediating myocardial survival and repair. Proc. Natl. Acad. Sci. USA 2007, 104, 1643-1648.

Foulquier, S.; Daskalopoulos, E.P.; Lluri, G.; Hermans, K.C.M.; Deb, A_; Blankesteijn, W.M. WNT Signaling
in Cardiac and Vascular Disease. Pharm. Rev. 2018, 70, 68-141.

Belinson, H.; Nakatani, J.; Babineau, B.A.; Birnbaum, R.Y.; Ellegood, J.; Bershteyn, M.; McEvilly, R].; Long,
J.M.; Willert, K; Klein, O.D.; et al. Prenatal beta-catenin/Brn2/Tbr2 transcriptional cascade regulates adult
social and stereotypic behaviors. Mol. Psychiatry 2016, 21, 1417-1433.

Todd, P.K.; Malter, ].S. Fragile X mental retardation protein in plasticity and disease. ]. Neurosci. Res. 2002,
70, 623-630.

Santoro, M.R.; Bray, S.M.; Warren, S.T. Molecular mechanisms of fragile X syndrome: A twenty-year
perspective. Annu. Rev. Pathol. 2012, 7, 219-245.

Zhang, A.; Shen, CH.; Ma, S.Y.; Ke, Y.; El Idrissi, A. Altered expression of Autism-associated genes in the
brain of Fragile X mouse model. Biochem. Biophys. Res. Commun. 2009, 379, 920-923.

Rosales-Reynoso, M.A.; Ochoa-Hernandez, A.B.; Aguilar-Lemarroy, A.; Jave-Suarez, L.F.; Troyo-
Sanroman, R.; Barros-Nunez, P. Gene expression profiling identifies WNT7A as a possible candidate gene
for decreased cancer risk in fragile X syndrome patients. Arch. Med. Res. 2010, 41, 110-118.

Ehyai, S.; Miyake, T.; Williams, D.; Vinayak, J.; Bayfield, M.A.; McDermott, J.C. FMRP recruitment of 8-
catenin to the translation pre-initiation complex represses translation. EMBO Rep. 2018, 19, e45536.
Zhang, L.; Deng, J.; Pan, Q.; Zhan, Y.; Fan, ].B.; Zhang, K.; Zhang, Z. Targeted methylation sequencing
reveals dysregulated Wnt signaling in Parkinson disease. ]. Genet. Genom. 2016, 43, 587-592.

L’Episcopo, F.; Tirolo, C.; Testa, N.; Caniglia, S.; Morale, M.C.; Cossetti, C.; D’Adamo, P.; Zardini, E.;
Andreoni, L.; Ihekwaba, A.E.; et al. Reactive astrocytes and Wnt/beta-catenin signaling link nigrostriatal
injury to repair in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of Parkinson’s disease. Neurobiol.
Dis. 2011, 41, 508-527.

L’Episcopo, F.; Tirolo, C.; Testa, N.; Caniglia, S.; Morale, M.C.; Serapide, M.F.; Pluchino, S.; Marchetti, B.
Whnt/beta-catenin signaling is required to rescue midbrain dopaminergic progenitors and promote
neurorepair in ageing mouse model of Parkinson’s disease. Stem Cells 2014, 32, 2147-2163.

di Val Cervo, P.R.; Romanov, R.A.; Spigolon, G.; Masini, D.; Martin-Montanez, E.; Toledo, E.M.; La Manno,
G.; Feyder, M; Pif], C.; Ng, Y.H.; et al. Induction of functional dopamine neurons from human astrocytes
in vitro and mouse astrocytes in a Parkinson’s disease model. Nat. Biotechnol. 2017, 35, 444—452.

McGrath, J.J.; Feron, F.P.; Burne, T.H.; Mackay-Sim, A.; Eyles, D.W. The neurodevelopmental hypothesis
of schizophrenia: A review of recent developments. Ann. Med. 2003, 35, 86-93.

Miyaoka, T.; Seno, H.; Ishino, H. Increased expression of Wnt-1 in schizophrenic brains. Schizophr. Res.
1999, 38, 1-6.

Katsu, T.; Ujike, H.; Nakano, T.; Tanaka, Y.; Nomura, A.; Nakata, K.; Takaki, M.; Sakai, A.; Uchida, N.;
Imamura, T.; et al. The human frizzled-3 (FZD3) gene on chromosome 8p21, a receptor gene for Wnt
ligands, is associated with the susceptibility to schizophrenia. Neurosci. Lett. 2003, 353, 53-56.

Herman, P.E.; Papatheodorou, A.; Bryant, S.A.; Waterbury, CK.M.; Herdy, J.R.; Arcese, A.A.; Buxbaum,
J.D.; Smith, ].J.; Morgan, J.R.; Bloom, O. Highly conserved molecular pathways, including Wnt signaling,
promote functional recovery from spinal cord injury in lampreys. Sci. Rep. 2018, 8, 742.

Thorgeirsson, S.S. Hepatic stem cells in liver regeneration. FASEB ]. 1996, 10, 1249-1256.



Cells 2019, 8, 826 26 of 31

208.
209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Michalopoulos, G.K.; DeFrances, M.C. Liver regeneration. Science 1997, 276, 60-66.

Monga, S.P.; Pediaditakis, P.; Mule, K.; Stolz, D.B.; Michalopoulos, G.K. Changes in WNT/beta-catenin
pathway during regulated growth in rat liver regeneration. Hepatology 2001, 33, 1098-1109.

Nelsen, C.J.; Rickheim, D.G.; Timchenko, N.A; Stanley, M.W.; Albrecht, ].H. Transient expression of cyclin
D1 is sufficient to promote hepatocyte replication and liver growth in vivo. Cancer Res. 2001, 61, 8564-8568.
Tan, X.; Behari, J.; Cieply, B.; Michalopoulos, G.K.; Monga, S.P. Conditional deletion of beta-catenin reveals
its role in liver growth and regeneration. Gastroenterology 2006, 131, 1561-1572.

Yang, J.; Mowry, L.E.; Nejak-Bowen, K.N.; Okabe, H.; Diegel, C.R.; Lang, R.A.; Williams, B.O.; Monga, S.P.
beta-catenin signaling in murine liver zonation and regeneration: A Wnt-Wnt situation! Hepatology 2014,
60, 964-976.

Planas-Paz, L.; Orsini, V.; Boulter, L.; Calabrese, D.; Pikiolek, M.; Nigsch, F.; Xie, Y.; Roma, G.; Donovan,
A.; Marti, P.; et al. The RSPO-LGR4/5-ZNRF3/RNF43 module controls liver zonation and size. Nat. Cell Biol.
2016, 18, 467-479.

Liu, Y.; El-Serag, H.B,; Jiao, L.; Lee, ]J.; Moore, D.; Franco, L.M.; Tavakoli-Tabasi, S.; Tsavachidis, S.;
Kuzniarek, J.; Ramsey, D J.; et al. WNT signaling pathway gene polymorphisms and risk of hepatic fibrosis
and inflammation in HCV-infected patients. PLoS ONE 2013, 8, e84407.

Ge, W.S;Wang, Y.J.; Wu,].X,; Fan, J.G.; Chen, Y.W.; Zhu, L. beta-catenin is overexpressed in hepatic fibrosis
and blockage of Wnt/beta-catenin signaling inhibits hepatic stellate cell activation. Mol. Med. Rep. 2014, 9,
2145-2151.

Akcora, B.O.; Storm, G.; Bansal, R. Inhibition of canonical WNT signaling pathway by beta-catenin/CBP
inhibitor ICG-001 ameliorates liver fibrosis in vivo through suppression of stromal CXCL12. Biochim.
Biophys. Acta Mol. Basis Dis. 2018, 1864, 804-818.

Go, G.W,; Srivastava, R.; Hernandez-Ono, A.; Gang, G.; Smith, S.B.; Booth, C.J.; Ginsberg, H.N.; Mani, A.
The combined hyperlipidemia caused by impaired Wnt-LRP6 signaling is reversed by Wnt3a rescue. Cell
Metab. 2014, 19, 209-220.

Essers, M.A.; de Vries-Smits, L.M.; Barker, N.; Polderman, P.E.; Burgering, B.M.; Korswagen, H.C.
Functional interaction between beta-catenin and FOXO in oxidative stress signaling. Science 2005, 308,
1181-1184.

Liu, H.; Fergusson, M.M.; Wu, ].J; Rovira, II.; Liu, J.; Gavrilova, O.; Lu, T.; Bao, J.; Han, D.; Sack, M.N.; et
al. Wnt signaling regulates hepatic metabolism. Sci. Signal. 2011, 4, ra6.

Allen, K,; Jaeschke, H.; Copple, B.L. Bile acids induce inflammatory genes in hepatocytes: A novel
mechanism of inflammation during obstructive cholestasis. Am. ]. Pathol. 2011, 178, 175-186.

Yeh, T.H,; Krauland, L.; Singh, V.; Zou, B.; Devaraj, P.; Stolz, D.B.; Franks, J.; Monga, S.P.; Sasatomi, E.;
Behari, J. Liver-specific beta-catenin knockout mice have bile canalicular abnormalities, bile secretory
defect, and intrahepatic cholestasis. Hepatology 2010, 52, 1410-1419.

Lemberger, U]J.; Fuchs, C.D.; Karer, M.; Haas, S.; Stojakovic, T.; Schofer, C.; Marschall, H.U.; Wrba, F.;
Taketo, M.M.; Egger, G.; et al. Hepatocyte specific expression of an oncogenic variant of beta-catenin results
in cholestatic liver disease. Oncotarget 2016, 7, 86985-86998.

Kaidi, A.; Williams, A.C.; Paraskeva, C. Interaction between beta-catenin and HIF-1 promotes cellular
adaptation to hypoxia. Nat. Cell Biol. 2007, 9, 210-217.

Lehwald, N.; Tao, G.Z.; Jang, K.Y.; Sorkin, M.; Knoefel, W.T.; Sylvester, K.G. Wnt-beta-catenin signaling
protects against hepatic ischemia and reperfusion injury in mice. Gastroenterology 2011, 141, 707-718.
Zhou, D,; Li, Y.; Lin, L.; Zhou, L.; Igarashi, P.; Liu, Y. Tubule-specific ablation of endogenous beta-catenin
aggravates acute kidney injury in mice. Kidney Int. 2012, 82, 537-547.

Terada, Y.; Tanaka, H.; Okado, T.; Shimamura, H.; Inoshita, S.; Kuwahara, M.; Sasaki, S. Expression and
function of the developmental gene Wnt-4 during experimental acute renal failure in rats. . Am. Soc.
Nephrol. 2003, 14, 1223-1233.

Lin, S.L.; Li, B.; Rao, S.; Yeo, E.J.; Hudson, T.E.; Nowlin, B.T.; Pei, H.; Chen, L.; Zheng, J.].; Carroll, T.J.; et
al. Macrophage Wnt7b is critical for kidney repair and regeneration. Proc. Natl. Acad. Sci. USA 2010, 107,
4194-4199.

Wang, Z.; Havasi, A.; Gall, ].M.; Mao, H.; Schwartz, ].H.; Borkan, S.C. Beta-catenin promotes survival of
renal epithelial cells by inhibiting Bax. ]. Am. Soc. Nephrol. 2009, 20, 1919-1928.



Cells 2019, 8, 826 27 of 31

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.
248.

249.

250.

251.

Kuncewitch, M.; Yang, W.L.; Corbo, L.; Khader, A.; Nicastro, J.; Coppa, G.F.; Wang, P. WNT Agonist
Decreases Tissue Damage and Improves Renal Function After Ischemia-Reperfusion. Shock 2015, 43, 268
275.

Xiao, L.; Zhou, D.; Tan, RJ.; Fu, H.; Zhou, L.; Hou, F.F.; Liu, Y. Sustained Activation of Wnt/beta-Catenin
Signaling Drives AKI to CKD Progression. . Am. Soc. Nephrol. 2016, 27, 1727-1740.

He, W.; Dai, C; Li, Y.; Zeng, G.; Monga, S.P.; Liu, Y. Wnt/beta-catenin signaling promotes renal interstitial
fibrosis. J. Am. Soc. Nephrol. 2009, 20, 765-776.

Zhou, D.; Fu, H,; Zhang, L.; Zhang, K.; Min, Y.; Xiao, L.; Lin, L.; Bastacky, S.I; Liu, Y. Tubule-Derived Wnts
Are Required for Fibroblast Activation and Kidney Fibrosis. J. Am. Soc. Nephrol. 2017, 28, 2322-2336.
Maarouf, O.H.; Aravamudhan, A.; Rangarajan, D.; Kusaba, T.; Zhang, V.; Welborn, J.; Gauvin, D.; Hou, X,;
Kramann, R.; Humphreys, B.D. Paracrine Wntl Drives Interstitial Fibrosis without Inflammation by
Tubulointerstitial Cross-Talk. J. Am. Soc. Nephrol. 2016, 27, 781-790.

He, W,; Tan, R]J.; Li, Y.; Wang, D.; Nie, J.; Hou, F.F,; Liu, Y. Matrix metalloproteinase-7 as a surrogate
marker predicts renal Wnt/beta-catenin activity in CKD. J. Am. Soc. Nephrol. 2012, 23, 294-304.

Zhou, D.; Tian, Y.; Sun, L.; Zhou, L.; Xiao, L.; Tan, R].; Tian, J.; Fu, H.; Hou, E.F.; Liu, Y. Matrix
Metalloproteinase-7 Is a Urinary Biomarker and Pathogenic Mediator of Kidney Fibrosis. J. Am. Soc.
Nephrol. 2017, 28, 598-611.

Zhou, L.;Li, Y.; Hao, S.; Zhou, D.; Tan, R].; Nie, ].; Hou, F.F.; Kahn, M,; Liu, Y. Multiple genes of the renin-
angiotensin system are novel targets of Wnt/beta-catenin signaling. J. Am. Soc. Nephrol. 2015, 26, 107-120.
Surendran, K.; Schiavi, S.; Hruska, K.A. Wnt-dependent beta-catenin signaling is activated after unilateral
ureteral obstruction, and recombinant secreted frizzled-related protein 4 alters the progression of renal
fibrosis. J. Am. Soc. Nephrol. 2005, 16, 2373-2384.

Zhao, Y.; Masiello, D.; McMillian, M.; Nguyen, C.; Wu, Y.; Melendez, E.; Smbatyan, G.; Kida, A.; He, Y.;
Teo, J.L.; et al. CBP/catenin antagonist safely eliminates drug-resistant leukemia-initiating cells. Oncogene
2016, 35, 3705-3717.

Henderson, W.R,, Jr.; Chi, E.Y.; Ye, X.; Nguyen, C,; Tien, Y.T.; Zhou, B.; Borok, Z.; Knight, D.A.; Kahn, M.
Inhibition of Wnt/beta-catenin/CREB binding protein (CBP) signaling reverses pulmonary fibrosis. Proc.
Natl. Acad. Sci. USA 2010, 107, 14309-14314.

Hao, S.; He, W.; Li, Y,; Ding, H.; Hou, Y.; Nie, J.; Hou, F.F,; Kahn, M,; Liu, Y. Targeted inhibition of beta-
catenin/CBP signaling ameliorates renal interstitial fibrosis. J. Am. Soc. Nephrol. 2011, 22, 1642-1653.

Zhou, D.; Tan, R]J.; Fu, H,; Liu, Y. Wnt/beta-catenin signaling in kidney injury and repair: A double-edged
sword. Lab. Investig. 2016, 96, 156-167.

Kawakami, T.; Ren, S; Duffield, ].S. Wnt signalling in kidney diseases: Dual roles in renal injury and repair.
J. Pathol. 2013, 229, 221-231.

Tan, R.J.; Zhou, D.; Zhou, L.; Liu, Y. Wnt/beta-catenin signaling and kidney fibrosis. Kidney Int. Suppl. 2014,
4, 84-90.

Tamamura, Y.; Otani, T.; Kanatani, N.; Koyama, E.; Kitagaki, J.; Komori, T.; Yamada, Y.; Costantini, F.;
Wakisaka, S.; Pacifici, M.; et al. Developmental regulation of Wnt/beta-catenin signals is required for
growth plate assembly, cartilage integrity, and endochondral ossification. J. Biol. Chem. 2005, 280, 19185—
19195.

Sen, M.; Lauterbach, K.; El-Gabalawy, H.; Firestein, G.S.; Corr, M.; Carson, D.A. Expression and function
of wingless and frizzled homologs in rheumatoid arthritis. Proc. Natl. Acad. Sci. USA 2000, 97, 2791-2796.
Sen, M.; Chamorro, M.; Reifert, J.; Corr, M.; Carson, D.A. Blockade of Wnt-5A/frizzled 5 signaling inhibits
rheumatoid synoviocyte activation. Arthritis Rheum. 2001, 44, 772-781.

Pongracz, J.E.; Stockley, R.A. Wnt signalling in lung development and diseases. Respir. Res. 2006, 7, 15.
Pardo, A.; Cabrera, S.; Maldonado, M.; Selman, M. Role of matrix metalloproteinases in the pathogenesis
of idiopathic pulmonary fibrosis. Respir. Res. 2016, 17, 23.

Tzouvelekis, A.; Herazo-Maya, ].D.; Slade, M.; Chu, J.H.; Deiuliis, G.; Ryu, C.; Li, Q.; Sakamoto, K.; Ibarra,
G.; Pan, H,; et al. Validation of the prognostic value of MMP-7 in idiopathic pulmonary fibrosis. Respirology
2017, 22, 486—493.

Craig, V.J.; Zhang, L.; Hagood, ].S.; Owen, C.A. Matrix metalloproteinases as therapeutic targets for
idiopathic pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 2015, 53, 585-600.

Brabletz, T.; Jung, A.; Dag, S.; Hlubek, F.; Kirchner, T. beta-catenin regulates the expression of the matrix
metalloproteinase-7 in human colorectal cancer. Am. J. Pathol. 1999, 155, 1033-1038.



Cells 2019, 8, 826 28 of 31

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Queimado, L.; Lopes, C.S.; Reis, A.M. WIFI, an inhibitor of the Wnt pathway, is rearranged in salivary
gland tumors. Genes Chromosomes Cancer 2007, 46, 215-225.

Foulkes, W.D. A tale of four syndromes: Familial adenomatous polyposis, Gardner syndrome, attenuated
APC and Turcot syndrome. QJM 1995, 88, 853-863.

Lammi, L.; Arte, S.; Somer, M.; Jarvinen, H.; Lahermo, P.; Thesleff, I.; Pirinen, S.; Nieminen, P. Mutations
in AXIN2 cause familial tooth agenesis and predispose to colorectal cancer. Am. . Hum. Genet. 2004, 74,
1043-1050.

Mostowska, A.; Biedziak, B.; Jagodzinski, P.P. Axis inhibition protein 2 (AXIN2) polymorphisms may be a
risk factor for selective tooth agenesis. ]. Hum. Genet. 2006, 51, 262-266.

Adaimy, L.; Chouery, E.; Megarbane, H.; Mroueh, S.; Delague, V.; Nicolas, E.; Belguith, H.; de Mazancourt,
P.; Megarbane, A. Mutation in WNT10A is associated with an autosomal recessive ectodermal dysplasia:
The odonto-onycho-dermal dysplasia. Am. J. Hum. Genet. 2007, 81, 821-828.

Bornholdt, D.; Oeffner, F.; Konig, A.; Happle, R.; Alanay, Y.; Ascherman, J.; Benke, P.J.; Boente Mdel, C.;
van der Burgt, I.; Chassaing, N.; et al. PORCN mutations in focal dermal hypoplasia: Coping with lethality.
Hum. Mutat. 2009, 30, E618-E628.

Gudjonsson, J.E.; Johnston, A.; Stoll, S.W.; Riblett, M.B.; Xing, X.; Kochkodan, ].J.; Ding, J.; Nair, R.P.;
Aphale, A.; Voorhees, ].J.; et al. Evidence for altered Wnt signaling in psoriatic skin. J. Investig. Derm. 2010,
130, 1849-1859.

Reuter, S.; Martin, H.; Beckert, H.; Bros, M.; Montermann, E.; Belz, C.; Heinz, A.; Ohngemach, S.; Sahin, U.;
Stassen, M.; et al. The Wnt/beta-catenin pathway attenuates experimental allergic airway disease. ].
Immunol. 2014, 193, 485-495.

Kumawat, K.; Menzen, M.H.; Bos, 1.S.; Baarsma, H.A.; Borger, P.; Roth, M.; Tamm, M.; Halayko, A.].;
Simoons, M.; Prins, A.; et al. Noncanonical WNT-5A signaling regulates TGF-beta-induced extracellular
matrix production by airway smooth muscle cells. FASEB ]. 2013, 27, 1631-1643.

Gong, Y.; Slee, R.B.; Fukai, N.; Rawadi, G.; Roman-Roman, S.; Reginato, A.M.; Wang, H.; Cundy, T.;
Glorieux, F.H.; Lev, D.; et al. LDL receptor-related protein 5 (LRP5) affects bone accrual and eye
development. Cell 2001, 107, 513-523.

Frost, H.M.; Ferretti, J.L.; Jee, W.S. Perspectives: Some roles of mechanical usage, muscle strength, and the
mechanostat in skeletal physiology, disease, and research. Calcif. Tissue Int. 1998, 62, 1-7.

Little, R.D.; Carulli, J.P.; Del Mastro, R.G.; Dupuis, J.; Osborne, M.; Folz, C.; Manning, S.P.; Swain, P.M.;
Zhao, S.C.; Eustace, B.; et al. A mutation in the LDL receptor-related protein 5 gene results in the autosomal
dominant high-bone-mass trait. Am. . Hum. Genet. 2002, 70, 11-19.

Maruotti, N.; Corrado, A.; Cantatore, F.P. Osteoblast role in osteoarthritis pathogenesis. J. Cell. Physiol. 2017,
232, 2957-2963.

Li, X;; Zhang, Y.; Kang, H.; Liu, W.; Liu, P.; Zhang, J.; Harris, S.E.; Wu, D. Sclerostin binds to LRP5/6 and
antagonizes canonical Wnt signaling. J. Biol. Chem. 2005, 280, 19883-19887.

Ellies, D.L.; Viviano, B.; McCarthy, J.; Rey, J.P.; Itasaki, N.; Saunders, S.; Krumlauf, R. Bone density ligand,
Sclerostin, directly interacts with LRP5 but not LRP5%171V to modulate Wnt activity. J. Bone Min. Res. 2006,
21,1738-1749.

Boyden, L.M.; Mao, J.; Belsky, J.; Mitzner, L.; Farhi, A.; Mitnick, M.A.; Wu, D.; Insogna, K,; Lifton, R.P. High
bone density due to a mutation in LDL-receptor-related protein 5. N. Engl. |. Med. 2002, 346, 1513-1521.
Deshmukh, V.; Hu, H.; Barroga, C.; Bossard, C.; K¢, S.; Dellamary, L.; Stewart, J.; Chiu, K.; Ibanez, M.;
Pedraza, M.; et al. A small-molecule inhibitor of the Wnt pathway (SM04690) as a potential disease
modifying agent for the treatment of osteoarthritis of the knee. Osteoarthr. Cartil. 2018, 26, 18-27.
Hoeppner, L.H.; Secreto, F.].; Westendorf, J.J. Wnt signaling as a therapeutic target for bone diseases. Expert
Opin. Ther. Targets 2009, 13, 485-496.

Miyamoto, K.; Ohkawara, B.; Ito, M.; Masuda, A.; Hirakawa, A.; Sakai, T.; Hiraiwa, H.; Hamada, T.;
Ishiguro, N.; Ohno, K. Fluoxetine ameliorates cartilage degradation in osteoarthritis by inhibiting
Whnt/beta-catenin signaling. PLoS ONE 2017, 12, e0184388.

Fahiminiya, S.; Majewski, J.; Mort, J.; Moffatt, P.; Glorieux, F.H.; Rauch, F. Mutations in WNT1 are a cause
of osteogenesis imperfecta. ]. Med. Genet. 2013, 50, 345-348.

Laine, C.M.; Joeng, K.S.; Campeau, P.M.; Kiviranta, R.; Tarkkonen, K.; Grover, M.; Lu, ].T.; Pekkinen, M.;
Wessman, M.; Heino, T.J.; et al. WNT1 mutations in early-onset osteoporosis and osteogenesis imperfecta.
N. Engl. ]. Med. 2013, 368, 1809-1816.



Cells 2019, 8, 826 29 of 31

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

Lu, B,; Green, B, Farr, ]J.; Lopes, F.; Van Raay, T. Wnt Drug Discovery: Weaving Through the Screens,
Patents and Clinical Trials. Cancers 2016, 8, 82.

Dey, N.; Barwick, B.G.; Moreno, C.S.; Ordanic-Kodani, M.; Chen, Z.; Oprea-Ilies, G.; Tang, W.; Catzavelos,
C.; Kerstann, K.F.; Sledge, G.W.; et al. Wnt signaling in triple negative breast cancer is associated with
metastasis. BMC Cancer 2013, 13, 537.

Krausova, M.; Korinek, V. Wnt signaling in adult intestinal stem cells and cancer. Cell. Signal. 2014, 26, 570—
579.

Khramtsov, A.L; Khramtsova, G.F.; Tretiakova, M.; Huo, D.; Olopade, O.1.; Goss, K.H. Wnt/B-Catenin
Pathway Activation Is Enriched in Basal-Like Breast Cancers and Predicts Poor Outcome. Am. . Pathol.
2010, 176, 2911-2920.

Teng, Y.; Wang, X.; Wang, Y.; Ma, D. Wnt/B-catenin signaling regulates cancer stem cells in lung cancer
A549 cells. Biochem. Biophys. Res. Commun. 2010, 392, 373-379.

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

Madan, B.; Ke, Z.; Harmston, N.; Ho, S.Y.; Frois, A.O.; Alam, J.; Jeyaraj, D.A.; Pendharkar, V.; Ghosh, K.;
Virshup, LH.,, et al. Wnt addiction of genetically defined cancers reversed by PORCN inhibition. Oncogene
2016, 35, 2197-2207.

Wang, X.,; Moon, J.; Dodge, M.E.; Pan, X,; Zhang, L.; Hanson, ].M.; Tuladhar, R.; Ma, Z.; Shi, H.; Williams,
N.S.; et al. The Development of Highly Potent Inhibitors for Porcupine. J. Med. Chem. 2013, 56, 2700-2704.
Giefing, M.; Wierzbicka, M.; Szyfter, K.; Brenner, ]J.C.; Braakhuis, B.J.; Brakenhoff, R.H.; Bradford, C.R.;
Sorensen, J.A.; Rinaldo, A.; Rodrigo, J.P.; et al. Moving towards personalised therapy in head and neck
squamous cell carcinoma through analysis of next generation sequencing data. Eur. |. Cancer 2016, 55, 147—
157.

Teneggi, V.; Ng, M.; Tan, D.S.; Subbiah, V.; Weekes, C.; Diermayr, V.; Ethirajulu, K.; Yeo, P.; Chen, D.; Gan,
S.; et al. 1520 A phase 1, first-in-human dose escalation study of ETC-159 in advanced or metastatic solid
tumours. Ann. Oncol. 2016, 27, d0i:10.1093/annonc/mdw579.004.

Krishnamurthy, N.; Kurzrock, R. Targeting the Wnt/beta-catenin pathway in cancer: Update on effectors
and inhibitors. Cancer Treat. Rev. 2018, 62, 50-60.

Davis, S.L.; Cardin, D.B.; Shahda, S.; Lenz, H.-J.; Dotan, E.; O’Neil, B.H.; Kapoun, A.M.; Stagg, R.]J.; Berlin,
J.; Messersmith, W.A. A phase 1b dose escalation study of Wnt pathway inhibitor vantictumab in
combination with nab-paclitaxel and gemcitabine in patients with previously untreated metastatic
pancreatic cancer. Investig. New Drugs 2019, 1-10, d0i:10.1007/s10637-019-00824-1.

Gurney, A.; Axelrod, F.; Bond, CJ.; Cain, J.; Chartier, C.; Donigan, L.; Fischer, M.; Chaudhari, A.; Ji, M.;
Kapoun, A.M.; et al. Wnt pathway inhibition via the targeting of Frizzled receptors results in decreased
growth and tumorigenicity of human tumors. Proc. Natl. Acad. Sci. USA 2012, 109, 11717-11722.

Fischer, M.M.; Cancilla, B.; Yeung, V.P.; Cattaruzza, F.; Chartier, C.; Murriel, C.L.; Cain, J.; Tam, R.; Cheng,
C.-Y.; Evans, ].W. WNT antagonists exhibit unique combinatorial antitumor activity with taxanes by
potentiating mitotic cell death. Sci. Adv. 2017, 3, €1700090.

Moore, K.N.; Gunderson, C.C.; Sabbatini, P.; McMeekin, D.S.; Mantia-Smaldone, G.; Burger, R.A.; Morgan,
M.A.;Kapoun, A.M.; Brachmann, R K.; Stagg, R. A phase 1b dose escalation study of ipafricept (OMP54F28)
in combination with paclitaxel and carboplatin in patients with recurrent platinum-sensitive ovarian
cancer. Gynecol. Oncol. 2019, 154, 294-301.

Arques, O.; Chicote, I; Puig, I.; Tenbaum, S.P.; Argiles, G.; Dienstmann, R.; Fernandez, N.; Caratu, G.;
Matito, J.; Silberschmidt, D.; et al. Tankyrase Inhibition Blocks Wnt/B-Catenin Pathway and Reverts
Resistance to PI3K and AKT Inhibitors in the Treatment of Colorectal Cancer. Clin. Cancer Res. 2016, 22,
644-656.

Yang, E.; Tacchelly-Benites, O.; Wang, Z.; Randall, M.P.; Tian, A.; Benchabane, H.; Freemantle, S.; Pikielny,
C.; Tolwinski, N.S.; Lee, E.; et al. Wnt pathway activation by ADP-ribosylation. Nat. Commun. 2016, 7, 11430.
Zhong, Y.; Katavolos, P.; Nguyen, T.; Lau, T.; Boggs, J.; Sambrone, A.; Kan, D.; Merchant, M.; Harstad, E.;
Diaz, D.; et al. Tankyrase Inhibition Causes Reversible Intestinal Toxicity in Mice with a Therapeutic Index
< 1. Toxicol. Pathol. 2016, 44, 267-278.



Cells 2019, 8, 826 30 of 31

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

Lepourcelet, M.; Chen, Y.-N.P.; France, D.S.; Wang, H.; Crews, P.; Petersen, F.; Bruseo, C.; Wood, A.W.;
Shivdasani, R.A. Small-molecule antagonists of the oncogenic Tcf/p-catenin protein complex. Cancer Cell
2004, 5, 91-102.

Lenz, H.-J.; Kahn, M. Safely targeting cancer stem cells via selective catenin coactivator antagonism. Cancer
Sci. 2014, 105, 1087-1092.

Ko, A.H.; Chiorean, E.G.; Kwak, E.L.; Lenz, H.-J.; Nadler, P.I.; Wood, D.L.; Fujimori, M.; Inada, T.; Koujj,
H.; McWilliams, R.R. Final results of a phase Ib dose-escalation study of PRI-724, a CBP/beta-catenin
modulator, plus gemcitabine (GEM) in patients with advanced pancreatic adenocarcinoma (APC) as
second-line therapy after FOLFIRINOX or FOLFOX. J. Clin. Oncol. 2016, 34, e15721.

Collu, G.M.; Hidalgo-Sastre, A.; Brennan, K. Wnt-Notch signalling crosstalk in development and disease.
Cell. Mol. Life Sci. 2014, 71, 3553-3567.

Ding, M.; Wang, X. Antagonism between Hedgehog and Wnt signaling pathways regulates tumorigenicity.
Oncol. Lett. 2017, 14, 6327-6333.

Prahallad, A.; Bernards, R. Opportunities and challenges provided by crosstalk between signalling
pathways in cancer. Oncogene 2016, 35, 1073-1079.

Catenacci, D.V.T,; Junttila, M.R.; Karrison, T.; Bahary, N.; Horiba, M.N.; Nattam, S.R.; Marsh, R.; Wallace,
J.; Kozloff, M.; Rajdev, L.; et al. Randomized Phase Ib/II Study of Gemcitabine Plus Placebo or Vismodegib,
a Hedgehog Pathway Inhibitor, in Patients With Metastatic Pancreatic Cancer. J. Clin. Oncol. Off. ]. Am. Soc.
Clin. Oncol. 2015, 33, 4284-4292.

van Amerongen, R.; Nusse, R. Towards an integrated view of Wnt signaling in development. Development
2009, 136, 3205-3214.

Brault, V.; Moore, R.; Kutsch, S.; Ishibashi, M.; Rowitch, D.H.; McMahon, A.P.; Sommer, L.; Boussadia, O.;
Kemler, R. Inactivation of the beta-catenin gene by Wnt1-Cre-mediated deletion results in dramatic brain
malformation and failure of craniofacial development. Development 2001, 128, 1253-1264.

Mulligan, K.A.; Cheyette, B.N.R. Wnt Signaling in Vertebrate Neural Development and Function. J.
Neuroimmune Pharmacol. 2012, 7, 774-787.

Hodges, S.L.; Lugo, ].N. Wnt/B-catenin signaling as a potential target for novel epilepsy therapies. Epilepsy
Res. 2018, 146, 9-16.

Hoseth, E.Z.; Krull, F.; Dieset, I.; Morch, R.H.; Hope, S.; Gardsjord, E.S.; Steen, N.E.; Melle, I.; Brattbakk, H.-
R; Steen, V.M,; et al. Exploring the Wnt signaling pathway in schizophrenia and bipolar disorder. Transl.
Psychiatry 2018, 8, 55.

Zhang, Y.; Sun, Y.; Wang, F.; Wang, Z.; Peng, Y; Li, R. Downregulating the Canonical Wnt/B-catenin
Signaling Pathway Attenuates the Susceptibility to Autism-like Phenotypes by Decreasing Oxidative
Stress. Neurochem. Res. 2012, 37, 1409-1419.

Busceti, C.L.; Biagioni, F.; Aronica, E.; Riozzi, B.; Storto, M.; Battaglia, G.; Giorgi, F.S.; Gradini, R.; Fornai,
F.; Caricasole, A.; et al. Induction of the Wnt Inhibitor, Dickkopf-1, Is Associated with Neurodegeneration
Related to Temporal Lobe Epilepsy. Epilepsia 2007, 48, 694-705.

Motono, M.; Ioroi, Y.; Ogura, T.; Takahashi, J. WNT-C59, a Small-Molecule WNT Inhibitor, Efficiently
Induces Anterior Cortex That Includes Cortical Motor Neurons From Human Pluripotent Stem Cells. Stem
Cells Transl. Med. 2016, 5, 552-560.

Proffitt, K.D.; Madan, B.; Ke, Z.; Pendharkar, V.; Ding, L.; Lee, M.A.; Hannoush, R.N.; Virshup, D.M.
Pharmacological Inhibition of the Wnt Acyltransferase PORCN Prevents Growth of WNT-Driven
Mammary Cancer. Cancer Res. 2013, 73, 502-507.

Komatsu, D.E.; Mary, M.N.; Schroeder, R].; Robling, A.G.; Turner, C.H.; Warden, S.J. Modulation of Wnt
signaling influences fracture repair. J. Orthop. Res. 2010, 28, 928-936.

Graeff, C.; Campbell, G.M.; Pena, ].; Borggrefe, J.; Padhi, D.; Kaufman, A.; Chang, S.; Libanati, C.; Gliier,
C.-C. Administration of romosozumab improves vertebral trabecular and cortical bone as assessed with
quantitative computed tomography and finite element analysis. Bone 2015, 81, 364-369.

Johnson, M.L.; Recker, R.R. Exploiting the WNT Signaling Pathway for Clinical Purposes. Curr. Osteoporos.
Rep. 2017, 15, 153-161.

Recker, R.R.; Benson, C.T.; Matsumoto, T.; Bolognese, M.A_; Robins, D.A.; Alam, J.; Chiang, A.Y.; Hu, L,
Krege, ]. H.; Sowa, H.; et al. A Randomized, Double-Blind Phase 2 Clinical Trial of Blosozumab, a Sclerostin
Antibody, in Postmenopausal Women with Low Bone Mineral Density. ]. Bone Miner. Res. 2015, 30, 216—
224.



Cells 2019, 8, 826 31 of 31

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

Barroga, C.; Deshmukh, V.; KC, S.; Dellamary, L.; Hood, J.; Steward, J.; Hu, H.; Yazici, Y. Discovery of a
small molecule inhibitor of the Wnt pathway (SM04690) as a potential treatment for degenerative disc
disease. Osteoarthr. Cartil. 2017, 25, S400.

Yazici, Y.; McAlindon, T.E.; Fleischmann, R.; Gibofsky, A.; Lane, N.E.; Kivitz, A.J.; Skrepnik, N.; Armas, E.;
Swearingen, C.J.; DiFrancesco, A.; et al. A novel Wnt pathway inhibitor, SM04690, for the treatment of
moderate to severe osteoarthritis of the knee: Results of a 24-week, randomized, controlled, phase 1 study.
Osteoarthr. Cartil. 2017, 25, 1598-1606.

Deshmukh, V.; O’Green, A.L.; Bossard, C.; Seo, T.; Lamangan, L.; Ibanez, M.; Ghias, A.; Lai, C.; Do, L.; Cho,
S.; et al. Modulation of the Wnt pathway through inhibition of CLK2 and DYRK1A by lorecivivint as a
novel, potentially disease-modifying approach for knee osteoarthritis treatment. Osteoarthr. Cartil. 2019,
doi:10.1016/j.joca.2019.05.006.

Takamatsu, A.; Ohkawara, B.; Ito, M.; Masuda, A.; Sakai, T.; Ishiguro, N.; Ohno, K. Verapamil Protects
against Cartilage Degradation in Osteoarthritis by Inhibiting Wnt/B-Catenin Signaling. PLoS ONE 2014, 9,
€92699.

Deshmukh, V.; Pedraza, M.; Lamangan, L.; Yazici, Y. THU0046 Small molecule inhibitor of the wnt
pathway (SM04755) as a potential topical treatment for psoriasis. Ann. Rheum. Dis. 2018, 77, 249.

Lolli, F.; Pallotti, F.; Rossi, A.; Fortuna, M.C.; Caro, G.; Lenzi, A.; Sansone, A.; Lombardo, F. Androgenetic
alopecia: A review. Endocrine 2017, 57, 9-17.

Seykora, ].; Simsek, I.; DiFrancesco, A.; Swearingen, C.; Yazici, Y. Safety and biopsy outcomes of a topical
treatment (SM04554) for male androgenetic alopecia (AGA): Results from a phase 2, multicenter,
randomized, double-blind, vehicle-controlled trial. |. Am. Acad. Dermatol. 2017, 76, AB223.

Koval, A.; Katanaev, V.L. Platforms for high-throughput screening of Wnt/Frizzled antagonists. Drug
Discov. Today 2012, 17, 1316-1322.

Albuquerque, C.; Baltazar, C.; Filipe, B.; Penha, F.; Pereira, T.; Smits, R.; Cravo, M.; Lage, P.; Fidalgo, P.;
Claro, I; et al. Colorectal cancers show distinct mutation spectra in members of the canonical WNT
signaling pathway according to their anatomical location and type of genetic instability. Genes Chromosomes
Cancer 2010, 49, 746-759.

Leedham, S.J.; Rodenas-Cuadrado, P.; Howarth, K.; Lewis, A.; Mallappa, S.; Segditsas, S.; Davis, H.; Jeffery,
R.; Rodriguez-Justo, M.; Keshav, S.; et al. A basal gradient of Wnt and stem-cell number influences regional
tumour distribution in human and mouse intestinal tracts. Gut 2013, 62, 83-93.

Iftikhar, H.; Rashid, S. Molecular docking studies of flavonoids for their inhibition pattern against beta-
catenin and pharmacophore model generation from experimentally known flavonoids to fabricate more
potent inhibitors for Wnt signaling pathway. Pharm. Mag. 2014, 10, S264-S271.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open
@ @ | access article distributed under the terms and conditions of the Creative Commons

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



