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Abstract

Wnts and their signaling cascades regulate a wide variety of biological processes and diseases. Aberrant canonical and non-canonical Wnt
signaling components are pathogenic to various human genetic diseases and non-genetic diseases. Here, we review the spectrum of human
diseases related with Wnt ligands, receptor, co-receptor, agonists, antagonists, transcript factor and other components in the signaling pathways.
Results show that diseases related by Wnt signaling are predominated by genetic diseases, especially genetic skeletal disorders.
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Abbreviations: Fzd: Frizzled; CK1: Casein kinase-1; GSK-3f: Glycogen synthase kinase-33; APC APC: Adenomatous polyposis coli; TCF/LEF:
T-cell factor/lymphoid enhancer factor; PCP: Planar cell polarity; Dsh/Dvl: Dishvelled; Pk: Prickle; DKK: Dickkopf; WIF: Wnt inhibitory factor;

BMD: Bone Mass Density

Wnt Signaling Pathways

Wnt are secreted lipid-modified glycoproteins including
19 family members that transduces signal through one more
of different signaling pathways. Wnt ligand binds to serial
Frizzled (Fzd) receptor and LRP5/6 co-receptor, then destroy
the destruction complex consisting of (-catenin, axin, casein
kinase-1 (CK1), glycogen synthase kinase-3f (GSK-3f) and the
adenomatous polyposis coli (APC). This leads to the translocation
of B-catenin to the nucleus, where it binds to transcriptional
factors T-cell factor/lymphoid enhancer factor (TCF/LEF)
to induce the transcription of Wnt target genes. [(-catenin-
independent Wnt signaling pathways are multiple, Wnt/ planar
cell polarity (PCP) pathway, utilizing small Rho-like GTPases,
is related with polarization information for guiding tissue

Wnt Signaling and Human Diseases

patterning and morphogenesis [1-5]. PCP is composed of core
protein complexes and Fat/Daschsous (Ds)/Fj (Four-jointed)
group. The core protein complexes include Frizzled, Flamingo
(Fmi/Celsr), Van Gogh (Drosophila Vang or Stb/mammalian
Vang), Dishvelled (Dsh/Dvl), Diego, and Prickle (Pk) [5-10].
Wnt/Ca2+ pathway, modulating intracellular Ca2+ level through
Wnt5a and Fzd2-6 receptor as well as Rorl/2 co-receptor, as
well as coreceptor Rorl/2 [11-15]. These signaling pathways
are regulated by antagonists/agonists include secreted Frizzled
related protein (SRFP) ,Dickkopf (DKK) family, Wnt inhibitory
factor (WIF)1, sclerostin, Wntless, R-Spondin, and norrin. Wnt
signaling pathway is vital to various biological processes, there’s
no doubt that gene mutations of Wnt signaling cascades are
causative to multiple human diseases.

Table 1: Human diseases associated with components of Wnt signaling pathway.

Diseases nlllwn:]l:ler Inheritance Gene Reference
Osteogenesis imperfecta, type XV 615220 AR WNT1 Pyott et al. [5].
Osteoporosis, early-onset, susceptibility to, autosomal dominant 615221 WNT1 Laine et al. [6].
Autism 611015 wnt2 Wassink et al. [7].
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Tetra-amelia syndrome 1 273395 AR Wnt3 Niemann et al. [8].
SERKAL syndrome 611812 AR Wnt4 Mandel et al. [9].
Mullerian aplasia and hyperandrogenism 158330 AD Wnt4 Biason-Lauber et al. [10].
Robinow syndrome, autosomal dominant 1 180700 AD Wnt5a Personetal. [11].
type 2 diabetes 125853 Wnt5b Kanazawa et al. [12].
Fuhrmann syndrome 228930 AR Wnt7a Woods et al. [13].
Ulna and fibula, absence of, with severe limb deficiency 276820 AR Wnt7a Woods et al. [13].
Odontoonychodermal dysplasia 257980 AR Wntl0a Adaimy et al. [14].
Schopf-Schulz-Passage syndrome 224750 AR Wntl0a Bohring et al. [15].
Tooth agenesis, selective, 4 150400 AR, AD Wntl0a Kantaputra et al. [16].
Split-hand/foot malformation 6 225300 AR Wnt10b Uguretal. [17].
Tooth agenesis, selective, 8 617073 AD Wnt10b Yu et al. [18].
Myasthenic syndrome, congenital, 17 616304 AR LRP4 Ohkawara et al. [19].
Cenani-Lenz syndactyly syndrome 212780 AR LRP4 Lietal. [20].
Sclerosteosis 2 614305 AR, AD LRP4 Leupin etal. [21].
Exudative vitreoretinopathy 4 601813 AD, AR LRP5 Toomes et al. [22].
Osteopetrosis, autosomal dominant 1 607634 AD LRP5 Van ‘\//\?rf;nlge;:;é[tzﬂ'] .[23]’
Osteoporosis-pseudoglioma syndrome 259770 AR LRP5 Gong et al. [25].
Osteosclerosis 144750 AD LRP5 Van Wesenbeeck et al. [23].
Hyperostosis, endosteal 144750 AD LRP5 Van Wesenbeeck et al. [23].
Polycystic liver disease 4 with or without kidney cysts 617875 AD LRP5 Cnossen et al. [26].
van Buchem disease, type 2 607636 AD LRP5 | VAN V\ﬁizr;b;eﬁ‘g;lf 23]
Bone mineral density variability 1 601884 AD LRP5 Nguyen et al. [28].
Osteoporosis 166710 AD LRP5 Estrada et al. [29].
Tooth agenesis, selective, 7 616724 AD LRP6 Massink et al. [30].
Coronary artery disease, autosomal dominant, 2 610947 AD LRP6 Mani et al. [31].
Myocardial infarction, susceptibility to 608446 LRP8 Shen et al. [32].
Robinow syndrome AR FZD2 White et al. [33].
Retinopathy of prematurity 133780 AD FZD4 MacDonald et al. [34].
Exudative vitreoretinopathy 1 133780 AD FZD4 Robitaille et al. [35].
receptor wnt5a FZD5
Nail disorder, nonsyndromic congenital, 10, claw-shaped nails 614157 AR FZD6 Frojmark et al. [36].
Williams syndrome FZD9 Wang et al. [37].
Fetal akinesia deformation sequence 208150 AR MUSK Tan-Sindhunata et al. [38].
Myasthenic syndrome, congenital, 9: a.ssociated with acetylcholine 616325 AR MUSK Chevessier et al. [39].
receptor deficiency
Obesity, association with 601665 Mu, AR, AD SDC3 Ha et al. [40].
Deafness, autosomal recessive 108 617654 AR ROR1 Diaz-Horta et al. [41].
Brachydactyly, type B1 113000 AD ROR2 Oldridge et al. [42].
Robinow syndrome, autosomal recessive 268310 AR ROR2 van i(;i(io:ce:lle[t4z:}lj.[43].
Simpson-Golabi-Behmel syndrome, type 1 312870 XLR GPC3 Pilia et al. [45].
Wilms tumor, somatic 194070 GPC3 White et al. [46].
Omodysplasia 1 258315 AR GPCe Campos-Xavier et al. [47].
Osteoarthritis susceptibility 1 165720 Mu SFRP3 Loughlin Eet al. [48].
Pyle disease 265900 AR SFRP4 Kiper et al. [49].
Craniodiaphyseal dysplasia, autosomal dominant 122860 AD SOST Kim et al. [50].
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Sclerosteosis 1 269500 AR SOST Brunkow et al. [51].
Van Buchem disease 239100 AR SOST Balemans et al. [52].
Ectodermal dysplasia 13, hair/tooth type 617392 AR KREMEN1 Issa etal. [53].
Tooth Agenesis AD DKK1 Dincka et al. [54].
Palmoplantar hyperkeratosis with squamous cell carcinoma of skin 610644 AR RSPO1 Parma [55].
and sex reversal
Palmoplantar hyperkeratosis and true hermaphroditism 610644 AR RSPO1 Tomaselli et al. [56].
Humerofemoral hypoplasia with radiotibial ray deficiency 618022 RSPO2 Szenker-Ravi et al. [57].
Tetraamelia syndrome 2 618021 RSPO2 Szenker-Ravi et al. [57].
Anonychia congenita 206800 AR RSPO4 Blaydon et al. [58].
Exudative vitreoretinopathy 2, X-linked 305390 NDP Chen et al. [59].
Norrie disease 310600 XLR NDP Schuback et al. [60].
Bone mineral density, low, susceptibility to 615311 LGR4 Styrkarsdottir et al. [61].
Sessile serrated polyposis cancer syndrome 617108 AD RNF43 Gala etal. [62].
Robinow syndrome, autosomal dominant 2 616331 AD DVL1 White et al. [63].
Robinow syndrome, autosomal dominant 3 616894 AD DVL3 White et al. [64].
Caudal duplication anomaly 607864 AXIN1 Oates et al. [65].
Hepatocellular carcinoma, somatic 114550 AXIN1 Taniguchi et al. [66].
Colorectal cancer, somatic 114500 AXIN2 Fearnhead etal. [67].
Oligodontia-colorectal cancer syndrome 608615 AD AXIN2 Lammi et al. [68].
Colorectal cancer, somatic 114500 CTNNB1 Morin et al. [69].
Exudative vitreoretinopathy 7 617572 AD CTNNB1 Panagiotou et al. [70].
Hepatocellular carcinoma, somatic 114550 CTNNB1 Koch etal. %ZH Chan etal.
Medulloblastoma, somatic 155255 CTNNB1 Pugh et al. [73].
Mental retardation, autosomal dominant 19 615075 AD CTNNB1 Tucci et al. [74].
Ovarian cancer, somatic 167000 CTNNB1 Sagae et al. [75].
Pilomatricoma, somatic 132600 CTNNB1 Chan et al. [72].
Arrhythmogenic right ventricular dysplasia 12 611528 AD JUP Asimaki et al. [76].
Naxos disease 601214 AR Jup McKoy et ?;.'gabral etal,
Adenomatous polyposis coli 175100 AD APC Groden et al. [78].
Brain tumor-polyposis syndrome 2 175100 AD APC Hamilton et al. [79].
Gardner syndrome 175100 AD APC Bapat et al. [80].
Colorectal cancer, somatic 114500 APC Nishisho et al. [81].
Desmoid disease, hereditary 135290 AD APC Scott et al. [82].
Gastric cancer, somatic 613659 APC Horii et al. [83].
Hepatoblastoma, somatic 114550 APC Su et al. [84].
Sotos syndrome 3 617169 AR APC2 Almuriekhi et al. [85].
Advanced sleep-phase syndrome, familial, 2 615224 AD CSNK1D Xu et al. [86].
Sebaceous tumors, somatic LEF1 Takeda et al. [87].
Agammaglobulinemia 8, autosomal dominant 616941 AD TCF3 Boisson et al. [88].
Corneal dystrophy, Fuchs endothelial, 3 613267 AD TCF4 Soliman et al. [89].
Pitt-Hopkins syndrome 610954 AD TCF4 Amiel et a[l(')(z)}"’eier etal.
Anauxetic dysplasia 2 617396 AR POP1 Glazov et al. [91].
ZTTK syndrome 617140 AD SON Zhu et al. [92].
Focal dermal hypoplasia 305600 XLD PORCN Wang et al. [93].
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As shown in Table 1. spectrum of human diseases related with
Wnt signaling is broad, ranging from genetic diseases to complex
diseases, but mainly for genetic diseases. Pathogenic genes for
diseases are involved in the various Wnt ligands, receptor/co-
receptor and regulators. The majority of gene mutations cause
genetic diseases, in which genetic skeletal disorders are the
main form [16-25].

Wnt Signaling and Human Skeletal Disorders

Components of Wnt signaling have been identified to have
close relationship with high or low bone density. LRP5 has both
loss or gain of function mutations that leads to low bone mass
diseases including osteopetrosis (mim 607634, 166710) and
osteoporosis-pseudoglioma syndrome (259770) [26-30]. high
bone mass diseases of osteosclerosis/ hyperostosis, endosteal
(mim 144750, Bone mineral density variability 1 (mim 601884)
and van Buchem disease, type 2 (mim 607636). Sclerosteosis
(SOST) mutation cause the high bone mass density (BMD)
diseases of Van Buchem syndrome (mim 239100), sclerosteosis
1 (mim 269500) and craniodiaphyseal dysplasia (mim 122860)
[31-35]. LRP4 mutation leads to type I sclerosteosis (mim
614305), which is also the disease with high BMD. Wnt1 is
the pathogenic gene for type XV osteogenesis imperfect, and
heterozygous of it mutation is responsible for early-onset
osteoporosis. Nonsense variation of ¢.376C-T in LGR4, is strongly
associated with low bone mass density and osteoporotic
fractures. SFRP3 as the antagonist of Wnt signaling, is one of the
susceptibility gene for osteoarthritis. Wnt5a (phenotype mim
180700) [36-40]. Fzd2, Ror2 (phenotype mim 268310), DVL1/3
(phenotype mim 616331, 616894) genes are all pathogenic
genes for different Robinow syndrome types, which is highly
related with Wnt/PCP signaling pathway. Wnt3 and Wnt7a are
required for normal limb development and patterning [41-45].

Mutation of them leads to aberrant limb disorder
(phenotype omim 273395, 276820, 228930). LRP4 (phenotype
omim 212780) [46-55]. GPC6 (phenotype omim 258315) and
SFRP4 (phenotype omim 265900) are all pathogenic gens for
limb disorders. Furthermore, Homozygous mutation of RSPO2
is reported to cause humerofemoral hypoplasia with radiotibial
ray deficiency [56-65]. (mim 618022) and tetraamelia
syndrome 2 (mim 618021). Wnt10a/b are required for normal
tooth development. Mutation of Wntl0a/b (phenotype mim
224750, 257980, 150400, 617073) and LRP6 receptor [66-
75]. (phenotype mim 603507), modulator of DKK1, KREMEN1
(phenotype mim 617392) and AXIN2 (phenotype mim 608615)
are all causative to tooth agenesis and these genes are involved
in canonical Wnt signaling. Meanwhile, receptor Fzd6 and
agonist RSPO1/4 mutations of Wnt signaling are related with
nail disorder such as claw-shaped [76-85]. nails (mim 614157),
palmoplantar hyperkeratosis (mim 610644), anonychia
congenital (mim 206800). Wnt 10b and ROR2, GP3 receptors in
the Wnt signaling is involved in the diseases of foot malformation
ectrodactyly (mim 225300), brachydactyly B1(mim 113000)
and Simpson-Golabi-Behmel syndrome (mim 312870) [86].
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Wnt Signaling and Non-Human Skeletal Disorders

Wnt signaling is implicated in various non-skeletal genetic
disorders. Neurological diseases associated with Wnt signaling
include Pitt-Hopkins syndrome (mim 610954), Sotos syndrome
3(mim 617169), mental retardation (mim 615075) and ZTTK
syndrome (mim 617140), with pathogenic gene of TCF4, APC2,
CTNNB1 and Son, respectively. Mutation of FZD4, NDP, LRP5
and CTNNB1 cause different type of exudative vitreoretinopathy
(mim 133780, 305390, 601813, 617572) [87-90]. APC and
RNF43 are pathogenic genes for brain tumor-polyposis syndrome
(mim 175100) and sessile serrated polyposis cancer syndrome
(mim 617108) correspondingly [91]. LRP6 and JUP gene are
responsible for coronary artery disease (mim 610947), Naxos
disease (mim 601214) and arrhythmogenic right ventricular
dysplasia (mim 6115280). Wnt signaling is associated with wide
spectrum of complex diseases, such as autism [92,93]. obesity,
myocardial infarction, especially different types of cancers, with
APC, CTNNB1, AXIN1/2, LEF1 and GPC3 from Wnt signaling
cascades. Hence, various drugs have been implicated in the
treatment of different cancers.

Conclusion

The review focuses on the relationship between Wnt
signaling components and human diseases. Genetic and
phenotypic heterogeneity is observed in both canonical and
non-canonical Wnt signaling pathways. Skeletal dysplasia and
cancers are the main types of Wnt signaling related diseases.
The diseases of Wnt signaling preference provides the targets
for treatment. Nowadays, many drugs targeting Wnt signaling
is in preclinical or clinical periods for cancer, osteoporosis,
neurodegenerative disease. Hopefully, the therapeutic of Wnt
signaling related diseases will be successful in the future.
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