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Wnt signaling activation: targets and therapeutic
opportunities for stem cell therapy and
regenerative medicine

Clémence Bonnet, ab Anvi Brahmbhatt,a Sophie X. Dengac and Jie J. Zheng*ac

Wnt proteins are secreted morphogens that play critical roles in embryonic development, stem cell

proliferation, self-renewal, tissue regeneration and remodeling in adults. While aberrant Wnt signaling

contributes to diseases such as cancer, activation of Wnt/b-catenin signaling is a target of interest in

stem cell therapy and regenerative medicine. Recent high throughput screenings from chemical and

biological libraries, combined with improved gene expression reporter assays of Wnt/b-catenin

activation together with rational drug design, led to the development of a myriad of Wnt activators, with

different mechanisms of actions. Among them, Wnt mimics, antibodies targeting Wnt inhibitors,

glycogen-synthase-3b inhibitors, and indirubins and other natural product derivatives are emerging

modalities to treat bone, neurodegenerative, eye, and metabolic disorders, as well as prevent ageing.

Nevertheless, the creation of Wnt-based therapies has been hampered by challenges in developing

potent and selective Wnt activators without off-target effects, such as oncogenesis. On the other hand,

to avoid these risks, their use to promote ex vivo expansion during tissue engineering is a promising

application.

1. Introduction

Wnt signaling represents one of the multiple conserved pathways,
including Notch,1 Hedgehog,2 transforming growth factor b
(TGF-b)/bone morphogenetic protein (BMP)3 and Hippo,4 essential
for embryonic development, the maintenance of stem cell (SC)
proliferation, SC self-renewal, and tissue regeneration.5 Wnt signal-
ing initiates multiple functionally divergent pathways. Among
them, the best characterized is the Wnt/b-catenin pathway, often
referred to as the canonical pathway. It regulates the expression of
b-catenin-dependent gene expression that directs embryogenesis
and SC fate. Wnt signaling can become aberrant, triggering
different types of diseases, such as cancer.6 However, insufficiency
in Wnt signaling compromises tissue renewal, as reported in
osteoporosis and bone disorders,7 vitiligo,8 or neurodegeneration.9

Reciprocally, when overactivated, it triggers various types of
cancers, such as colon, stomach, liver, breast, and ovarian.10 Thus,
the search for Wnt signaling modulators, both inhibitors and
activators, as potential drug therapies, has become an ongoing

topic of interest for cancer, regenerative medicine, SC therapy, bone
growth, and wound healing.11,12 Theoretically, by activating the
Wnt signaling pathway, one could promote SC proliferation to
restore tissue or organ impaired functions, the ultimate goal of SC
therapy and regenerative medicine. Although no therapies affecting
the pathway have so far been approved by the Food and Drug
Administration, and only a few have entered in clinical trials,
small-molecule Wnt regulators have been widely used as chemical
biology tools for studying Wnt signaling in various biological
settings.13,14 Those studies have greatly enriched our mechanistic
understanding of the Wnt signaling cascades happening in human
Wnt-related diseases, which is a prerequisite to the development
of Wnt signaling-targeted therapy for cancer therapies and
regenerative medicine. There are many excellent reviews on Wnt
signaling inhibitors.15–17 Here, we focus on Wnt signaling
activators, which include both biological and small-molecule
reagents.

2. Activation of Wnt signaling through
Wnt proteins and Wnt mimics
a. Wnt proteins

The human Wnt family consists of 19 homologs, encoding
highly conserved hydrophobic glycoproteins that share common
features, such as a specific signal sequence for secretion, highly
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charged amino acid residues, numerous glycosylation sites, and
22 cysteine residues.18,19 The secretion, transport, and reception
of Wnt proteins are highly regulated processes, context-
dependent, based on the expression profile of Wnt ligands, Wnt
inhibitors, and frizzled (FZD) receptors and co-receptors, and the
level of activity of intracellular Wnt signaling regulators, leading to
a complex evaluation.20,21 Wnt ligands are secreted growth
factors that can activate at least three different Wnt pathways:
the canonical Wnt/b-catenin pathway, the non-canonical
Wnt/planar cell polarity (PCP) pathway, and the non-canonical
Wnt/Ca2+ pathway.22 The FZD proteins (10 members in humans)
are involved in all three Wnt pathways; they are seven-
transmembrane receptors and have large extracellular
N-terminal cysteine-rich domains (CRDs) that provide a platform
for Wnt binding. In the canonical pathway, when interacting with
target cells, Wnt proteins bind a heterodimeric receptor complex
consisting of FZDs and a single pass transmembrane molecule of
the low-density lipoprotein receptor related protein (LRP) family,
LRP5/6 protein (2 members in humans).6,23–25 Non-canonical Wnt
signals are less well understood. They are transduced through
FZD family receptors that oligomerize with receptor tyrosine
kinase-like orphan receptor (ROR) and receptor like tyrosine
kinase (RYK) coreceptors, reported b-catenin-independents.
In the non-canonical Wnt/PCP pathway, upon Wnt activation,
ras homolog family member A (RhoA) and c-jun N-terminal kinase
(JNK) are activated, inducing downstream signaling of cell polarity
and cell migration. In the non-canonical Wnt/Ca2+ pathway, Wnt
activation leads to a calcium influx into the cell, activating nuclear
factor activated T cells (NFAT) and nemo-like kinase (NLK),
transcription factors involved in cell fate and cell migration.26

Wnt signaling can be activated by adding Wnt proteins to
cells by viral transduction, in a purified form or as conditioned
medium.26–28 Cell lines producing active Wnt3a, Wnt5a, and
Wnt5b have been generated29,30 and recombinant Wnt3a,
Wnt5a, and Wnt5b are commercially available. In addition,
Maltzahn et al. generated a truncated Wnt7a variant, consisting
of the C-terminal 137 amino acids lacking the conserved
palmitoylation sites, and showed that it activated the Wnt/
b-catenin pathway through binding to its receptor FZD7 after
plasmid injection in skeletal muscle.31

However, Wnt proteins are highly hydrophobic due to their
post-translational palmitoylation, an essential step for their
secretion, function, and interaction with FZD receptors.6,19

Thus, they are difficult to manufacture consistently. Additionally,
only a few are currently commercially available. Conditioned
medium containing Wnt proteins may also contain other secreted
factors induced by Wnt exposure. Furthermore, Wnt proteins are
cross-reactive for multiple FZD receptors when overexpressed or
applied at high dose.32,33 Hence, when using Wnt proteins, it has
not been possible to activate selective FZD receptors, to explore
the specific functions of each in different contexts, or to evaluate
their therapeutic potentials.

b. Wnt mimics

Because Wnt binds to FZD and LRP5/6 and activates canonical
Wnt signaling, it was reasoned that inducing the dimerization

of FZD and LRP5/6 should also be able to induce Wnt
signaling.14,34–36 Janda et al. first described a hydrophilic Wnt
surrogate by linking antagonistic FZD and LRP5/LRP6-binding
modules into a single polypeptide chain, in a bispecific binding
approach.35 The FZD binding module was designed and
engineered de novo to bind the CRD of FZD8 and linked to
the C-terminal domain of DKK1 (sc-Fv-DKK1c), binding LRP5/6.
They were linked by a Gly-Ser polypeptide linker, forcing
receptor heterodimerization that phenocopied Wnt/b-catenin
signaling in vitro and in vivo, while blocking endogenous Wnt
binding.35 Using this approach, Zhang et al. created a Wnt
mimic compound by linking a Wnt inhibitor binding to the
CRD of FZD (named MFH) to the N-terminal region of DKK that
binds to the first b-propeller domain of LRP6 (named ND)
through a MFH free carboxyl group and a pentaethylene
glycol spacer.14 They showed that the consolidated compound
MFH-ND enhanced Wnt/b-catenin activation and improved the
progenitor cell phenotype of cultured limbal epithelial cells
in vitro. As the maintenance of SC characteristics during culture
expansion is essential for the success of cultivated limbal
epithelial transplants,37 the small molecule generated in this
study may be helpful in the development of pharmaceutical
therapeutics to enhance SC culture in vitro or promote corneal
wound healing in vivo. Tao et al., using the phage-displayed
synthetic library F, went further into the bispecific Wnt surrogate
concept: they engineered modular tetravalent antibodies FZD/
LRP agonists, named FLAgs. FLAgs are composed of human
antibody domains, highly stable, and amenable to large-scale
production, have predictable pharmacokinetics, and exhibit low
immunogenicity. They enabled selective and robust activation of
chosen FZD receptors in vitro.36,38 In the same approach, Chen
et al. assembled various combinations of FZD and LRP binders,
each with different stoichiometry, and tested their ability to
activate the Wnt/b-catenin pathway.34 They found that
tetravalent binding of 2 FZDs and 2 LRP binders produced a
stronger Wnt/b-catenin activation in vitro compared with the
bispecific Wnt surrogate. They provided a flexible platform of
next generation Wnt surrogates targeting individual FZD or a
combination of FZDs of desired specificity and activity.

With their high specificity, Wnt mimics can activate Wnt
signaling with greater precision compared with Wnt proteins.
Whether tetravalent Wnt surrogates are more efficient in activating
the pathway compared with bispecific surrogates still remains
to be elucidated. Miao et al. engineered a bispecific Wnt
surrogate binding sc-Fv-DKK1c to DRPB_FZD7/8 (designed
repeat protein binder) and purified it to select the FZD7/8
subtype.39 These next generation surrogate (NGS) Wnt were
very potent at increasing the growth of different types of
organoids (colon, pancreas, ovary, breast, and hepatocyte),
acting synergically with R-spondin. Using dual-color single-
molecule fluorescence imaging and binding the dynamics of
FZD8 and LRP5/6, they observed a principal cluster of 1 : 1
heterodimer. They concluded that tetrameric ligands are not
the minimal multimerization unit necessary to activate the
Wnt/b-catenin signaling pathway. They further showed that
NGS Wnt are systemically active in vivo and exhibits tissue
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selectivity (liver and small intestine) in conjunction with its
FZD subtype specificity.

UM206 is another synthetic peptide ligand for FZD1 and
FZD2 receptors through 13 amino acids common with Wnt3a
or Wnt5A.40 The peptide has been shown to initiate activation
of canonical Wnt signaling as demonstrated by increased Wnt/
b-catenin reporter activity.41 Attachment of UM206 to magnetic
nanoparticles (MNPs) enables the ligand–MNP complex to be
manipulated using magnetic fields, allowing control of Frizzled
stimulation. Rotherham et al. showed that remote activation of
UM206 by MNPs with magnetic field stimulation was feasible to
activate the Wnt/b-catenin pathway, promoting bone formation in
chicks, and dopaminergic marker expression in rats’ neurons.41,42

This makes Wnt signaling an important therapeutic target for
neurogenerative diseases such as Parkinson’s disease.42,43

c. Recombinant Norrin

Norrin is another cysteine-rich secreted protein, encoded by
NDP gene, that binds with high affinity and specificity to FZD4
and LRP5/6, activates Wnt/b-catenin,44 and has angiogenic and
neuroprotective properties.45,46 Mutations of NDP are associated
with Norrie disease and familial exudative vitreoretinopathy.47

Recombinant Norrin has been used to study Wnt/b-catenin
pathway activation and downstream effects in several tissues
expressing FZD4,48 notably the brain, the inner ear, and the
retina.45,46 It is a promising target to treat Norrie disease,
retinopathy of prematurity, and other ocular diseases that
involve ischemia-induced neovascularization.48

3. Activation of Wnt signaling through
inhibition of Wnt inhibitors

Wnt signaling is regulated at different levels by a wide range of
effectors, functioning as agonists, such as Wnt ligands, R-spondin
(RSPO), and Norrin, or antagonists, such as DKKs, SFRPs, WIF-1,
Wise/SOST, Cerberus, insulin-like growth-factor binding protein 4
(IGFBP-4), Shisa, Wnt-activated inhibitory factor 1 (Waif1/5T4),
adenomatosis polyposis coli down-regulated 1 (APCDD1), and
Tiki1.15 They can act either intracellularly, to modulate compo-
nents of the signal transduction machinery, or extracellularly, to
modulate ligand–receptor interactions. Antagonists and agonists
are of great importance, as they control the fine-tuning of Wnt
signaling and inhibit or activate Wnt-regulated embryogenic
development, as well as SC fate, that can lead to cancer, or
bone or metabolic diseases.16 LRP5/6 is a major target for drug
development to treat osteoporosis and other bone diseases.7

Indeed, mutations of LRP5/6, DKK1, and sclerostin (encoded by
the SOST gene), core or regulatory components of the Wnt/
b-catenin pathway, can lead to severe phenotypic defects, such
as sclerosteosis or hereditary osteoporosis.15,49

a. Anti-DKK monoclonal antibodies

DKKs represent a family of evolutionary conserved secreted
glycoproteins (4 members in humans) and share two CRDs.
DKK1 specifically inhibits the Wnt/b-catenin pathway by binding

to LRP5/6 with high affinity15 and is involved in the pathogenesis
of osteoporosis,50,51 solid cancers,11 neurodegenerative pro-
cesses, and induction of apoptosis after neuronal injury.52,53

Thus, it is a rational target of Wnt-pro-signaling therapy. Several
studies have shown that DKK1 neutralizing monoclonal anti-
bodies (anti-DKK1 mAbs) can accelerate bone formation and
increase bone mineral density in various animal models.54–58

BHQ880,59 DKN-01,60 and PF-0484008261 are anti-DKK1 mAbs
developed recently, and BHQ880 and DKN-01 are in clinical
trials for patients with multiple myeloma and solid tumors, such
as cholangiocarcinoma, esophageal cancer, and gastric cancer.11

Anti-DKK1 mAbs may also be applicable for the treatment of
immune evasion in cancer patients with DKK1 upregulation.62

Anti-DKK2 has been reported to improve glucose tolerance
in a murine model of non-insulin dependent diabetes and
might be a potential therapeutic target for treating non-
insulin dependent diabetes.63

b. Anti-sclerostin monoclonal antibodies

Sclerostin is another secreted protein antagonizing Wnt/b-catenin
signaling by binding to LRP5/6. Sclerostin is highly and selectively
expressed in osteoblasts and osteocytes, inhibits osteoblasto-
genesis, promotes osteoclastogenesis, and is involved in the
pathogenesis of osteoporosis and cancer-associated
osteolysis.50,51 Thus, inhibition of sclerostin is another interesting
target of Wnt/b-catenin activation. Anti-sclerostin mAbs (romoso-
zumab, blosozumab, and BPS804)64–66 have been developed and
are in clinical trials for female postmenopausal patients with
decreased bone mass density.

Mechanistic aspects of DKK-1 and sclerostin interactions
with LRP5/6 receptors defined by in vitro, crystallographic, and
genetic studies67 suggest that these proteins probably have
both distinct and redundant roles in bone formation and
repair. Florio et al. developed a bispecific heterodimeric anti-
body against sclerostin and DKK1 (Hetero-DS).68 They showed
that Hetero-DS has a synergetic effect in bone formation and
repair compared with sclerostin or DDK1 antibody alone.

c. Recombinant R-spondin proteins and surrogates

R-Spondin secreted proteins (RSPO1–4 in mammals) are
defined by two N-terminal furin domains, a thrombospondin
domain and a basic region.69–71 RSPOs interact on the cell
surface with members of the LGR5 family to enhance Wnt
signaling in various contexts, but do not activate in the absence of
Wnts themselves.72–74 ZNRF3 and RNF43 are transmembrane
molecules that downregulate Wnt signaling. In the absence of
RSPOs, their E3 ubiquitin ligase activity leads to the internalization
and degradation of FZD and LRP5/6 receptors.75,76 Binding
of RSPOs to ZNRF3 downregulates the activity of ZNRF3,
potentiating Wnt signaling through the antagonization of
FZD and degradation of LRP5/6 receptors.75 The effect of RSPOs
is very potent, and the coaddition of Wnts and RSPOs can result
in Wnt/b-catenin signaling activation that is hundred folds
higher compared with the addition of Wnt alone.35 Recently,
Lebensohn and Rohatgi have shown that RSPO2 and RSPO3
can potentiate Wnt signaling without LGRs, when the RSPO
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binds to heparan sulfate proteoglycans (HSPGs) on the cell
surface via their thrombospondin and basic region domains.77

As Wnt signaling enhancers, recombinant RSPOs have been
explored in the field of regenerative medicine, especially in the
small intestine, where they can promote the renewal of SC
in vitro and at the base of the crypt in vivo.78,79 Adding a level of
complexity, Yan et al. reported that Wnt ligands and RSPOs play
non-equivalent roles in intestinal SC self-renewal through a
feedback loop, in which Wnt ligands drive the expression of
LGR5, and RSPOs induce SC expansion.80 This suggests that
targeting the pathways either separately or simultaneously
might present different clinical outcomes. Nevertheless, RSPOs
are promising candidates to selectively boost innate Wnt activity
while avoiding off-target effects associated with global Wnt
agonism. To improve the specificity of RSPO targets, Luca et al.
engineered synthetic protein ligands, LGR- and HSPG-
independent, from a published yeast display library of approxi-
mately 1 � 109 sequences derived from human B-cells.81 These
RSPO surrogates function by coupling the RNF43 or ZNRF3
extracellular domain to an immune cell surface marker (CD25),
known to undergo internalization upon ligand binding, thereby
mimicking RSPO-mediated sequestration of RNF43/ZNRF3.82

RSPO surrogates phenocopy RSPO-mediated Wnt signal
enhancement, selectively boosting Wnt signaling in CD25+
reporter cells and human colon organoids. Their modular design
could be adapted to targets of any cell type, a feature that has major
implications for the development of Wnt-based therapeutics.82

Zhang et al. also engineered tissue-specific RSPO-like Wnt
signaling enhancers to liver-specific receptors, rather than
LGRs.83 They mutated RSPO in the furin 2 domain to specifically
antagonize the LGR interaction, rendering the molecule solely
dependent on E3 ligases for activity. They then fused the
mutated RSPO to single-chain variable fragments or full-length
IgG of a liver-specific receptor, ASGR1. They showed that the
coupling of the bispecific RSPO surrogate enhanced Wnt/
b-catenin in vitro, and that its activity was limited to ASGR1
positive cells. Additionally, systemic administration of the RSPO
mimic in mice preferentially upregulated canonical Wnt target
genes, promoting SC proliferation in the liver, but not in the
small intestine.83

d. Anti-SFRP-1 monoclonal antibodies

SFRP is a family of secreted Wnt inhibitors (5 members in
humans) that can sequester Wnt ligands or bind to the CRD of
FZD to compete with Wnt binding, inhibiting both canonical
and non-canonical Wnt pathways.84 Loss of SFRP-1 reduced
bone accrual through a combination of decreased cellular
proliferation, differentiation, and activity, as well as led to
increased apoptosis.85

Bodine et al. developed small molecules that bind to and
inhibit SFRP-1.86 They screened a library of over 440 000 drug-
like compounds for SFRP-1 human inhibitors. Using luciferase
assays, they discovered that the N-Substituted Piperidinyl
Diphenylsulfonyl Sulfonamide (WAY-316606) selectively binds
to SFRP-1, thereby activating the Wnt/b-catenin pathway.86–88 It
also promoted bone formation and remodeling in vivo.

e. Anti-NOTUM small molecules

Wnt ligands are post-transcriptionally modified by palmitoleoylation
of a conserved serine by Porcupine, an event that is required for
Wnt trafficking and binding to Frizzled receptors. NOTUM is a
serine hydrolase, involved in the deacylation of the palmitoylated
serine residue, leading to Wnt/b-catenin inactivation.89 Only a
few reports describe the use of NOTUM inhibitors, such as
LP-922056, to activate Wnt signaling, promote bone formation,
and treat osteoporosis in animal models.90,91 However, these
compounds could present off-target effects, as they can penetrate
the blood–brain barrier. Suciu et al., using an activity-based
protein profiling method, engineered a more specific inhibitor,
N-hydroxyhydantoin carbamate inhibitor (ABC99), that potently
and selectively inhibits NOTUM, while the activation of the Wnt/
b-catenin pathway was confirmed in vitro using a super
TOPFlash assay.92 However, it tends to form a covalent adduct
with NOTUM, limiting its use in vivo. Atkinson et al. recently
developed 2-phenoxyacetamide compounds as specific NOTUM
inhibitors that restore Wnt/b-catenin signaling in vitro.93

They are interesting compounds to study in vitro models of
Alzheimer’s disease, but to date, these compounds are not
metabolically stable.

Taken together, these data suggest that Wnt signaling
modulators’ antibodies could be used as therapeutic agents
to stimulate bone formation after injury or disease, while
presenting attractive manufacturing attributes.

4. Activation of Wnt signaling through
disruption of b-catenin degradation

In the absence of canonical Wnt signaling, b-catenin, binding with
adenomatous polyposis coli (APC) and Axin, is phosphorylated by
casein kinase 1a (CK1a) and glycogen synthase kinase 3b (GSK-3b),
forming a destruction complex. Phosphorylated b-catenin is then
ubiquitinated by bTRCP1 or bTRCP2 for cytosolic proteasome
degradation. In the presence of canonical Wnt, FZD receptors
and LRP5/6 coreceptors oligomerize, and Disheveled (DVL) is
phosphorylated by CK1a and GSK-3b, recruiting Axin to the
phosphorylated tail of LRP5/6. The destruction complex falls apart,
and b-catenin is released from phosphorylation by CK1a and
GSK-3b, is stabilized in the cytosol, and can then accumulate in
the nucleus. Active nuclear b-catenin is complexed with T-cell
factor/lymphoid enhancer factor (TCF/LEF) family transcription
factors, targeting the transcription of downstream target genes
mostly involved in cell proliferation, such as AXIN2, C-MYC, and
CCND1.6

a. GSK-3b inhibitors

Currently, GSK-3b inhibitors are the most widely used Wnt/
b-catenin activators. By binding GSK-3b, the activity of the
enzyme is inhibited, and the destruction complex falls apart,
allowing b-catenin, which does not have intrinsic enzymatic
activity, to accumulate in the nucleus to activate transcription
factors of targeted genes.94
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i. Lithium chloride. Lithium chloride (LiCl) is a chemical
compound that has been used for decades as a mood stabilizer
for bipolar disorder, schizophrenia, depression, and other
mental illnesses, with little toxicity.95 Among several targets,
LiCl has been shown to directly inhibit GSK-3a and GSK-3b.94

Its use decreases the expression of cyclin A2 and increases the
expression of cyclin D1, both of which are genes regulating the
cell cycle.96 LiCl promotes neural SCs toward neuronal
differentiation in vitro, improving the symptoms of Parkinson’s
disease in animal models.97 LiCl also improves osteoblast pro-
liferation in vitro96 and osteogenesis in vivo at concentrations
below the IC50 of 2 mM for GSK-3b inhibition in vivo.96,98 LiCl
has also been reported as a therapeutic target of non-insulin-
dependent diabetes mellitus.99–101

ii. Indirubins and derivatives. Indirubins, discovered from
edible mollusks and plants, are potent and reversible GSK-3b
inhibitors and are the first pharmacological agents shown to
maintain self-renewal in human and mouse embryonic
SCs.102,103 From a high-throughput screening of thousands of
different natural products, an improved and more specific
GSK-3b inhibitor, 6-bromo-indirubin-30-oxime (6-BIO), was
synthetically derived,104 demonstrating anti-cancer,105,106 neuro-
protective functions during senescence,104 and proliferative
activity in cardiomyocytes.107 The development of the medicinal
chemistry of indirubins is ongoing to provide more products
with improved characteristics. For example, Moon et al. screened
for indirubin cyclin dependent kinase inhibitors to develop
cancer, psoriasis, and chemotherapy-associated side effect
preventive drugs.108 They identified a series of Wnt activators
from these indirubin derivative CDK inhibitors.109 Among them,
indirubin-5-nitro-30-oxime (INO) was reported as a potent
Wnt/b-catenin activator using a TOPFlash assay.109 Indirubins
and their derivatives are powerful and robust Wnt/b-catenin
activators and remain the gold standards in experiments related
to Wnt signaling activation alongside lithium chloride.110

iii. Other natural products. Gilbert et al. reported that
(hetero)arylpyrimidines were GSK-3b inhibitors with osteogenic
activity in an animal model.111 Other natural products from
plants have also been identified to inhibit GSK-3b, such as
andrographolide, from Andrographis paniculata,112 Euonymus
fortunei, Amygdalus communis, Flavone fukugetin, and Garcinia
xanthochymus.113

iv. Small molecules. Ding et al. performed a high-
throughput phenotypic cell-based screen of kinase-directed
combinatorial libraries, and found that a 4,6-disubstituted
pyridopyrimidine, TWS119, could induce neurogenesis in murine
embryonic SCs.114 Through affinity-based and biochemical
methods, they showed that the TWS119 target was GSK-3b.
Using a high-throughput cell-based assay (Asahi Kasei’s
proprietary chemical library searching), Miyabayashi et al.
developed IQ-1, a small molecule targeting PP2A, a phosphatase
of the destruction complex that inhibits GSK-3b. IQ-1 activated
Wnt/b-catenin and prevented spontaneous differentiation of
mouse embryonic SCs.115 These two examples provide insight
into the molecular mechanisms that control SC fate, and may
ultimately be useful for in vivo SC biology and therapy.

Arylindolemaleimide (SB-216763) and anilinomaleimide
(SB-415286) are maleimide derivatives identified from a high-
throughput screen of the SmithKline Beecham compound bank
against rabbit GSK-3.116 They inhibit GSK-3a and GSK-3b
and show the potential induction of transcription of a Wnt/
b-catenin-mediated gene expression in a dose-dependent
manner.117 These compounds were also elucidated as potential
therapeutic effectors for diseases associated with high GSK-3b
activity, such as non-insulin dependent diabetes mellitus99–101

and neurogenerative disease.118,119

CHIR99021 is an amino pyrimidine derivative that was first
shown to promote the self-renewal of mouse embryonic SCs.120

It has been used in various in vitro models of Wnt
signaling activation to explore its mechanistic and potential
therapeutic benefits.120 CHIR99021 has been shown to
promote remodeling of lung and cardiac tissues after
injury.121,122 In vitro, CHIR99021 can promote the de novo
formation of hair follicles,123 and maintain the self-renewal
of mouse intestine LRG5+ intestine SCs.124 As for the other
GSK-3b inhibitors, cross-talk between Wnt/b-catenin and other
pathways are reported, and can promote differentiation in
other cell lines.125,126 Future studies using CHIR99021 are
necessary to decipher the different pathways activated
beyond Wnt.

L807mts is a new highly specific GSK-3b inhibitor, acting
through a substrate-to-inhibitor conversion mechanism that
occurs within the catalytic site of the enzyme.127 L807mts
showed a safe profile in an animal model of Alzheimer’s
disease, improving autophagic flux, the clearance of b-
amyloid deposits, and cognitive skills, while reducing
inflammation.

Pharmacological enhancement of Wnt/b-catenin signaling is
linked to antiproliferative/metastatic activity in melanoma
cells.128 This has been reported after the use of Riluzole and
BAY 36-7620.128 These GSK-3b inhibitors decrease the prolif-
eration and increase the differentiation of melanoma-induced
cells in vitro when combined with Wnt3a.128 Atkinson et al.
engineered a highly selective small molecule inhibitor of
GSK-3b, LY2090314, capable of activating the Wnt/b-catenin
pathway and inducing apoptosis in human melanoma tumor
cells at nanomolar concentrations (IC50 approx. 10nM).129

In vivo, LY2090314 elevated Axin2 gene expression. They
provided a proof-of-concept study supporting the use of small
molecule Wnt activators in the treatment of melanoma, which
is now extended to a phase 1 clinical trial for melanoma
therapy. Moreover, Wnt activators have the ability to increase
the proliferation of normal tissues, and further investigation of
GSK-3b inhibitors for melanoma therapy is necessary in regard
to their effects on healthy tissues. Future directions include the
development of small GSK-3b inhibitors designed to target
substrate binding sites of interest.130 However, GSK-3b
inhibitors can also block the action of other kinases, such as
GSK-3a.102 In addition, GSK-3b is implicated in many other
critical signaling pathways131,132 that could be dysregulated by
drugs targeting this enzyme for Wnt activation, highlighting
the risk of off-target effects.133,134
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b. Casein kinase 1a inhibitors

Casein kinase 1a (CK1a) is a member of the CK1 family of
proteins that has broad serine/threonine protein kinase
activity.135 Along with GSK-3b, APC, and Axin, CK1a is a
component of the b-catenin destruction complex promoting
its ubiquitination and proteosomal degradation in the absence
of Wnt ligands.135 CK1a is a negative regulator of Wnt signaling.
b-Catenin is phosphorylated by CK1a at Ser45, which leads
to GSK-3b-dependent phosphorylation at Ser33/37 and Thr41,
and subsequent degradation.136 APC, essential for b-catenin
binding, is also phosphorylated at Ser1504/1505/1507/1510 by
CK1a.137

Compounds targeting CK1 have also been developed, such
as ricinine,138 which shows the ability to activate Wnt/b-catenin
signaling in vitro.139 However, CK1a is also involved in many
other signaling pathways, such as nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), Hedgehog,
autophagy, and phagocytosis among others.135 So far, no
inhibitors that selectively target CK1a have been developed.
Therefore, the available compounds are mostly used to study
CK1a function.

5. Activation of Wnt signaling of
unknown mechanisms with
compounds identified by
high-throughput screening

There have been many high-throughput screening efforts of
chemical and/or biological compounds searching for Wnt
inhibitors because of their role in the development of anti-
cancer therapies. These screenings led to the development of
an increasing number of small molecule Wnt inhibitors.
As ‘‘side products’’ of these studies, Wnt activators are often
identified as attractive targets for SC therapy. Cell-based assays,
using cells very sensitive to Wnt activation, such as HEK 293
cells exposed to Wnt3a,140 are usually used to detect and
quantify Wnt/b-catenin gene activation, using luciferase reporter
assays.141,142 With this approach, many small molecules
activating Wnt pathways have been discovered, but for most
of them, the underlying mechanisms of action require further
investigation. For example, Liu et al. described 2-amino-4-[3,4-
(methylenedioxy)benzylamino]-6-(3-methoxyphenyl)pyrimidine
(AMBMP) as a GSK-3b independent Wnt/b-catenin activator.143

AMBMP was reported to attenuate liver injury and improve
survival after hepatic ischemia/reperfusion.144 Zhang et al.
identified QS-11 as a Wnt/b-catenin activator that activates a
small-GTPase, ARFGAP1.145 Gwak et al. identified SKL001 as an
agonist of the Wnt/b-catenin pathway, disrupting the Axin/
b-catenin interaction and inhibiting the destruction complex.146

Using natural products with various known bioactivities to
design multifarious oxepane scaffolds, Basu et al. identified
other Wnt activators, Wntepanes, that act synergistically with
the Wnt3a protein by binding to van-Gogh-like 1 (Vangl1),140 a
transmembrane co-receptor of the non-canonical pathway147

that mediates cross-talk between canonical and non-canonical
pathways.148 Wntepanes could be used as tools for further
studying Vangl1 functions and relations with the canonical
pathway. High-throughput pipelines are also widely used to
target Wnt inhibitors, such as anti-FZD and anti-LRP5/6, or
downstream nuclear proteins of the pathway, with the goal of
developing new cancer therapies.149,150 By binding two inhibitors,
it possible to engineer Wnt mimics, as did Chen et al.,34 Janda
et al.,35 Tao et al.,36 and Zhang et al.,14 when coupling anti-FZD
with anti-DKK1 small molecules.

Extensive screenings of the natural product library also
identified many plant extracts that can activate Wnt/
b-catenin.12 However, again, the underlying mechanisms of
action remain largely unknown. Among them, Sanguisorba
officinalis L. and flavonoids are potential drug therapeutic
agents against non-alcoholic fatty liver disease,151 obesity,152

and osteoporosis.153 Hovenia dulcis,154 l-quebrachitol (2-O-methyl-
l-chiro-inositol),155 Rehmannia sp.,156 Salvia miltiorrhiza,157 Euodia
sutchuenensis Dode,158 the Siegesbeckia genus,159 Guava triterpene-
enriched extracts,160 Morinda citrifolia,161 rosmarinic acid,162

Curculigo orchioides,163 Bauhinia championii,164 liposaccharides
from Escherichia coli,165 and the well-known Ginkgo biloba166–168

are among the Wnt/b-catenin activators promoting osteoblasto-
genesis and bone density in cell models in vitro and animal
models. Nevertheless, it is possible that activation of Wnt signal-
ing arises from cross-talk between Wnt and other osteogenic
pathways, rather than a direct activation of the Wnt pathway by
a given compound.

Moreover, extracts from Aconitum ciliare are described as
hair growth-promoting,169 while the extract from Vernonia
anthelmintica8 is a potential drug to treat vitiligo through its
ability to promote melanin synthesis. In the nervous system,
cannabidiol, from Cannabis sativa,170 is a GSK-3b inhibitor that
has a neuroprotective effect in a cellular model of Alzheimer’s
disease. Simvastatin171 from Aspergillus terreus and
curcumin172 can also promote neurogenesis and reverse
cognitive deficits in Alzheimer’s disease models.

Extracts from marine natural products (deep-sea invertebrates
and algal metabolites) revealed Molpadia musculus,173 Phelliactis
callicyclus,173 Crassostrea gigas,174 Undariopsis peterseniana,174

Capsosiphon fulvescens,175 and Chlorella vulgaris176 as Wnt/
b-catenin activators.173 Even if indirubins and their derivatives
such as 6-BIO remain the gold standard to explore Wnt/b-catenin
activation, other natural marine products could become drug
candidates, calling for more attention.

6. Potential application of Wnt
activators

Wnt activators can have several applications for regenerative
medicine and SC therapy. They can be used as tools to deeply
understand SC biology, a prerequisite to the development of
Wnt-related therapies.177–179 Despite the multitude of potential
points of interventions in the pathway, as well as the numerous
reagents that can interfere with these targets, it is still unclear
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Table 1 Wnt activators, mechanism of actions, potential therapeutic effects, and stage of development

Name Target Therapeutic potential
Stage of
development Ref.

Wnt mimics
Small molecules
Wnt surrogates Anti-FZD and anti-LRP5/

6, bispecific
Bone formation, stem cell ex vivo
expansion, metabolic disorders

Reagent Janda et al.35

MFH-ND Anti-FZD and anti-LRP5/
6, bispecific

Limbal stem cell ex vivo expansion Reagent Zhang et al.14

FLAgs Anti-FZD and anti-LRP5/
6, tetravalent

Intestinal organoid ex vivo
expansion

Reagent Tao et al.36

Wnt surrogates Anti-FZD and anti-LRP5/
6, tetravalent

Intestinal organoid ex vivo
expansion

Reagent Chen et al.34

Next generation surrogates FZD Intestinal, breast, ovary organoid
ex vivo expansion

Reagent Miao et al.39

UM206 FZD1 and FZD2 Remote activation of FZD using
magnetic nanoparticles

Reagent Rotherham et al.41

Bone formation, Parkinson’s
disease

Recombinant R-spondin proteins and surrogates
Recombinant RSPO RSPO Small intestine stem cell ex vivo

expansion
Reagent Lebensohn and Rohatgi77

RSPO surrogates RNZ43/ZNF43 and CD25 Intestinal organoid ex vivo
expansion

Reagent Yan et al.80

RSPO surrogates Mutated RSPO and
ASGR1

Hepatocyte stem cell expansion Reagent Zhang et al.83

Inhibition of Wnt inhibitors
BHQ880 Anti-DKK1 mAb Osteoporosis, cancer drug therapy Phase 1 Fulciniti et al.59

DKN-01 Anti-DKK1 mAb Osteoporosis, cancer drug therapy Phase 1 Bendell et al.60

PF-04840082 Anti-DKK1 mAb Osteoporosis Reagent Betts et al.61

Anti-DKK2 Animal model knockout
for DKK2

Glucose intolerance In vivo model Li et al.55

Blosozumab Anti-sclerostin mAb Osteoporosis Phase 2 Recker et al.66

BPS804 Anti-sclerostin mAb Osteognenis imperfecta Reagent Roschger et al.65

Romosozumab Anti-sclerostin mAb Osteoporosis Phase 3 McClung et al.64

WAY-316606 Anti-SFRP1 Osteoporosis Reagent Bodine et al.86

LP-922056 NOTUM inhibitor In vitro assays Reagent Traver et al. Brommage et al.90

ABC-99 NOTUM inhibitor In vitro assays Reagent Suciu et al.92

2-Phenoxyacetamides NOTUM inhibitor In vitro assays Reagent Atkinson et al.93

GSK-3b inhibitors
Lithium chloride GSK-3 inhibitor Mood disorder, neurodegenera-

tive disease, osteoporosis, non-
insulin dependent diabetes
mellitus

Phase 4 (mood
disorder) Reagents
(osteoporosis, diabetes
mellitus)

Hedgepeth et al.,94 Freland
et al.,95 Rattanawarawipa
et al.,96 Qi et al.,97 Galli et al.98

Indirubins GSK-3b inhibitor Mouse embryonic stem cell ex vivo
expansion

Reagent Sato et al.103

6-Bromo-indirubin-30-
oxime (6-BIO)

GSK-3b inhibitor Neurodegenerative disease, can-
cer drug therapy, cardio-
protection

Reagent Sklirou et al.,104 Blazevic
et al.,105 Eisenbrand et al.,106

Tseng et al.107

Indirubin-5-nitro-30-oxime
(INO)

GSK-3b inhibitor Cancer drug therapy Reagent Moon et al.108

(Hetero)arylpyrimidines GSK-3b inhibitor Osteoporosis Reagent Gilbert et al.111

Small molecules
TWS119 GSK-3b inhibitor Neurodegenerative disease Reagent Ding et al.114

IQ-1 GSK-3b inhibitor (PP2A) Mouse embryonic stem cell ex vivo
expansion

Reagent Miyabayashi et al.115

SB-216763 GSK-3b inhibitor Neurodegenerative disease, dia-
betes mellitus

Reagent Eldar-Finkelman et al.,99 Taka-
shima et al.118

SB-415286 GSK-3b inhibitor Neurodegenerative disease, dia-
betes mellitus

Reagent Eldar-Finkelman et al.,99 Taka-
shima et al.118

CHIR99021 GSK-3b inhibitor Cardiac, lung, hair follicle, small
intestine stem cell expansion

Reagent Martin et al.,122 Zhang et al.,121

Yoshida et al.,123 Yin et al.124

L807mts GSK-3b inhibitor Neurodegenerative disease Reagent Licht-Murava et al.127

LY2090314 GSK-3b inhibitor Melanoma Phase 1 Atkinson et al.129

CK-1 inhibitors
Ricinine CK-1 inhibitor In vitro assays Reagent Ohishi et al.138
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which approach will be the most efficient and safe.
Wnt proteins are receptor-specific, useful for developing models
that explore the signaling steps. Nevertheless, only a few Wnt
ligands are available, and they are difficult to manufacture.
In contrast, Wnt antibodies and Wnt mimics can be easily
produced and start to offer insight into a better understanding
of the complex pathway. Numerous compounds developed by
high-throughput screening also seem to be potent to activate the
Wnt/b-catenin pathway, even if the underlying mechanisms of
action remain unclear. Yet, the functions of single Wnt activators
are not equal. Wnt mimics or proteins themselves are not
limited to canonical or non-canonical activation but depend
on the multiple pathways activated by distinct sets of receptors.
For example, FZD receptors can activate both canonical and non-
canonical pathways; thus, Wnt activators targeting FZD can
have broad spectrum effects on both pathways.180,181 On the
other hand, Wnt activators targeting molecules restricted to
the canonical pathway, such as GSK-3b inhibitors or RSPOs,
are canonical Wnt activators only. When developing Wnt
activators for therapeutic purposes, these considerations are
critical with regard to the expected effect on specific SCs.
Therefore, the ability to activate different Wnt signaling
pathways makes these reagents perfect tools for dissecting the
regulating roles of different Wnt pathways in SCs.

Nevertheless, activating Wnt in vivo is a promising strategy
to promote SC renewal and tissue homeostasis and repair, and
prevent ageing.16 SC niches are three-dimensional, highly
organized microenvironments that shelter SCs.182 SCs rely on
interactions with their immediate niche to proliferate, migrate,
and differentiate,183,184 as the result of complex molecular
cross-talk with neighboring niche cells, and soluble factors
such as Wnt molecules.185,186 The ability of Wnt activators to
promote SC proliferation, the purpose of SC therapy, poses
safety concerns, as dysregulation in the mechanisms that keep
SCs in a quiescent, non-proliferating state can lead to cancer.187

Overactivation of Wnt signaling has been reported in numerous
cancer types.188 Wnt is a powerful and complex morphogen,
temporal, dosage, and tissue specific, that exhibits numerous
cross-talks with other crucial signaling pathways. Targeting
such major developmental pathways utilized by both physio-
logical SCs and by cancer SCs may have dramatic teratogenic
effects and poses safety concerns given the duality of such
therapeutics.139 Off-target and cancerogenic risks of these new
therapies, if used systemically for a prolonged time, are
dreaded complications.139 Activating Wnt for specific tissue
repair in vivo will require a fine balance, where the targeted SC

proliferation will not interfere with other tissue homeostasis. It
is a current limitation of the use of Wnt activators. GSK-3b
inhibitors can trigger cross-talks with other pathways. Therefore,
broad spectrum Wnt mimics, due to their low specificity, raise
the question of off-target effects. Besides LiCl, clinically used for
decades to treat mood disorders with very low side effects,94 only
a few, mostly targeting bone disorders, reached Phases 1 and 2 of
clinical trials. For example, romosozumab64 and blosozumab,66

by targeting bone-specific sclerostin, are expected to lower the
risks of long-term off-target effects.

Another application of Wnt activators, which is relatively
safer, is to promote SC expansion in vitro. Models of SC cultures
are fundamental to understand the mechanism of SC regulation,
as well as to promote their expansion in vitro for regenerative
medicine purposes via SC transplantation. These models must
provide structural support and a variety of growth factors acting
as a SC niche to allow their proliferation and preservation.
In vitro cultivation of human epithelial cells was developed by
Howard Green in the 1960s.189 Initially, SC expansion consisted
of a co-culture of human epidermal keratinocytes with 3T3
mouse embryonic fibroblasts, functioning as feeder cells. It led
to the first SC therapy using cultured cells.190–192 It was later
applied to other SCs, such as limbal SCs.193,194 However, these
common methods are exposed to a xenobiotic risk of
contamination for SC transplantation. To overcome this risk,
different biological and synthetic materials that mimic the niche
can be used as carriers for SC culture, such as amniotic
membranes, fibrin, collagen, and silicon hydrogels.195,196

Developing xenobiotic-free culture systems would require additional
factors that are capable of activating the Wnt pathways required
for SC proliferation, and a scaffold on which to grow the SCs.
Collagen/hydrogel scaffolds reported recently demonstrated
the possibility of generating a xenobiotic-free and human
donor material-free system using a similar scaffold, if given
the appropriate combination of growth factors and small
molecules.197,198 Hence, engineering Wnt activator compounds
is a crucial step toward generating a cocktail of necessary niche
factors for an optimal in vitro SC expansion.

Finally, most Wnt activators are still at their early stages of
development. Their safety and efficacy profiles need to be
confirmed, as well as their optimal delivery mode. Minimizing
the systemic exposure to Wnt activators and preventing off-target
effects are crucial end-points that remain to be deciphered.
The local use of Wnt activators could minimize these risks,
and have been described in cutaneous injuries and cardiac
infarction, where scaffolds loaded with Wnt agonists are placed

Table 1 (continued )

Name Target Therapeutic potential
Stage of
development Ref.

High throughput screenings
SKL001 Axin/b-catenin In vitro assays Reagent Gwak et al.146

AMBMP ? Liver ischemia/reperfusion Reagent Liu et al.143

QS-11 ? In vitro assays Reagent Zhang et al.145

Natural products Blagodatski et al.12

Wntepanes Vangl-1 In vitro assays Reagent Basu et al.140
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directly on the site of injury.199 Wnt agonists can also be
successfully used to promote SC expansion in vivo and are
perfect applications of ex vivo limbal SC expansion and corneal
wound healing (Table 1).14

7. Conclusion

The ability to activate Wnt pathways offers numerous promises.
However, challenges to engineer highly selective targets capable
of activating the Wnt/b-catenin pathway without perturbing
other signaling pathways, and in a cell-type specific manner,
are ongoing. Fine-tuning of Wnt agonist therapies is necessary
for the optimization of their clinical efficacy and safety for SC
therapy and regenerative medicine.
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J. J. Body, P. Clézardin and P. Garnero, Br. J. Cancer, 2007,
97, 964–970.

52 A. Caricasole, A. Copani, F. Caraci, E. Aronica, A. J. Rozemuller,
A. Caruso, M. Storto, G. Gaviraghi, G. C. Terstappen and
F. Nicoletti, J. Neurosci., 2004, 24, 6021–6027.

53 I. Cappuccio, A. Calderone, C. L. Busceti, F. Biagioni,
F. Pontarelli, V. Bruno, M. Storto, G. T. Terstappen,
G. Gaviraghi, F. Fornai, G. Battaglia, D. Melchiorri,
R. S. Zukin, F. Nicoletti and A. Caricasole, J. Neurosci.,
2005, 25, 2647–2657.

54 S. Negri, Y. Wang, T. Sono, Q. Qin, G. C. Hsu, M. Cherief,
J. Xu, S. Lee, R. J. Tower, V. Yu, A. Piplani, C. A. Meyers,
K. Broderick, M. Lee and A. W. James, Stem Cells Transl.
Med., 2021, 10, 610–622.

55 X. Li, M. Grisanti, W. Fan, F. J. Asuncion, H. L. Tan,
D. Dwyer, C. Y. Han, L. Yu, J. Lee, E. Lee, M. Barrero,
P. Kurimoto, Q. T. Niu, Z. Geng, A. Winters, T. Horan,
S. Steavenson, F. Jacobsen, Q. Chen, R. Haldankar,
J. Lavallee, B. Tipton, M. Daris, J. Sheng, H. S. Lu,
K. Daris, R. Deshpande, E. G. Valente, H. Salimi-Moosavi,
P. J. Kostenuik, J. Li, M. Liu, C. Li, D. L. Lacey,
W. S. Simonet, H. Z. Ke, P. Babij, M. Stolina,
M. S. Ominsky and W. G. Richards, J. Bone Miner. Res.,
2011, 26, 2610–2621.

56 J. Bao, J. J. Zheng and D. Wu, Sci. Signaling, 2012, 5, pe22.
57 H. Jin, B. Wang, J. Li, W. Xie, Q. Mao, S. Li, F. Dong, Y. Sun,

H. Z. Ke, P. Babij, P. Tong and D. Chen, Bone, 2015, 71,
63–75.

58 Y. Wang, S. Negri, Z. Li, J. Xu, C. Y. Hsu, B. Peault,
K. Broderick and A. W. James, Stem Cells Dev., 2020, 29,
1007–1015.

59 M. Fulciniti, P. Tassone, T. Hideshima, S. Vallet,
P. Nanjappa, S. A. Ettenberg, Z. Shen, N. Patel, Y. T. Tai,
D. Chauhan, C. Mitsiades, R. Prabhala, N. Raje,
K. C. Anderson, D. R. Stover and N. C. Munshi, Blood,
2009, 114, 371–379.

60 J. C. Bendell, J. E. Murphy, D. Mahalingam, B. Halmos,
C. A. Sirard, S. B. Landau and D. P. Ryan, J. Clin. Oncol.,
2016, 34, 111.

61 A. M. Betts, T. H. Clark, J. Yang, J. L. Treadway, M. Li,
M. A. Giovanelli, Y. Abdiche, D. M. Stone and
V. M. Paralkar, J. Pharmacol. Exp. Ther., 2010, 333, 2–13.

62 L. D’Amico, S. Mahajan, A. H. Capietto, Z. Yang, A. Zamani,
B. Ricci, D. B. Bumpass, M. Meyer, X. Su, A. Wang-Gillam,
K. Weilbaecher, S. A. Stewart, D. G. DeNardo and R. Faccio,
J. Exp. Med., 2016, 213, 827–840.

63 X. Li, J. Shan, W. Chang, I. Kim, J. Bao, H. J. Lee, X. Zhang,
V. T. Samuel, G. I. Shulman, D. Liu, J. J. Zheng and D. Wu,
Proc. Natl. Acad. Sci. U. S. A., 2012, 109, 11402–11407.

64 M. R. McClung, A. Grauer, S. Boonen, M. A. Bolognese,
J. P. Brown, A. Diez-Perez, B. L. Langdahl, J. Y. Reginster,
J. R. Zanchetta, S. M. Wasserman, L. Katz, J. Maddox,
Y. C. Yang, C. Libanati and H. G. Bone, N. Engl. J. Med.,
2014, 370, 412–420.

65 A. Roschger, P. Roschger, P. Keplingter, K. Klaushofer,
S. Abdullah, M. Kneissel and F. Rauch, Bone, 2014, 66,
182–188.

66 R. R. Recker, C. T. Benson, T. Matsumoto, M. A. Bolognese,
D. A. Robins, J. Alam, A. Y. Chiang, L. Hu, J. H. Krege,
H. Sowa, B. H. Mitlak and S. L. Myers, J. Bone Miner. Res.,
2015, 30, 216–224.

Review RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 8
:2

5:
14

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cb00063b


1154 |  RSC Chem. Biol., 2021, 2, 1144–1157 © 2021 The Author(s). Published by the Royal Society of Chemistry

67 Z. Cheng, T. Biechele, Z. Wei, S. Morrone, R. T. Moon,
L. Wang and W. Xu, Nat. Struct. Mol. Biol., 2011, 18,
1204–1210.

68 M. Florio, K. Gunasekaran, M. Stolina, X. Li, L. Liu,
B. Tipton, H. Salimi-Moosavi, F. J. Asuncion, C. Li,
B. Sun, H. L. Tan, L. Zhang, C. Y. Han, R. Case,
A. N. Duguay, M. Grisanti, J. Stevens, J. K. Pretorius,
E. Pacheco, H. Jones, Q. Chen, B. D. Soriano, J. Wen,
B. Heron, F. W. Jacobsen, E. Brisan, W. G. Richards,
H. Z. Ke and M. S. Ominsky, Nat. Commun., 2016, 7, 11505.

69 O. Kazanskaya, A. Glinka, I. del Barco Barrantes,
P. Stannek, C. Niehrs and W. Wu, Dev. Cell, 2004, 7,
525–534.

70 J. K. Yoon and J. S. Lee, Cell Signaling, 2012, 24, 369–377.
71 K. A. Kim, M. Wagle, K. Tran, X. Zhan, M. A. Dixon, S. Liu,

D. Gros, W. Korver, S. Yonkovich, N. Tomasevic,
M. Binnerts and A. Abo, Mol. Biol. Cell, 2008, 19,
2588–2596.

72 A. Glinka, C. Dolde, N. Kirsch, Y. L. Huang, O. Kazanskaya,
D. Ingelfinger, M. Boutros, C. M. Cruciat and C. Niehrs,
EMBO Rep., 2011, 12, 1055–1061.

73 K. S. Carmon, X. Gong, Q. Lin, A. Thomas and Q. Liu, Proc.
Natl. Acad. Sci. U. S. A., 2011, 108, 11452–11457.

74 W. de Lau, N. Barker, T. Y. Low, B. K. Koo, V. S. Li,
H. Teunissen, P. Kujala, A. Haegebarth, P. J. Peters,
M. van de Wetering, D. E. Stange, J. E. van Es,
D. Guardavaccaro, R. B. Schasfoort, Y. Mohri,
K. Nishimori, S. Mohammed, A. J. Heck and H. Clevers,
Nature, 2011, 476, 293–297.

75 H. Hao, Y. Xie, Y. Zhang, O. Charlat, E. Oster, M. Avello,
H. Lei, C. Mickanin, D. Liu, H. Ruffner, X. Mao, Q. Ma,
R. Zamponi, T. Bouwmeester, P. Finan, M. Kirschner,
J. Porter, F. Serluca and F. Cong, Nature, 2012, 485,
195–200.

76 B. K. Koo, M. Spit, I. Jordens, T. Y. Low, D. E. Stange,
M. van de Wetering, J. H. van Es, S. Mohammed, A. J. Heck,
M. M. Maurice and H. Clevers, Nature, 2012, 488, 665–669.

77 A. M. Lebensohn and R. Rohatgi, eLife, 2018, 7, e33126.
78 T. Sato, R. G. Vries, H. J. Snippert, M. van de Wetering,

N. Barker, D. E. Stange, J. H. van Es, A. Abo, P. Kujala,
P. J. Peters and H. Clevers, Nature, 2009, 459, 262–265.

79 W. J. Zhou, Z. H. Geng, J. R. Spence and J. G. Geng, Nature,
2013, 501, 107–111.

80 K. Yan, C. Janda, J. Chang, G. Zheng, K. Larkin, V. Luca,
L. Chia, A. Mah, A. Han, J. Terry, A. Ootani, K. Roelf,
M. Lee, J. Yuan, X. Li, C. Bolen, J. Wilhelmy, P. Davies,
H. Ueno, R. von Furstenberg, P. Belgrader, S. Ziraldo,
H. Ordonez, S. Henning, M. Wong, M. Snyder,
I. Weissman, A. Hsueh, T. Mikkelsen, K. Garcia and
C. Kuo, Nature, 2017, 545, 238–242.

81 M. J. Feldhaus, R. W. Siegel, L. K. Opresko, J. R. Coleman,
J. M. Feldhaus, Y. A. Yeung, J. R. Cochran, P. Heinzelman,
D. Colby, J. Swers, C. Graff, H. S. Wiley and K. D. Wittrup,
Nat. Biotechnol., 2003, 21, 163–170.

82 V. Luca, Y. Miao, X. Li, M. Hollander, C. Kuo and K. Garcia,
PLoS One, 2020, 15, e0226928.

83 Z. Zhang, C. Broderick, M. Nishimoto, T. Yamaguchi,
S. J. Lee, H. Zhang, H. Chen, M. Patel, J. Ye, A. Ponce,
J. Brady, H. Baribault, Y. Li and W. C. Yeh, Sci. Rep., 2020,
10, 13951.

84 W. Satoh, M. Matsuyama, H. Takemura, S. Aizawa and
A. Shimono, Genesis, 2008, 46, 92–103.

85 T. Gaur, L. Rich, C. J. Lengner, S. Hussain, B. Trevant,
D. Ayers, J. L. Stein, P. V. Bodine, B. S. Komm, G. S. Stein
and J. B. Lian, J. Cell. Physiol., 2006, 208, 87–96.

86 P. Bodine, B. Stauffer, H. Ponce-de-Leon, R. Bhat,
A. Mangine, L. Seestaller-Wehr, R. Moran, J. Billiard,
S. Fukayama, B. Komm, K. Pitts, G. Krishnamurthy,
A. Gopalsamy, M. Shi, J. Kern, T. Commons,
R. Woodworth, M. Wilson, G. Welmaker, E. Trybulski
and W. Moore, Bone, 2009, 44, 1063–1068.

87 A. Gopalsamy, M. Shi, B. Stauffer, R. Bahat, J. Billiard,
H. Ponce-de-Leon, L. Seestaller-Wehr, S. Fukayama,
A. Mangine, R. Moran, G. Krishnamurthy and P. Bodine,
J. Med. Chem., 2008, 51, 7670–7672.

88 W. J. Moore, J. C. Kern, R. Bhat, T. J. Commons,
S. Fukayama, I. Goljer, G. Krishnamurthy, R. L. Magolda,
L. Nogle, K. Pitts, B. Stauffer, E. J. Trybulski,
G. S. Welmaker, M. Wilson and P. V. Bodine, J. Med. Chem.,
2009, 52, 105–116.

89 X. Zhang, S. M. Cheong, N. G. Amado, A. H. Reis,
B. T. MacDonald, M. Zebisch, E. Y. Jones, J. G. Abreu and
X. He, Dev. Cell, 2015, 32, 719–730.

90 J. E. Tarver, Jr., P. K. Pabba, J. Barbosa, Q. Han,
M. W. Gardyan, R. Brommage, A. Y. Thompson,
J. M. Schmidt, A. G. E. Wilson, W. He, V. K. Lombardo
and K. G. Carson, Bioorg. Med. Chem. Lett., 2016, 26,
1525–1528.

91 R. Brommage, J. Liu, P. Vogel, F. Mseeh, A. Y. Thompson,
D. G. Potter, M. K. Shadoan, G. M. Hansen, S. Jeter-Jones,
J. Cui, D. Bright, J. P. Bardenhagen, D. D. Doree,
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