'." frontiers

in Cell and Developmental Biology

REVIEW
published: 09 December 2020
doi: 10.3389/fcell.2020.558155

OPEN ACCESS

Edited by:

Angelika Stollewerk,

Queen Mary University of London,
United Kingdom

Reviewed by:

Jenifer Croce,

UMR7009 Laboratoire de Biologie du
Développement de Villefranche sur
Mer, France

Hoeke Abele Baarsma,

University of Groningen, Netherlands

*Correspondence:
Qi Wang
wqdimu@163.com
Hui Zhao
zhaohui@dmu.edu.cn

Specialty section:

This article was submitted to
Signaling,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 01 May 2020
Accepted: 04 September 2020
Published: 09 December 2020

Citation:

Wei M, Zhang C, Tian Y, Du X,
Wang Q and Zhao H (2020)
Expression and Function of WNT6:
From Development to Disease.
Front. Cell Dev. Biol. 8:558155.
doi: 10.3389/fcell.2020.558155

Check for
updates

Expression and Function of WNTG6:
From Development to Disease

Ming Wei', Congmin Zhang?, Yujia Tian?, Xiaohui Du?, Qi Wang'* and Hui Zhao3*

' Department of Respiratory Medicine, The Second Hospital of Dalian Medical University, Dalian, China, ¢ Department
of Scientific Research Center, The Second Hospital of Dalian Medical University, Dalian, China, ° The Health Check Up
Center, The Second Hospital of Dalian Medical University, Dalian, China

WNT family member 6 (WNT6) is a member of the highly conserved WNT protein family.
It plays an essential role in the normal development process, not only in embryonic
morphogenesis, but also in post-natal homeostasis. WNT6 functions in mice and
humans. This review summarizes the current findings on the biological functions of
WNTB6, describing its involvement in regulating embryogenesis, decidualization, and
organ development. Aberrant WNTE signaling is related to various pathologies, such as
promoting cancer development, lung tuberculosis, and kidney fibrosis and improving the
symptoms of Rett syndrome (RTT). Thus, due to its various functions, WNT6 has great
potential for in-depth research. This work not only describes the signaling mechanism
and function of WNT6 under physiological and pathological conditions, but also provides
a theoretical basis for targeted therapy.
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INTRODUCTION

WNT family member 6 (WNT6), a member of the Wingless/integrase 1 (WNT) family comprising
at least 19 members in mammals, is a secreted glycoprotein. The WNT signaling family is highly
conserved and in several species play essential roles in various physiological processes during
which it is either stimulated or inhibited. WNT signals mediate various cellular functions by
binding to different receptors on the cell membrane including 10 members of human Frizzled
(FZD) receptors, low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) receptor,
and many non-class FZD receptors (Baarsma et al., 2013). The WNT signaling pathways are
classified into the canonical WNT or WNT/B-catenin pathway, and the non-canonical WNT or
p-catenin-independent pathways (Figure 1).

The WNT/B-catenin pathway is stimulated by an extracellular WNT ligand that binds to
a FZD receptor and a LRP5/6 co-receptor (FZD and LRP5/6) on the cell membrane and
recruits disheveled (DVL) proteins to promote the dissociation of the P-catenin destruction
complex, leading to an intracellular signaling cascade. The B-catenin destruction complex
consists of the scaffold protein Axin, Adenomatous Polyposis Coli (APC), Casein Kinase-1
(CK-1), and Glycogen Synthase Kinase-38 (GSK-3p). In the absence of WNT signaling, the
p-catenin destruction complex phosphorylates p-catenin, leading to subsequent proteasomal
degradation of the protein. However, in the presence of WNT signaling, WNTs inactivate
the B-catenin destruction complex and prevent P-catenin degradation, thereby allowing
p-catenin accumulation in the cytoplasm and translocation into the nucleus. Then B-catenin
binds to the T-cell factor (TCF)/lymphoid enhancer factor (LEF) family of transcription
factors, mediating the activation of downstream targets (Willert and Jones, 2006; MacDonald
et al, 2009; Baarsma et al, 2013) such as Cyclin DI (CCNDI1, a Gl phase cyclin),
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FIGURE 1 | Canonical and non-canonical WNT pathways. Canonical WNT pathway: Extracellular WNT ligands bind to FZD and LRP5/6 on the cell membrane, and
recruit DVL protein to promote dissociation of the B-catenin destruction complex, followed by accumulation of B-catenin, which translocates to the nucleus to
interact with target downstream signaling molecules, activating intracellular signaling cascades. WNT/PCP pathway: Extracellular non-canonical WNT ligands bind to
FZD receptor and/or ROR/RYK co-receptors at the cell membrane, and recruit DVL protein to promote downstream effector components, such as RAC and RHOA
signaling cascades, regulating tissue polarity and cell movement. WNT/Ca2* pathway: Extracellular WNT ligands bind to FZD receptor and/or ROR/RYK
co-receptors at the cell membrane, and recruit DVL protein to promote PLC, leading to the formation of IP3 and DAG from PIP2, resulting in intracellular Ca2+
accumulation. Ca?* can activate CAMK and NFAT transcription factor to regulate downstream cascades. Abbreviations: PCP, planar cell polarity; LRP, low-density
lipoprotein receptor-related proteins; ROR, receptor tyrosine kinase-like orphan receptor; RYK, receptor-like tyrosine kinase; DVL, disheveled; CK1a, Casein
Kinase-1a; APC, adenomatous polyposis coli; GSK3B, glycogen synthase kinase-38; DAAM, disheveled associated activator of morphogenesis; PLC,
phospholipase C; PIP2, phospholipid phosphatidylinositol 4,5-bisphosphate; JNK, Jun-N-terminal kinase; RHOA, ras homolog family member A; CAMK,
calmodulin-dependent protein kinase; NFAT, nuclear factor of activated T cells; TCF/LEF, T-cell factor/lymphoid enhancer factor; CCND1, Cyclin D1; MMP7, matrix

Cytoplasm

c-Myc (a proto-oncogene), and matrix metallopeptidase
7 (MMP7, a Zn2 + -dependent proteolytic enzyme)
(Lietal., 2019).

In the p-catenin-independent WNT pathways, most WNT
ligands bind to FZD receptors, whereas others interact with
receptor tyrosine kinases of the ROR and RYK families
(Angers and Moon, 2009; Clevers et al., 2014; Schulte, 2015;
Shi et al., 2017). The B-catenin-independent WNT pathways
are primarily classified into the WNT/Planar cell polarity
(PCP) and WNT/Ca?" pathways. The WNT/PCP pathway
is associated with the downstream activation of c- Jun
N-terminal kinase (JNK) and ras homolog family member

A (RhoA) (Hwang and Kelly, 2012; Baarsma et al., 2013).
The WNT/PCP signaling pathway regulates cell adhesion,
migration, and polarity (Golenia et al., 2017; Shi et al,, 2017;
Villasenor et al., 2017). Conversely, the WNT/Ca?T pathway
is associated with the activation of phospholipase C (PLC)
and leads to the formation of inositol 1,4,5-triphosphate (IP3)
and 1,2 diacylglycerol (DAG), thereby increasing Ca’* level
and activating downstream targets. The WNT/Ca’?* pathway
is associated with muscle contraction, gene transcription,
and enzyme activation (Foulquier et al, 2018) and activates
both p-catenin-dependent and B-catenin-independent pathways
(Villasenor et al., 2017).
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WNT6, a WNT family member that is highly conserved
in various species, mainly considered to be a member of the
B-catenin-dependent WNT signaling pathway (Krawetz and
Kelly, 2008; Hwang and Kelly, 2012). However, it also functions
through the B-catenin-independent pathways (Li et al., 2014;
Schmeckpeper et al, 2015). WNT6 plays a critical role in
the early development of embryos, and promotes the normal
formation of various organs during the late development phase.
It regulates post-natal tissue homeostasis and pathological
disorders throughout the lifespan of organisms.

Because WNT6 is closely associated with many diseases,
understanding its biology is important. Our review discusses the
functions of WNT6 and its various signaling pathways, identified
through studies of various in vivo mouse models, in vitro mouse
and human cell systems, and clinical data in humans.

BASIC INFORMATION ON WNT6

WNT signaling components are highly conserved with respect
to both structure and function (Lavery et al., 2008; Foulquier
et al.,, 2018). The term WNT is a fusion of the wingless (Wg)
gene and the homologous vertebrate oncogene, intergrase-1 (int-
1) (Baarsma et al.,, 2013). WNT ligands are a family of secreted
glycoproteins consisting of at least 19 members in mammals
(Cawthorn et al., 2012). WNT6, an evolutionarily conserved
morphogenetic factor, belongs to the WNT family of secreted,
hydrophobic glycoprotein (Yuan et al.,, 2013). The wnt6 gene
is located in the 2q35 region of the human chromosome, and
encodes a 365 amino-acid polypeptide with an N-terminal signal
peptide, a WNT core domain and a RGD motif. Wnt6 is fused
with wntl0a in a head-to-tail manner, with an interval less than
7.0 kb (Kirikoshi et al., 2001); therefore, WNT6 and WNT10a
have some similar functions. For example, both WNT6 and
WNT10a inhibit adipogenesis and stimulate osteoblastogenesis
(Cawthorn et al., 2012). However, among the WNT proteins,
WNTT1 is the most homologous to WNT6 in the human genome
(Kirikoshi et al., 2001); They have synergistic effects in mice
(Otto et al., 2008; Hitchins et al., 2013; Huang et al., 2019)
and antagonistic effects in humans and mice (Otto et al., 2008;
Scheller et al., 2008; Hitchins et al., 2013; Li et al., 2014) at
different time points.

WNT6 plays a critical role in several aspects of mouse
embryonic development. Furthermore, WNT6 expression is
crucial for post-natal tissue homeostasis as well as pathological
disorders during the lifespan of mice and humans (Figure 2).

FUNCTIONS OF WNT6

Decidualization

In both mice and humans, with the initiation of attachment,
endometrial stromal cells surrounding the implanting

blastocysts undergo decidualization to embed the embryo
into the antimesometrial endometrial bed. The process of
decidualization includes stromal cell proliferation and stromal
decidual transformation with polyploidization. Wnt6 mRNA

is overexpressed in the stromal cells during decidualization,
which occurs between days 5 and 8 of pregnancy. Mice without
WNT6 expression have compromised term pregnancy with
substantially reduced litter size, demonstrating that WNT6
signaling is essential for normal pregnancy (Wang et al., 2013).
WNT6 deficiency markedly blocks stromal cell proliferation by
prolonging the stromal cell cycle, which might be associated
with decreased cyclin B1 (CCNB1), a key regulatory protein
controlling cell cycle progression. Cyclin Bl is also highly
expressed in the proliferative and secretory endometrium in
humans (Tang et al., 2009; Wang et al, 2013). It is possible
that WNT6 signaling plays a similar role during decidualization
in humans. However, the loss of WNT6 has no significant
effect on the differentiation of stromal cells into polyploidy
decidual cells, another main process of decidualization (Wang
et al, 2013). In summary, WNT6 plays a critical role in
stromal cell proliferation during decidualization, thereby
affecting normal embryonic development in mice, indicating
that WNT6 begins to function during embryo formation,
at least in mice.

Kidney Development

Renal development is initiated following the formation of the
epithelial ureter bud from the nephric duct and invasion of the
metanephric blastema in mice (Beaton et al., 2016). Among them,
the ureter tip region is the source of the primary inducer of
kidney tubule differentiation (Itaranta et al., 2002). In the mouse
embryo, wnt6 mRNA is expressed in the early ureter bud and
throughout the invading ureter bud when the epithelial ureter
bud grows into the nephric mesenchyme. It is also expressed
in the branching ureter tips where new branches are formed
during the early stage of kidney development in mouse embryo.
However, wnt6 mRNA expression is reduced during growth
of the ureter, possibly because of the maturing nephrogenic
mesenchyme that releases inhibitory factors to decrease WNT6
expression. WNT6 protein aids in the establishment of tubular
epithelial structures, increases the number of differentiated
tubules, and plays a role in further maturation. Simultaneously,
the expression of paired box gene (Pax2), Pax8, and E-cadherin
is markedly increased in the mesenchyme (Itaranta et al., 2002).
Pax2 is a marker of induction (Dressler et al., 1990) and Pax8
is a marker of pre-tubular cell aggregation (Plachov et al,
1990). All genes are markers for pre-tubular aggregates. These
results indicate that WNT6 induces pre-tubular aggregation
in the mesenchyme by upregulating these genes. However,
WNT6 cannot induce ureter tubule growth and branching
(Lin et al, 2001; Itaranta et al, 2002). In summary, WNT6
expression stimulates the interaction between the epithelium
and mesenchyme and regulates mesenchyme development to
induce kidney tubule formation rather than auto-regulating the
epithelium (Itaranta et al., 2002).

Differentiation of Human Dental Papilla
Cells

Human dental papilla cells (hDPCs), the precursors of
odontoblasts in human dental papilla tissue, have the potential
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FIGURE 2 | Function of WNTB6. In the mouse embryo, WNT6 is expressed and promote stromal cell proliferation during decidualization and induces pre-tubular
aggregation in the mesenchyme during formation of the renal tubule. WNT6 also prevents adipogenesis and stimulates osteoblastogenesis in mice. With respect to
disease, in mice, loss of WNT6 correlates with the development of kidney fibrosis, and WNT6 can maintain the integrity of epithelium. WNT6 expression promotes
the development of lung tuberculosis and GBM. In human cell models, WNT6 expression promotes the differentiation and migration of hDPCs and promotes the

to differentiate into odontoblasts and dental pulp cells (Huang
et al., 2008), indicating that they play a critical role in tooth
formation and development. WNT6 has been detected in the
oral and dental epithelium and in the primary and secondary
enamel knots, and low levels have been observed in mouse
dental papilla cells (Wang et al., 2010). WNT6 has also been
found in hDPCs in vitro (Wang et al, 2010; Li et al., 2014).
The BrdU incorporation assay and flow cytometry have shown
that the percentage of proliferating hDPCs in the WNT6
protein expression group is similar to that of the control
group, indicating that WNT6 protein does not promote cell
cycle progression in hDPCs. Thus, WNT6 does not affect
the proliferation of hDPCs. However, WNT6 increases the
number and size of calcified nodules in hDPCs during the
tooth mineralization process, and upregulates expression of
the alkaline phosphatase gene and dentin matrix protein 1
(DMP-1), which are important markers of biomineralization
(Wang et al., 2010; Li et al., 2014). It also increases the expression
of osteogenic marker genes such as osteonectin (ON) and
osteopontin (OPN). Moreover, wnt6 mRNA increases the
expression of type I collagen (Col I), an extracellular matrix
protein in the connective tissue of dentin that is primarily
released by fibroblasts and osteoblasts (Dalgleish, 1997). WNT6
protein also activates and upregulates phosphorylated JNK and
c-Jun mRNA in hDPCs to induce migration and differentiation
(Li et al.,, 2014). These results indicate that although WNT®6 is

not involved in the proliferation of hDPCs, it is involved in the
specific differentiation and migration of hDPCs through the
B-catenin-independent WNT pathway.

Adipogenesis and Osteoblastogenesis

Mesenchymal stem cells (MSCs) differentiate into various cell
types including adipocytes and osteoblasts. The dysregulation
of these two cell types strongly correlates with obesity, type 2
mellitus diabetes, and osteoporosis. Therefore, maintenance of
the normal functioning of MSCs is important. WNT/B-catenin
signaling is an important regulator of mesenchymal stem cells
(MSCs). Cawthorn et al. (2012) found that the mRNA expression
of wnt6, wntl0a, and wnt10b was markedly reduced in adipocytes
both in vitro and in mice. The ectopic mRNA expression
of wnt6, wntlOa, and wntl0b suppresses the expression of
two adipogenic transcription factors, peroxisome proliferator-
activated receptor-y (PPARy), and CCAAT/enhancer binding
protein-a (C/EBPa) in 3T3-L1 pre-adipocytes and completely
inhibits neutral lipid accumulation (Cawthorn et al, 2012;
Guo et al, 2019), indicating that all three WNTs suppress
adipogenesis, even prior to the induction of the process.
By contrast, loss of the three WNTs promotes adipogenesis.
Knockdown of B-catenin prevents this inhibitory event, and
also increases the expression of PPARy. Thus, B-catenin is an
essential factor for the inhibition of adipogenesis (Cawthorn
et al, 2012). Thus, during adipogenesis, WNT6, WNT10a,
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and WNT10b suppress adipogenic transcription factors to
inhibit adipogenesis through the p-catenin-dependent WNT
pathway. As for the upstream molecular mechanism of WNT6
during adipogenesis WNT6 is associated with C/EBPB and
lysine-specific demethylase 5A (KDM5A). C/EBPP is a key
early adipogenic factor that is expressed in 3T3-L1 pre-
adipocytes. KDM5A is the transcriptional target of C/EBPf. The
overexpression of C/EBPB and KDM5A decrease wnt6 mRNA
expression in 3T3-L1 pre-adipocytes during differentiation.
Knockdown of C/EBPP and KDM5A results in an increase
in wnt6 mRNA expression; however, KDM5A and C/EBPP
are not affected by WNT6. This suggests that KDMS5A
and C/EBPP are upstream molecules of WNT6. Binding of
C/EBPB and KDM5A to the promoter of WNT6 results in
its inhibition. The specific mechanism of inhibition includes
the recruitment of KDM5A to the promoter of WNT6 in
a C/EBPB-dependent manner, which results in the inhibition
of WNT6 transcription. Then the expression of C/EBPa and
PPARYy is upregulated, which stimulates adipogenesis (Guo et al.,
2019). This indicates that the inhibition of WNT6 can promote
adipogenesis. Additionally, ribosomal protein S6 kinase 1 (S6K1),
another molecule that stimulates adipogenesis, is activated and
translocates into the nucleus to suppress the transcription
of WNT6, WNT10a, and WNTI10b genes by phosphorylating
histone H2B (Yi et al., 2016). This indicates that the S6KI-
WNT pathway is a potential therapeutic target for obesity
and other related metabolic disorders. In summary, a complex
network of signaling molecules is involved in the inhibition of
adipogenesis by WNT6.

In addition to inhibiting adipogenesis, WNT6, WNT10a,
and WNTIO0b also stimulate osteoblast differentiation. The
ectopic expression of each wnts mRNA not only upregulate
the expression of Twistl, a transcription factor involved in
the regulation of osteoblastogenesis, but also increases the
expression of alkaline phosphatase, an osteoblast marker.
Moreover, they also increase the calcium content in cells,
thereby promoting the differentiation of stem cells (ST cells) into
osteoblasts. However, B-catenin loss prevents this stimulation.
Similarly, a block by short hairpin RNA of three WNT
expression suppresses osteoblastogenesis. In summary, WNTS6,
WNT10a, and WNT10b inhibit adipogenesis and induce
osteoblastogenesis by activating the WNT/B-catenin pathway
(Cawthorn et al,, 2012). Although the functions of these three
WNT ligands are similar, the impact of the positive expression
and function of both WNTI10a and WNT10b is stronger
than that of WNT6 in osteoblastogenesis and adipogenesis.
However, the impact of the endogenous knockdown of wnt6
in adipogenesis and osteoblastogenesis is stronger than that
of endogenous knockdown of both wntl0a and wntl10b
(Vertino et al., 2005; Cawthorn et al., 2012). This indicates
that the influence of WNT6 is more than that of WNT10a
and WNTI0b in adipogenesis and osteoblastogenesis, at least
under in vitro conditions; however, the exact mechanism
requires further studies. Collectively, WNT6, WNT10a, and
WNT10b, as endogenous regulators in mesenchymal precursors,
work synergistically to suppress adipogenesis and promote
osteoblastogenesis, and also compensate for each other. The

cooperative function of the three WNTs might be closely related
to the arrangement of their genes in adjacent positions on the
same chromosome.

DISEASES
Cardiac Injury

During heart injury, several events occur to protect the
heart from damage, one of which is the inhibition of
WNT signaling. Inhibition of the B-catenin-dependent WNT
signaling pathway decreases the infarct size during cardiac
injury (Zelarayan et al, 2008; Bergmann, 2010). In adults,
cardiac progenitor cells (CPCs) reside in niches and might be
involved in cardiac regeneration; however, they cannot achieve
functional repair of the myocardium. The secreted frizzled-
related protein 2 (Sfrp2), a WNT inhibitor, is upregulated
during cardiac injury and stimulates the differentiation of CPCs
into cardiomyocytes in the border zone, following ischemia
reperfusion injury (Kobayashi et al., 2009; Schmeckpeper et al.,
2015). WNT6 protein promotes the proliferation of CPCs
in mice but inhibits their differentiation via the P-catenin-
dependent WNT pathway; however, Sfrp2 blocks this event.
Importantly, Sfrp2 does not influence the proliferation of CPCs
without the involvement of WNT6. Moreover, Sfrp2 does
not have any significant effect on CPC differentiation in the
absence of WNT6, indicating that the effect of proliferation
suppression and differentiation promotion are a result of the
interaction between WNT6 and Sfrp2. In CPCs, Sfrp2 inhibits
the B-catenin-dependent pathway and activates the B-catenin-
independent pathway. Moreover, it activates the B-catenin-
independent JNK pathway by inhibiting the 3-catenin-dependent
WNT6 pathway (Schmeckpeper et al, 2015). In summary,
sfrp2 combines with WNT6 to promote CPCs differentiation
and inhibit proliferation, providing a theoretical basis by
which WNT6 plays a role in rescuing indirect myocardial
injury (Table 1).

Kidney Fibrosis

Studies have suggested that activation of the WNT signaling
pathway is essential for the repair of renal tubular epithelium
and mesangium during acute kidney injury (Terada et al., 2003;
Lin et al, 2010). WNT6 expression is markedly reduced not
only in diabetic nephropathy patients, but also in mice models
of tubule-interstitial fibrosis (e.g., unilateral ureteral obstruction)
and acute tubular injury (AKI), which are mostly caused by
the deposition of extracellular matrix and the loss of epithelial
integrity. Moreover, the low-expression of WNT6 protein is
associated with the development of kidney fibrosis. Thus, WNT6
has a protective effect on the kidneys and prevents renal fibrosis
by regulating epithelial fate. In addition, WNT6 protects the
integrity of the epithelium by inhibiting transforming growth
factor-B1 (TGF-B1), thereby preventing renal epithelial cells
from undergoing epithelial to mesenchymal transition (EMT)
through a non-canonical TGF-B1 pathway. Additionally, WNT6
also promotes de novo tubulogenesis under in vitro conditions.
Renal tubular epithelial cells that express WNT6 protein form
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TABLE 1 | Summary of the expression and function of WNT6 in different diseases.

Disease Expression Effector(s) Consequence(s) References

Cardiac injury N B-catenin Proliferation, Differentiation Schmeckpeper et al., 2015

Kidney Fibrosis N TGF-B1 EMT Beaton et al., 2016

Lung Tuberculosis 4 Arg-1, TNF-a Polarization Schaale et al., 2013
c-Myc Proliferation

Rett Syndrome 4 B-catenin, IGF-1, BDNF Rescue symptom Hsu et al., 2020

Glioblastoma 4 Ki-67, Cyclin D1 Proliferation Goncalves et al., 2018
STAT3, p-catenin Invasion, Migration
- Chemoresistance

Colorectal Cancer 4 Bax, caspase-3 Anti-apoptosis Zheng and Yu, 2018
MMP2 Migration

Gastric Cancer 4 B-catenin Anti-apoptosis, chemoresistance Yuan et al., 2013

EMT, epithelial-mesenchymal transition; TGF-B1, transforming growth factor-1; Arg-1, Arginase-1; TNF-a, tumor necrosis factor; IGF-1, insulin-like growth factor-
1; BDNF, brain-derived neurotrophic factor; STATS3, signal transducer and activator of transcription 3; Bax, B-cell lymphoma 2-associated X protein; MMP2, matrix

metallopeptidase 2.

the larger spheroids and new tube-like protrusions, indicating
that WNT6 promotes the formation of new kidney tubules by
activating the B-catenin-dependent WNT pathway (Beaton et al.,
2016). In summary, the loss of WNT6 has the potential to
cause the development of renal diseases, and the expression of
WNT6 induces the formation of new renal tubules, suggesting
that WNT6 has regenerative and repair functions. Moreover,
the ability of WNT6 expression maintain the integrity of the
epithelium is also an important theoretical basis for it to become
a therapeutic target for renal fibrosis.

Lung Tuberculosis

Human tuberculosis (TB), caused by Mycobacterium
tuberculosis, infects alveolar macrophages - the primary
host cells of M. tuberculosis. WNT signaling reportedly has
immunoregulatory functions in various inflammatory and
infectious diseases such as tuberculosis and atherosclerosis
(Schaale et al., 2013; Villasenor et al., 2017). Infection of the
mouse lung with M. tuberculosis leads to an increase in the level
of wnt6 mRNA compared to other wnt genes. Furthermore, a
positive correlation has been identified between the intensity of
WNT6 protein expression, the number of M. tuberculosis colony
forming units (CFUs), and the degree of inflammation induced
by M. tuberculosis. A mutual relationship was identified between
WNT6 expression and macrophages in TB infection. The level
of wnt6 mRNA in the macrophages of infected lung tissues
depends on toll-like receptor (TLR), myeloid differentiation
primary response88 (Myd88), and nuclear factor kappa (NF«B).
Furthermore, wnt6 mRNA increases the level of Arginase-1
(Arg-1) and mannose receptor 1 (MRC-1). Arg-1 is the mouse
marker for alternatively activated macrophages (M2), and
MRC-1 is a marker for alternative macrophage activation. These
indicate that WNT6 promotes inflammation in the infected
macrophages, and in uninfected macrophages by increasing
anti-apoptotic factors such as B-cell lymphoma 2 (BCL-2).
WNT6 changes macrophages into the M2-like phenotype
by increasing Arg-1 and decreasing TNF-a (Schaale et al,
2013). Additionally, wnt6 mRNA induces expression of the

c-Myc gene in macrophages, through a p-catenin independent
pathway, to promote macrophage proliferation (Varlakhanova
and Knoepfler, 2009; Schaale et al, 2013). c-Myc regulates
the expression of genes associated with the M2 phenotype
(Pello et al, 2012); however, the WNT6/c-Myc-associated
mechanism requires further study. These results suggest that
WNT6 induces inflammatory responses. In summary, WNT6
is exclusively expressed in macrophages with granulomatous
lesions, and promotes inflammation rather than eradicating
M. tuberculosis. Moreover, the infection of human monocyte-
derived macrophages with M. tuberculosis H37Rv increases wnt6
mRNA expression, suggesting the regulation of a similar WNT
homolog in human macrophages (Schaale et al., 2013).

Rett Syndrome

Rett syndrome (RTT) is a neurological and developmental
disorder caused by a mutation in the methyl-CpG-binding
protein 2 (MECP2) gene. Patients usually exhibit normal
development at the infant stage; however, abnormal behaviors,
such as locomotion impairment, cognitive function deficits, and
other intellectual disability-related symptoms appear later in
life (Amir et al., 1999; Swanberg et al,, 2009). MECP2, an X
chromosome-linked gene, is a transcriptional repressor. wnt6
mRNA expression is significantly reduced in MECP2 mutant
mice models, controlled by MeCP2 SUMOylation (Hsu et al.,
2020). MeCP2 is suppressed in multiple RTT-associated MECP2
mutations (Tai et al., 2016). Additionally, the expression of brain-
derived neurotrophic factor (BDNF) and insulin-like growth
factor-1 (IGF-1) improves RTT in both patients and RTT
mouse models (Li et al., 2012; Li and Pozzo-Miller, 2014; Pini
et al., 2014). WNT6 overexpression increases the activity of the
promoters of both IGF-1 and BDNF in a dose-dependent manner
in HEK293T cells, and can also restore the level of bdnf and igf-1
mRNA in mouse, and suppress the binding of cAMP-responsive
element binding protein (CREB) to IGF-1 and BDNF to increase
the expression of two genes. WNT6 may increase MECP2
SUMOylation by increasing the expression of IGF-1 and BDNF.
Thus, the overexpression of WNT6 increases the expression
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of both IGF-1, BDNF and MECP2 SUMOylation to partly
improve abnormal behaviors. Additionally, in mutant mice,
environmental enrichment (EE) also upregulates WNT6 protein
expression by mediating the NMDA receptor and increases the
expression of IGF-1, BDNE, and MECP2 SUMOylation. Thus,
a positive regulatory loop exists between MECP2 SUMOylation
and WNT6 expression, and this loop is composed of multiple
molecules that improve RTT. However, the exact molecular
mechanism requires further investigation. One signaling pathway
might be a B-catenin-dependent WNT pathway, since the
overexpression of WNT6 restores the level of B-catenin and GSK-
3P phosphorylation in mutant mice. However, lentivirus-WNT6
transduction, which shows limited expressed in the amygdala,
partially but not completely, rescues motor function deficits and
social behavior deficits in MECP2 T158A mutant mice. The
activated neuron in the amygdala is insufficient to recovery the
full behavior. Therefore, it is possible that maybe other molecules,
in addition to WNT6, have the potential to improve RTT (Hsu
etal., 2020). Nevertheless, WNT6 signaling plays an essential role
in improving RTT syndrome via the WNT/B-catenin pathway.
A preliminary hypothesis is that the overexpression of WNT6
in the amygdala regulates dopamine release from the nucleus
accumbens to regulate motor behavior; however, the hypothesis
requires further investigation (Hsu et al., 2020). Collectively,
WNT6 expression alleviates symptoms of RTT syndrome.
Although one mechanism involves the B-catenin-dependent
WNT pathway, several other pathways are also associated with
WNT6, however, this requires further investigations.

Glioblastoma

In adults, glioblastoma (GBM) is the most lethal tumor of the
central nervous system. Grade IV glioma has the strong ability
to invade and spread (Goncalves et al.,, 2018; Goncalves et al.,
2020). Analysis of The Cancer Genome Atlas (TCGA) has shown
that in low-grade glioma, wnt6 mRNA is not overexpressed.
Analysis of TCGA and other dataset of glioma tissues has
shown that certain GBM patients show high expression of wnt6
mRNA and protein in tumor cells. Analysis of various GBM
subtype patients in independent queues has revealed that wnt6
mRNA is overexpressed in several GBM molecular subtypes
(classical, mesenchymal, neural and proneural) (Goncalves et al.,
2018). These results suggest that the level of WNT6 expression
is associated with the glioma grade; however, no significant
difference has been found in the GBM subtypes. Wnt6 mRNA
expression markedly enhances the proliferation, migration, and
invasion of human GBM cells through cell proliferation, as shown
by enzyme-linked immunoassay, wound healing migration, and
matrigel invasion assays. Furthermore, high expression of wnt6
mRNA and protein has been shown to decrease overall survival
(OS) in both intracranial mouse models and patients. Mice with
WNT6-overexpressing tumors show GBM-related neurological
symptoms early on. The body weight loss in WNT6 over-
expressing tumors is faster than that in low expressing tumors
(Goncalves et al.,, 2018). These results indicate that WNT6
expression is a key oncogenic and aggressive mediator of GBM.
Previous reports have shown that WNT signals are closely
associated with GBM resistance (Nager et al., 2012). WNT6

silenced human GBM cells are more sensitive to temozolomide
(TMZ), which is a gold-standard chemotherapy drug used in
GBM patients. The sensitivity of radiation treatment is not
significantly affected by the level of WNT6 expression (Goncalves
et al., 2018). In addition to the aforementioned functions of
WNT6 in tumors, it also regulates the functions of tumor stem
cells, thereby promoting tumor development. WNT6 expression
is positively correlated with typical stem cell-associated genes
in GBM patients, according to TCGA analysis. The levels
of NESTIN and SOX2 proteins, common markers of GBM
stem cells (GSCs), are significantly decreased in WNT6-silenced
human GBM cells. Moreover, WNT6 increases the capacity
of GBM cells to form neurospheres and the frequency of
neurosphere formation (upon culturing under GSC conditions),
functionally indicating that WNT6 positively correlates with
the self-renewal capacity of tumor stem cells. In addition
to promoting GSC form neurosphere, WNT6 also maintains
the phenotype of GSCs. This indicates that WNT6 promotes
the expression of glioblastoma stem cell-associated genes and
functionally impacts the self-renewal capacity of the tumor
(Goncalves et al., 2018).

In WNT6-silenced human GBM cells, the activation of
Src family kinases (SFK), heat shock protein (HSP) family
(HSP27), and the total levels of B-catenin are inhibited or
decreased, indicating that WNT6 acts through the B-catenin-
dependent WNT pathway, the SFK/STAT pathway, and the
PI3K/AKT/mTOR pathway. However, the WNT6 target in each
pathway is different in different cell lines, but the effect is the
same. In the PI3K/AKT/mTOR pathway, WNT6-silenced U373
cells directly inhibit the activation of AKT and mTOR, while
WNT6-silenced SNB19 cells inhibit the downstream targets such
as p70 S6K and eNOS. In the SFK/STAT pathway, WNT6-
silenced U373 cells increase serine 727(S727) phosphorylation
to decrease signal transducer and activator of transcription
3 (STAT3) activity. WNT6-silenced SNB19 cells decrease the
phosphorylation of tyrosine 705 (Y705) to decrease STAT3
activity (Goncalves et al., 2018). In GBM, WNT6 expression
is regulated by Homeobox A9 (HOXA9) to stimulate the
B-catenin-dependent WNT pathway. HOXAJY, a transcriptional
regulator, binds to the WNT6 promoter and activates the
expression of WNT6 in GBM cells. Moreover, WNT6 and
HOXA9 are associated with the progress of GBM, resulting in
poor clinical outcome when either show a high expression level.
However, the functioning of WNT6 is independent on HOXA9.
Furthermore, both WNT6 and HOXA9 are co-expressed in GBM
and other diseases including leukemia, testicular germ cell tumor,
melanoma, and cholangiocarcinoma (Goncalves et al., 2020),
indicating that the scope of WNT6 function is broader. WNT6
expression is regulated by HOXA9 and DNA methylation. In
glioma, the DNA methylation level of the WNT6 promoter
and specific CpG regions on the genome is associated with
the expression level of WNT6. Moreover, a high level of DNA
methylation of specific CpG regions in the promoter is associated
with WNT6 silencing, while gene body methylation is positively
associated with its expression. The CpG sites are more frequently
methylated in low-grade gliomas (LGG) compared to GBM
patients (Goncalves et al., 2020). This indicates that WNT6
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DNA methylation is at least partly involved in the regulation of
WNT6 expression in gliomas. In summary, WNT6 accelerates
the development of GBM in various aspects; therefore, it is a
critical biomarker of tumor recurrence. WNT6 is also a potential
therapeutic target or prognostic marker of GBM.

Colorectal Cancer

Colorectal cancer (CRC) is one of the most common malignant
tumors worldwide. Wnt6 mRNA expression is increased in
HCT116 and SW480 human CRC cells compared to other three
colon cancer cell lines (LoVo, SW620, and HT29) (Zheng and Yu,
2018; Li et al., 2019). The high expression of WNT6 increases
the proliferative ability of CRC cells (human CRC lines) by
accelerating the cell cycle. The loss of WNT6 protein inhibits
the expression of caspase-3 and increases the expression of
B-cell lymphoma 2-associated X protein (Bax) (an apoptosis-
promoting member of the Bcl-2 family). WNT6 overexpression,
however, reverses this effect. This indicates that WNT6 protein
expression can regulate apoptosis-regulated genes to inhibit
apoptosis and promotes tumor development. Moreover, the high
level of WNT6 protein increases the expression of MMP2 and
induces CRC cell migration. MMP2 is also involved in the
breakdown of the extracellular matrix (Zheng and Yu, 2018).
Therefore, WNT6 expression promotes the development and
metastasis of CRC. In addition, the promoter region of WNT6
is bound by polymorphic adenoma-like protein 2 (PLAGL2) in
the nucleus of CRC cells (Li et al., 2019). PLAGL2, a zinc finger
protein derived from the PLAG gene family (Kas et al., 1998;
Furukawa et al., 2001; Wezensky et al., 2010), is a proto-oncogene
and a transcription factor. PLAGL2 combines with the WNT6
promoter and activates the $-catenin-dependent WNT signaling
pathway, thereby stimulating various downstream target genes
(such as MMP7, CCND1) and promoting tumor development (Li
et al., 2019). The acceleration of tumor progression by WNT6
is not only reflected in the basic molecular mechanisms, but
also in the clinical prognosis. Analysis of 106 patients with
colorectal liver metastasis revealed that, compared to the low
level of WNT6 protein expression, the overexpression of WNT6
protein shortens the 5-year OS rate following liver resection in
colorectal liver metastasis. Moreover, the influence of WNT6 in
patients with different risk levels is also different. Following liver
resection for colorectal liver metastasis in low-risk patients, the
5-year OS rate was found to be lower in the group with high
WNT6 protein expression level compared to the low WNT6
expression group. However, it was not significantly different in
the high-risk patients. This might be attributed to the different
characteristics of patients with different-risk levels. Since low-
risk patients have the potential for long-term survival, they
are more sensitive to WNT6 expression (Peng et al, 2019).
However, these result require further study because the sample
size has not been large enough. In summary, WNT6 plays a key
role in promoting the development of CRC and is a potential
therapeutic target.

Gastric Cancer
Gastric cancer (GC) is one of the largest causes of cancer-
related deaths worldwide. WNT6 expression is low in some

primary human GC cell lines compared to cell lines derives
from distant metastases such as MKN45, MKN7, and NCIN87.
Not all GC cells express high levels of WNT6. In GC, caveolin-
1 (Cavl) can regulate the expression of WNT6. Caveolin,
a plasma membrane micro-domain enriched in cholesterol
and sphingolipids, is an essential structural protein (Razani
et al, 2002; Parton and Simons, 2007). Cavl is associated
with lipid transport, gene regulation, and signal transduction
(Anderson and Jacobson, 2002; Williams and Lisanti, 2005).
MKN45/RNAi cells expressing low levels of Cavl were found to
have a low level of wnt6 mRNA expression, while MKN45/Cav1
cells overexpressing Cavl had a high level of wnt6 mRNA
expression. Other GC cell lines (AGS and HEK293) also had
the same expression profile, indicating that Cavl can upregulate
the expression of WNT6. MKN45/RNAiCavl contributes to
chemoresistance. MKN45/RNAi cells are more sensitive to
anthracycline (epirubicin) than Cavl-expressed cells might by
activating apoptosis. MKN45/RNA| cells with WNT6 knockdown
have a similar effect as anthracycline. When Cavl is not
expressed, in the absence or presence of wnt6 mRNA expression,
cells are not significantly different regarding their sensitivity
to anthracycline (epirubicin). By contrast, the overexpression
of both WNT6 and Cavl decreases cell death, indicating
that Cavl activates WNT6 to prevent tumor cell apoptosis,
and induces chemoresistance through the B-catenin-dependent
WNT pathway. These data suggest that WNT6 and Cavl
are potential therapeutic targets to improve chemoresistance.
A study found that cells expressing WNT6 at low levels,
when treated with anthracycline, expressed increasing levels
of wnt6 mRNA and protein in a time-dependent manner, by
activating the WNT/B-catenin pathway. These results indicate
that Cavl and WNT6 increase chemoresistance by activating
the WN'T/B-catenin pathway. Moreover, anthracycline promotes
the expression of WNT6 to increase chemoresistance. This
mechanism differs from that of the classical multidrug resistance
transporters (Yuan et al., 2013). Additionally, in primary cancer,
WNT6 suppresses rapid proliferation in the early stages of
tumorigenesis, and its expression can be silenced. However, in
the advanced stages of GC, WNT6 is re-upregulated to protect
the GC cells (Yuan et al., 2013), due to the different functions of
WNT6 dominating at different times.

CONCLUSION

WNT6 belongs to the family of WNT ligands and is a highly
conserved molecule that plays various roles in mice and humans.
Its expression and function begin from the early stage of
embryonic formation, and play a role in several stages of life.
Importantly, WNT6 has the ability to become a therapeutic
target, because it plays an important role in human diseases.
However, further studies are needed to elucidate the role of
WNT6 in diseases. Current research has mainly used animal
disease models and clinical studies to provide comprehensive
evidence of the role of WNT6. Meanwhile, the research on the
mechanisms underlying WNT6 in disease is are still limited;
thus, additional investigations are needed to provide a better
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understanding of the biology and function of WNT6 and its
potential as a therapeutic target in these diseases.

AUTHOR CONTRIBUTIONS

MW, QW, XD, and HZ wrote, performed the revisions, and
reviewed the manuscript. CZ and YT conducted the literature
research. All authors gave the final approval of the manuscript.

REFERENCES

Amir, R. E., Van den Veyver, I. B, Wan, M., Tran, C. Q., Francke, U., and Zoghbi,
H. Y. (1999). Rett syndrome is caused by mutations in X-linked MECP2,
encoding methyl-CpG-binding protein 2. Nat. Genet. 23, 185-188. doi: 10.1038/
13810

Anderson, R. G., and Jacobson, K. (2002). A role for lipid shells in targeting
proteins to caveolae, rafts, and other lipid domains. Science 296, 1821-1825.
doi: 10.1126/science.1068886

Angers, S., and Moon, R. T. (2009). Proximal events in Wnt signal transduction.
Nat. Rev. Mol. Cell Biol. 10, 468-477. doi: 10.1038/nrm2717

Baarsma, H. A., Konigshoff, M., and Gosens, R. (2013). The WNT signaling
pathway from ligand secretion to gene transcription: molecular mechanisms
and pharmacological targets. Pharmacol. Ther. 138, 66-83. doi: 10.1016/].
pharmthera.2013.01.002

Beaton, H., Andrews, D., Parsons, M., Murphy, M., Gaffney, A., Kavanagh, D.,
etal. (2016). Wnt6 regulates epithelial cell differentiation and is dysregulated in
renal fibrosis. Am. J. Physiol. Renal Physiol. 311, F35-F45. doi: 10.1152/ajprenal.
00136.2016

Bergmann, M. W. (2010). WNT signaling in adult cardiac hypertrophy and
remodeling: lessons learned from cardiac development. Circ. Res. 107, 1198-
1208. doi: 10.1161/circresaha.110.223768

Cawthorn, W. P, Bree, A. ], Yao, Y., Du, B., Hemati, N., Martinez-Santibanez, G.,
et al. (2012). Wnt6, Wntl0a and Wntl0b inhibit adipogenesis and stimulate
osteoblastogenesis through a beta-catenin-dependent mechanism. Bone 50,
477-489. doi: 10.1016/j.bone.2011.08.010

Clevers, H., Loh, K. M., and Nusse, R. (2014). Stem cell signaling. An integral
program for tissue renewal and regeneration: Wnt signaling and stem cell
control. Science 346, 1248012. doi: 10.1126/science.1248012

Dalgleish, R. (1997). The human type I collagen mutation database. Nucleic Acids
Res. 25, 181-187. doi: 10.1093/nar/25.1.181

Dressler, G. R., Deutsch, U., Chowdhury, K., Nornes, H. O., and Gruss, P. (1990).
Pax2, a new murine paired-box-containing gene and its expression in the
developing excretory system. Development 109, 787-795.

Foulquier, S., Daskalopoulos, E. P., Lluri, G., Hermans, K. C. M., Deb, A, and
Blankesteijn, W. M. (2018). WNT signaling in cardiac and vascular disease.
Pharmacol. Rev. 70, 68-141. doi: 10.1124/pr.117.013896

Furukawa, T., Adachi, Y., Fujisawa, J., Kambe, T., Yamaguchi-Iwai, Y., Sasaki,
R., et al. (2001). Involvement of PLAGL2 in activation of iron deficient- and
hypoxia-induced gene expression in mouse cell lines. Oncogene 20, 4718-4727.
doi: 10.1038/sj.0nc.1204647

Golenia, G., Gatie, M. I, and Kelly, G. M. (2017). Frizzled gene expression and
negative regulation of canonical WNT-beta-catenin signaling in mouse F9
teratocarcinoma cells. Biochem. Cell Biol. 95, 251-262. doi: 10.1139/bcb-2016-
0150

Goncalves, C. S., Vieira, de Castro, J., Pojo, M., Martins, E. P., Queiros,
S., et al. (2018). WNT6 is a novel oncogenic prognostic biomarker
in human glioblastoma. Theranostics 8, 4805-4823. doi: 10.7150/thno.
25025

Goncalves, C. S., Xavier-Magalhaes, A., Martins, E. P., Pinto, A. A., Pires, M. M.,
Pinheiro, C., et al. (2020). A novel molecular link between HOXA9 and WNT6
in glioblastoma identifies a subgroup of patients with particular poor prognosis.
Mol. Oncol. 14, 1224-1241. doi: 10.1002/1878-0261.12633

Guo, L, Guo, Y. Y, Li, B. Y., Peng, W. Q,, and Tang, Q. Q. (2019). Histone
demethylase KDM5A is transactivated by the transcription factor C/EBPbeta

FUNDING

This study was supported by grants from the National Natural
Science Foundation of China 81703087, 81903185, and 81972916,
United Fund of the Second Hospital of Dalian Medical University
and Dalian Institute of Chemical Physics, Chinese Academy of
Sciences (UF-ZD-202011), and the National High Technology
Research and Development Program (863 Research Projects) of
China (No. 2015AA020409).

and promotes preadipocyte differentiation by inhibiting Wnt/beta-catenin
signaling. J. Biol. Chem. 294, 9642-9654. doi: 10.1074/jbc.RA119.008419

Hitchins, L., Fletcher, F., Allen, S., and Dhoot, G. K. (2013). Role of sulflA in
Wntl- and Wnt6-induced growth regulation and myoblast hyper-elongation.
FEBS Open Bio 3, 30-34. doi: 10.1016/j.fob.2012.11.007

Hsu, W. L., Ma, Y. L, Liu, Y. C, Tai, D. J. C,, and Lee, E. H. Y. (2020). Restoring
Wnit6 signaling ameliorates behavioral deficits in MeCP2 T158A mouse model
of Rett syndrome. Sci. Rep. 10:1074. doi: 10.1038/541598-020-57745-w

Huang, G. T., Sonoyama, W., Liu, Y., Liu, H., Wang, S., and Shi, S. (2008). The
hidden treasure in apical papilla: the potential role in pulp/dentin regeneration
and bioroot engineering. J. Endod. 34, 645-651. doi: 10.1016/j.joen.2008.03.001

Huang, J., Wang, K,, Shiflett, L. A, Brotto, L., Bonewald, L. F., Wacker, M. ], et al.
(2019). Fibroblast growth factor 9 (FGF9) inhibits myogenic differentiation
of C2C12 and human muscle cells. Cell Cycle 18, 3562-3580. doi: 10.1080/
15384101.2019.1691796

Hwang, J. T., and Kelly, G. M. (2012). GATA6 and FOXA2 regulate Wnt6
expression during extraembryonic endoderm formation. Stem Cells Dev. 21,
3220-3232. doi: 10.1089/scd.2011.0492

Itaranta, P, Lin, Y., Perasaari, J., Roel, G., Destree, O., and Vainio, S. (2002). Wnt-6
is expressed in the ureter bud and induces kidney tubule development in vitro.
Genesis 32, 259-268. doi: 10.1002/gene.10079

Kas, K., Voz, M. L., Hensen, K., Meyen, E., and Van de Ven, W. J. (1998).
Transcriptional activation capacity of the novel PLAG family of zinc finger
proteins. J. Biol. Chem. 273, 23026-23032. doi: 10.1074/jbc.273.36.23026

Kirikoshi, H., Sekihara, H., and Katoh, M. (2001). WNT10A and WNT6, clustered
in human chromosome 2q35 region with head-to-tail manner, are strongly
coexpressed in SW480 cells. Biochem. Biophys. Res. Commun. 283, 798-805.
doi: 10.1006/bbrc.2001.4855

Kobayashi, K., Luo, M., Zhang, Y., Wilkes, D. C., Ge, G., Grieskamp, T., et al.
(2009). Secreted frizzled-related protein 2 is a procollagen C proteinase
enhancer with a role in fibrosis associated with myocardial infarction. Nat. Cell
Biol. 11, 46-55. doi: 10.1038/ncb1811

Krawetz, R., and Kelly, G. M. (2008). Wnt6 induces the specification and
epithelialization of F9 embryonal carcinoma cells to primitive endoderm. Cell.
Signal. 20, 506-517. doi: 10.1016/j.cellsig.2007.11.001

Lavery, D. L., Davenport, I. R., Turnbull, Y. D., Wheeler, G. N., and Hoppler, S.
(2008). Wnt6 expression in epidermis and epithelial tissues during Xenopus
organogenesis. Dev. Dyn. 237, 768-779. doi: 10.1002/dvdy.21440

Li, N, Li, D,, Du, Y,, Su, C, Yang, C, Lin, C, et al. (2019). Overexpressed
PLAGL2 transcriptionally activates Wnt6 and promotes cancer development
in colorectal cancer. Oncol. Rep. 41, 875-884. doi: 10.3892/0r.2018.6914

Li, R, Wang, C., Tong, J., Su, Y., Lin, Y., Zhou, X., et al. (2014). WNT6 promotes the
migration and differentiation of human dental pulp cells partly through c-Jun
N-terminal kinase signaling pathway. J. Endod. 40, 943-948. doi: 10.1016/j.joen.
2013.12.023

Li, W., Calfa, G., Larimore, J., and Pozzo-Miller, L. (2012). Activity-dependent
BDNF release and TRPC signaling is impaired in hippocampal neurons of
Mecp2 mutant mice. Proc. Natl. Acad. Sci. U.S.A. 109, 17087-17092. doi: 10.
1073/pnas.1205271109

Li, W., and Pozzo-Miller, L. (2014). BDNF deregulation in Rett syndrome.
Neuropharmacology 76(Pt C), 737-746. doi: 10.1016/j.neuropharm.2013.
03.024

Lin, S. L., Li, B,, Rao, S., Yeo, E. J., Hudson, T. E., Nowlin, B. T., et al. (2010).
Macrophage Wnt7b is critical for kidney repair and regeneration. Proc. Natl.
Acad. Sci. U.S.A. 107, 4194-4199. doi: 10.1073/pnas.0912228107

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 558155


https://doi.org/10.1038/13810
https://doi.org/10.1038/13810
https://doi.org/10.1126/science.1068886
https://doi.org/10.1038/nrm2717
https://doi.org/10.1016/j.pharmthera.2013.01.002
https://doi.org/10.1016/j.pharmthera.2013.01.002
https://doi.org/10.1152/ajprenal.00136.2016
https://doi.org/10.1152/ajprenal.00136.2016
https://doi.org/10.1161/circresaha.110.223768
https://doi.org/10.1016/j.bone.2011.08.010
https://doi.org/10.1126/science.1248012
https://doi.org/10.1093/nar/25.1.181
https://doi.org/10.1124/pr.117.013896
https://doi.org/10.1038/sj.onc.1204647
https://doi.org/10.1139/bcb-2016-0150
https://doi.org/10.1139/bcb-2016-0150
https://doi.org/10.7150/thno.25025
https://doi.org/10.7150/thno.25025
https://doi.org/10.1002/1878-0261.12633
https://doi.org/10.1074/jbc.RA119.008419
https://doi.org/10.1016/j.fob.2012.11.007
https://doi.org/10.1038/s41598-020-57745-w
https://doi.org/10.1016/j.joen.2008.03.001
https://doi.org/10.1080/15384101.2019.1691796
https://doi.org/10.1080/15384101.2019.1691796
https://doi.org/10.1089/scd.2011.0492
https://doi.org/10.1002/gene.10079
https://doi.org/10.1074/jbc.273.36.23026
https://doi.org/10.1006/bbrc.2001.4855
https://doi.org/10.1038/ncb1811
https://doi.org/10.1016/j.cellsig.2007.11.001
https://doi.org/10.1002/dvdy.21440
https://doi.org/10.3892/or.2018.6914
https://doi.org/10.1016/j.joen.2013.12.023
https://doi.org/10.1016/j.joen.2013.12.023
https://doi.org/10.1073/pnas.1205271109
https://doi.org/10.1073/pnas.1205271109
https://doi.org/10.1016/j.neuropharm.2013.03.024
https://doi.org/10.1016/j.neuropharm.2013.03.024
https://doi.org/10.1073/pnas.0912228107
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wei et al.

WNTB in Development and Disease

Lin, Y., Liu, A., Zhang, S., Ruusunen, T., Kreidberg, J. A., Peltoketo, H., et al. (2001).
Induction of ureter branching as a response to Wnt-2b signaling during early
kidney organogenesis. Dev. Dyn. 222, 26-39. doi: 10.1002/dvdy.1164

MacDonald, B. T., Tamai, K., and He, X. (2009). Wnt/beta-catenin signaling:
components, mechanisms, and diseases. Dev. Cell 17, 9-26. doi: 10.1016/j.
devcel.2009.06.016

Nager, M., Bhardwaj, D., Canti, C., Medina, L., Nogues, P., and Herreros, J. (2012).
Beta-catenin signalling in glioblastoma multiforme and glioma-initiating cells.
Chemother. Res. Pract. 2012:192362. doi: 10.1155/2012/192362

Otto, A., Schmidt, C., Luke, G., Allen, S., Valasek, P., Muntoni, F., et al. (2008).
Canonical Wnt signalling induces satellite-cell proliferation during adult
skeletal muscle regeneration. J. Cell Sci. 121(Pt 17), 2939-2950. doi: 10.1242/
jcs.026534

Parton, R. G., and Simons, K. (2007). The multiple faces of caveolae. Nat. Rev. Mol.
Cell Biol. 8, 185-194. doi: 10.1038/nrm2122

Pello, O. M., De Pizzol, M., Mirolo, M., Soucek, L., Zammataro, L., Amabile, A.,
et al. (2012). Role of c-MYC in alternative activation of human macrophages
and tumor-associated macrophage biology. Blood 119, 411-421. doi: 10.1182/
blood-2011-02-339911

Peng, J., Zhao, Y., Luo, Q., Chen, H., Fan, W., Pan, Z,, et al. (2019). High WNT6
expression indicates unfavorable survival outcome for patients with colorectal
liver metastasis after liver resection. J. Cancer 10, 2619-2627. doi: 10.7150/jca.
32817

Pini, G., Scusa, M. F., Benincasa, A., Bottiglioni, I., Congiu, L., Vadhatpour, C,,
et al. (2014). Repeated insulin-like growth factor 1 treatment in a patient with
rett syndrome: a single case study. Front. Pediatr. 2:52. doi: 10.3389/fped.2014.
00052

Plachov, D., Chowdhury, K., Walther, C., Simon, D., Guenet, J. L., and Gruss, P.
(1990). Pax8, a murine paired box gene expressed in the developing excretory
system and thyroid gland. Development 110, 643-651.

Razani, B., Woodman, S. E., and Lisanti, M. P. (2002). Caveolae: from cell biology
to animal physiology. Pharmacol. Rev. 54, 431-467. doi: 10.1124/pr.54.3.431
Schaale, K., Brandenburg, J., Kispert, A., Leitges, M., Ehlers, S., and Reiling,
N. (2013). Wnt6 is expressed in granulomatous lesions of Mycobacterium
tuberculosis-infected mice and is involved in macrophage differentiation and

proliferation. J. Immunol. 191, 5182-5195. doi: 10.4049/jimmunol.1201819

Scheller, E. L., Chang, J., and Wang, C. Y. (2008). Wnt/beta-catenin inhibits
dental pulp stem cell differentiation. J. Dent. Res. 87, 126-130. doi: 10.1177/
154405910808700206

Schmeckpeper, J., Verma, A., Yin, L., Beigi, F., Zhang, L., Payne, A., et al.
(2015). Inhibition of Wnt6 by Sfrp2 regulates adult cardiac progenitor cell
differentiation by differential modulation of Wnt pathways. J. Mol. Cell. Cardiol.
85, 215-225. doi: 10.1016/j.yjmcc.2015.06.003

Schulte, G. (2015). Frizzleds and WNT/beta-catenin signaling-the black box of
ligand-receptor selectivity, complex stoichiometry and activation kinetics. Eur.
J. Pharmacol. 763(Pt B), 191-195. doi: 10.1016/j.ejphar.2015.05.031

Shi, Y. N., Zhu, N,, Liu, C., Wu, H. T., Gui, Y., Liao, D. F., et al. (2017). Wnt5a
and its signaling pathway in angiogenesis. Clin. Chim. Acta 471, 263-269.
doi: 10.1016/j.cca.2017.06.017

Swanberg, S. E., Nagarajan, R. P., Peddada, S., Yasui, D. H., and LaSalle, J. M. (2009).
Reciprocal co-regulation of EGR2 and MECP2 is disrupted in Rett syndrome
and autism. Hum. Mol. Genet. 18, 525-534. doi: 10.1093/hmg/ddn380

Tai, D. J., Liu, Y. C., Hsu, W. L., Ma, Y. L,, Cheng, S. J,, Liu, S. Y., et al. (2016).
MeCP2 SUMOylation rescues Mecp2-mutant-induced behavioural deficits in
a mouse model of Rett syndrome. Nat. Commun. 7:10552. doi: 10.1038/
ncomms10552

Tang, L., Zhang, Y., Pan, H.,, Luo, Q., Zhu, X. M., Dong, M. Y., et al. (2009).
Involvement of cyclin Bl in progesterone-mediated cell growth inhibition,

G2/M cell cycle arrest, and apoptosis in human endometrial cell. Reprod. Biol.
Endocrinol. 7:144. doi: 10.1186/1477-7827-7-144

Terada, Y., Tanaka, H., Okado, T., Shimamura, H., Inoshita, S., Kuwahara, M.,
etal. (2003). Expression and function of the developmental gene Wnt-4 during
experimental acute renal failure in rats. J. Am. Soc. Nephrol. 14, 1223-1233.
doi: 10.1097/01.asn.0000060577.94532.06

Varlakhanova, N. V., and Knoepfler, P. S. (2009). Acting locally and globally: Myc’s
ever-expanding roles on chromatin. Cancer Res. 69, 7487-7490. doi: 10.1158/
0008-5472.Can-08-4832

Vertino, A. M., Taylor-Jones, J. M., Longo, K. A., Bearden, E. D., Lane, T. F.,,
McGehee, R. E. Jr., et al. (2005). Wnt10b deficiency promotes coexpression of
myogenic and adipogenic programs in myoblasts. Mol. Biol. Cell 16, 2039-2048.
doi: 10.1091/mbc.e04-08-0720

Villasenor, T., Madrid-Paulino, E., Maldonado-Bravo, R., Urban-Aragon, A,
Perez-Martinez, L., and Pedraza-Alva, G. (2017). Activation of the Wnt pathway
by Mycobacterium tuberculosis: a Wnt-Wnt situation. Front. Immunol. 8:50.
doi: 10.3389/fimmu.2017.00050

Wang, C., Ren, L., Peng, L., Xu, P., Dong, G., and Ye, L. (2010). Effect of Wnt6 on
human dental papilla cells in vitro. J. Endod. 36, 238-243. doi: 10.1016/j.joen.
2009.09.007

Wang, Q., Lu, J., Zhang, S., Wang, S., Wang, W., Wang, B., et al. (2013). Wnt6
is essential for stromal cell proliferation during decidualization in mice. Biol.
Reprod. 88:5. doi: 10.1095/biolreprod.112.104687

Wezensky, S. J., Hanks, T. S., Wilkison, M. J., Ammons, M. C., Siemsen, D. W.,
and Gauss, K. A. (2010). Modulation of PLAGL2 transactivation by positive
cofactor 2 (PC2), a component of the ARC/Mediator complex. Gene 452, 22-34.
doi: 10.1016/j.gene.2009.12.003

Willert, K., and Jones, K. A. (2006). Wnt signaling: is the party in the nucleus?
Genes Dev. 20, 1394-1404. doi: 10.1101/gad.1424006

Williams, T. M., and Lisanti, M. P. (2005). Caveolin-1 in oncogenic transformation,
cancer, and metastasis. Am. J. Physiol. Cell Physiol. 288, C494-C506. doi: 10.
1152/ajpcell.00458.2004

Yi, S. A, Um, S. H,, Lee, ], Yoo, J. H,, Bang, S. Y., Park, E. K,, et al. (2016). S6K1
phosphorylation of H2B mediates EZH2 trimethylation of H3: a determinant of
early adipogenesis. Mol. Cell 62, 443-452. doi: 10.1016/j.molcel.2016.03.011

Yuan, G., Regel, I, Lian, F., Friedrich, T., Hitkova, I., Hofheinz, R. D., et al.
(2013). WNT®6 is a novel target gene of caveolin-1 promoting chemoresistance
to epirubicin in human gastric cancer cells. Oncogene 32, 375-387. doi: 10.1038/
onc.2012.40

Zelarayan, L. C., Noack, C., Sekkali, B., Kmecova, J., Gehrke, C., Renger, A., et al.
(2008). Beta-catenin downregulation attenuates ischemic cardiac remodeling
through enhanced resident precursor cell differentiation. Proc. Natl. Acad. Sci.
U.S.A. 105, 19762-19767. doi: 10.1073/pnas.0808393105

Zheng, X. L., and Yu, H. G. (2018). Wnt6 contributes tumorigenesis and
development of colon cancer via its effects on cell proliferation, apoptosis,
cell-cycle and migration. Oncol. Lett. 16, 1163-1172. doi: 10.3892/01.2018.
8729

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wei, Zhang, Tian, Du, Wang and Zhao. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 558155


https://doi.org/10.1002/dvdy.1164
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1155/2012/192362
https://doi.org/10.1242/jcs.026534
https://doi.org/10.1242/jcs.026534
https://doi.org/10.1038/nrm2122
https://doi.org/10.1182/blood-2011-02-339911
https://doi.org/10.1182/blood-2011-02-339911
https://doi.org/10.7150/jca.32817
https://doi.org/10.7150/jca.32817
https://doi.org/10.3389/fped.2014.00052
https://doi.org/10.3389/fped.2014.00052
https://doi.org/10.1124/pr.54.3.431
https://doi.org/10.4049/jimmunol.1201819
https://doi.org/10.1177/154405910808700206
https://doi.org/10.1177/154405910808700206
https://doi.org/10.1016/j.yjmcc.2015.06.003
https://doi.org/10.1016/j.ejphar.2015.05.031
https://doi.org/10.1016/j.cca.2017.06.017
https://doi.org/10.1093/hmg/ddn380
https://doi.org/10.1038/ncomms10552
https://doi.org/10.1038/ncomms10552
https://doi.org/10.1186/1477-7827-7-144
https://doi.org/10.1097/01.asn.0000060577.94532.06
https://doi.org/10.1158/0008-5472.Can-08-4832
https://doi.org/10.1158/0008-5472.Can-08-4832
https://doi.org/10.1091/mbc.e04-08-0720
https://doi.org/10.3389/fimmu.2017.00050
https://doi.org/10.1016/j.joen.2009.09.007
https://doi.org/10.1016/j.joen.2009.09.007
https://doi.org/10.1095/biolreprod.112.104687
https://doi.org/10.1016/j.gene.2009.12.003
https://doi.org/10.1101/gad.1424006
https://doi.org/10.1152/ajpcell.00458.2004
https://doi.org/10.1152/ajpcell.00458.2004
https://doi.org/10.1016/j.molcel.2016.03.011
https://doi.org/10.1038/onc.2012.40
https://doi.org/10.1038/onc.2012.40
https://doi.org/10.1073/pnas.0808393105
https://doi.org/10.3892/ol.2018.8729
https://doi.org/10.3892/ol.2018.8729
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Expression and Function of WNT6: From Development to Disease
	Introduction
	Basic Information on Wnt6
	Functions of Wnt6
	Decidualization
	Kidney Development
	Differentiation of Human Dental Papilla Cells
	Adipogenesis and Osteoblastogenesis

	Diseases
	Cardiac Injury
	Kidney Fibrosis
	Lung Tuberculosis
	Rett Syndrome
	Glioblastoma
	Colorectal Cancer
	Gastric Cancer

	Conclusion
	Author Contributions
	Funding
	References


