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Abstract. Leukemia inhibitory factor (LIF), oncostatin M,
leptin, ciliary neurotrophic factor, cardiotrophin 1,
cardiotrophin-like cytokine factor 1, interleukin 6 (IL6),
interleukin 11 and interleukin 27 activate the gp130-JAKSTAT3 signaling cascade. Here, WNT5A was characterized as
the evolutionarily conserved target of the STAT3 signaling
cascade based on 11-bp-spaced tandem STAT3-binding sites
within intron 4 of human, chimpanzee, cow, mouse and rat
WNT5A orthologs. Canonical WNT5A signaling through
Frizzled and LRP5/LRP6 receptors activates FGF20, WISP1,
MYC and CCND1 transcription for the maintenance of stem/
progenitor cells, while non-canonical WNT5A signaling
through Frizzled and ROR2/PTK7/RYK receptors activates
the RHOA, JNK, NLK and NFAT signaling cascades for the
control of tissue polarity, cell adhesion or movement. LIFinduced Wnt5a activates canonical Wnt signaling in mouse
embryonic stem cells for self-renewal. STAT3-induced Wnt5a
activates non-canonical Wnt signaling in rat cardiac myocytes
for N-cadherin-dependent aggregation. IL6, secreted from
epithelial cells or macrophages, induces WNT5A upregulation
in mesenchymal cells. WNT5A then activates canonical
WNT signaling in epithelial cells. IL6-induced WNT5A
activates canonical WNT signaling for autocrine proliferation
of human synovial fibroblasts in rheumatoid arthritis. IL-6
signaling is activated during human chronic atrophic gastritis
with Helicobacter pylori infection, and aberrant Stat3
signaling activation gives rise to mouse gastric tumors.
WNT5A is frequently upregulated in human primary gastric
cancer due to tumor-stromal interaction. WNT5A might be
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downregulated in advanced cancer with poorer prognosis due
to genetic alterations compensating WNT5A signaling.
Oncogenic WNT5A activates canonical WNT signaling in
cancer stem cells for self-renewal, and non-canonical WNT
signaling at the tumor-stromal interface for invasion and
metastasis. SNP of genes encoding components of the
cytokine-induced WNT5A signaling loop is a predicted risk
factor for RA and cancer, especially diffuse-type gastric and
pancreatic cancer. Humanized anti-IL6 receptor antibody and
WNT5A mimetic small-molecule antagonist could be applied
to personalized medicine for RA and cancer driven by the
IL6-induced WNT5A signaling loop.
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1. WNT5A signaling overview
WNT5A is a secreted glycoprotein, belonging to the WNT
family (1-4). WNT5A signaling through Frizzled (FZD)
family receptor and LRP5/LRP6 co-receptor is transduced to
the canonical WNT signaling cascade for transcriptional
activation of target genes based on the nuclear complex,
consisting of TCF/LEF, ß-catenin, BCL9/BCL9L and
PYGO1/PYGO2 (5-9). The FGF20, JAG1, DKK1 and WISP1
genes are primary transcriptional targets of the canonical
WNT signaling pathway (10-14). On the other hand, WNT5A
signaling through FZD family receptor and ROR2/PTK7/
RYK co-receptor is transduced to a variety of non-canonical
WNT signaling cascades, such as the Dishevelled-dependent
RHOA/RHOU/RAC/CDC42, the Dishevelled-dependent
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Figure 1. Overview of the cytokine-induced WNT5A signaling loop. IL6 family members, such as LIF, OSM, Leptin, CNTF, IL6 and IL11, activate the
gp130-JAK-STAT3 signaling cascade to upregulate WNT5A transcription. WNT5A signal is transduced to canonical and non-canonical WNT signaling
cascades in a context-dependent manner. Canonical WNT5A signaling through Frizzled receptor and LRP5/LRP6 co-receptor is transduced to the ß-catenin
signaling cascade for the maintenance of stem/progenitor cells. Non-canonical WNT5A signaling through Frizzled receptor and ROR2/PTK7/RYK coreceptor is transduced to RHOA, JNK, NLK and NFAT signaling cascades for the control of tissue polarity, cell adhesion, or cell movement.

JNK, the Ca 2+-dependent NLK and the Ca 2+-dependent
NFAT signaling cascades (15-21). WNT5A signals are
transduced to the canonical WNT signaling cascade for the
maintenance of stem and progenitor cells, and to the noncanonical WNT signaling cascades for the control of tissue
polarity, cell adhesion, and cell movement (Fig. 1).
A combination of Wnt5a and FZD5 activates the
canonical WNT signaling pathway, while Wnt5a itself
inhibits the canonical WNT signaling pathway through NLKmediated phosphorylation of TCF/LEF family transcription
factors. WNT5A signals are context-dependently transduced
to the canonical WNT signaling cascade and the noncanonical WNT signaling cascades based on the expression
profile of FZD family receptors, co-receptors, and the activity
of cytoplasmic WNT signaling regulators (Fig. 1).
2. STAT3-induced WNT5A upregulation
LIF (leukemia inhibitory factor) and CTF1 (cardiotrophin 1)
are reported to induce Wnt5a upregulation through the Stat3
signaling cascade in rat cardiac myocytes (22); however, the
transcriptional mechanism of Stat3-induced Wnt5a upregulation remained unclear.
Here, we searched for evolutionarily conserved STAT3binding sites within WNT5A orthologs to elucidate the

mechanism for STAT3-dependent WNT5A upregulation. We
previously identified and characterized the rat Wnt5a gene for
comparative genomic analyses, and reported that the promoter
and five exonic regions are well conserved between the
human WNT5A and rat Wnt5a genes (23). The single
STAT3-binding site within the human WNT5A 5'-promoter
was not evolutionarily conserved, and the STAT3-binding
site was not identified within the human WNT5A exonic
regions (data not shown). Next, the STAT3-binding sites
within the intronic regions were searched for. Tandem STAT3binding sites with 11-bp spacing were successfully identified
within the conserved region in intron 4 (Fig. 2). The tandem
STAT-binding sites within intron 4 were conserved among
human, chimpanzee, cow, mouse, and rat WNT5A orthologs.
Based on these facts, it was concluded that mammalian
WNT5A orthologs were STAT3-target genes (Fig. 1).
The IL6 cytokine family consists of LIF, OSM (oncostatin
M), LEP (leptin), CNTF (ciliary neurotrophic factor), CTF1,
CLCF1 (cardiotrophin-like cytokine factor 1), IL6
(interleukin 6), IL11 (interleukin 11) and IL27 (interleukin 27)
(24-32). Signals of the IL6 family cytokines are transduced
through ligand-specific receptor and IL6ST (gp130)
transducer to JAK kinase for IL6ST phosphorylation, which
results in STAT3 signaling activation (33,34). The IL6 family
cytokines, such as LIF, OSM, LEP, CNTF, IL6 and IL11,
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Figure 2. STAT3-binding sites within WNT5A orthologs. The human WNT5A gene consists of five exons. Regions conserved between the human WNT5A and
rat Wnt5a genes are shown by gray bars. Tandem STAT3-binding sites with 11-bp spacing within intron 4 of the human WNT5A gene are conserved in
chimpanzee, cow, mouse and rat WNT5A orthologs. The WNT5A gene is the evolutionarily conserved target of the STAT3 signaling cascade.

Figure 3. The biological roles of the cytokine-induced WNT5A signaling loop. LIF-induced WNT5A activates canonical WNT signaling for self-renewal in
mouse embryonic stem cells. Cytokine-induced WNT5A activates non-canonical WNT signaling to prevent cardiac myocyte hypertrophy. IL6-induced
WNT5A activates canonical WNT signaling for synovial fibroblast hypertrophy in rheumatoid arthritis. IL6-induced WNT5A activates canonical WNT
signaling in cancer stem cells for self-renewal, and non-canonical WNT signaling at the tumor-stromal interface for invasion and metastasis.

bind to cell surface receptors for IL6ST-JAK-STAT3induced WNT5A upregulation. WNT5A then binds to
Frizzled receptor and co-receptor for WNT signaling
activation in a context-dependent manner (Fig. 1). The
WNT5A signaling loop is defined as the STAT3-induced
WNT5A upregulation (Fig. 3). The biological roles of the
WNT5A signaling loop in a variety of physiological or
pathological processes will be described in the following
sections.

3. LIF-induced WNT5A signaling loop for embryonic
stem cells
LIF-induced Stat3 signaling activation is sufficient for the
maintenance of pluripotency or self-renewal in mouse
embryonic stem cells (35), and canonical Wnt signaling is
necessary for the self-renewal of mouse embryonic stem cells
(36). Wnt5a, secreted from feeder cells, activates the canonical
Wnt signaling pathway in mouse embryonic stem cells (37).
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The Myc gene is the common transcriptional target of the
canonical WNT and LIF-Stat3 signaling cascades, and Myc
protein is further stabilized by the canonical Wnt signaling
cascade (38). Because Wnt5a and LIF synergistically enhance
the self-renewal potential of mouse embryonic stem cells,
feeder cells secreting larger amounts of Wnt5a more effectively
maintain undifferentiated mouse embryonic stem cells. The
LIF-induced Wnt5a signaling loop plays a key role in the
self-renewal of mouse embryonic stem cells.
WNT signaling activation is reported to be sufficient for
the self-renewal of human embryonic stem cells (36);
however, LIF-STAT3 or WNT signaling alone is insufficient
for the self-renewal of human embryonic stem cells (39,40).
NODAL signaling activation is essential for the self-renewal
of human embryonic stem cells, and WNT signaling
cooperates with NODAL signaling (40). NODAL antagonist
CER1 (Cerberus 1) is the common target of the NODAL and
WNT signaling pathways in human embryonic stem cells,
but not in mouse embryonic stem cells (41). LIF, IL6ST, JAK1,
STAT3, and WNT5A mRNAs are expressed in embryoid body
derived from human embryonic stem cells rather than
undifferentiated human embryonic stem cells (42). The LIFinduced WNT5A signaling loop is activated during the
differentiation process of human embryonic stem cells for
embryoid body formation.
4. Cytokine-induced WNT5A signaling loop for cardiac
myocytes
LIF and CTF1 activate the IL6ST-JAK-STAT3 signaling
cascade for WNT5A upregulation in cardiac myocytes (Fig. 1).
WNT5A then activates non-canonical WNT signaling to
induce protein stabilization of N-cadherin for cardiac myocyte
aggregation (22).
Leptin is mainly secreted from mature adipocytes for
endocrine signal transduction to a variety of tissues, such as
hypothalamus, skeletal muscle, liver, pancreas, and heart
(26,43,44). Leptin signaling to the hypothalamus is involved
in the regulation of food intake, and this signaling to skeletal
muscle, the liver and the pancreas is involved in lipid and
glucose metabolism. The leptin receptor is also expressed in
the heart, especially in cardiac myocytes. Leptin elevation in
patients with metabolic syndrome leads to abrogation of
leptin signaling (leptin resistance) through the induction of a
secreted leptin antagonist CRP (45). Leptin deficiency as
well as leptin resistance lead to left ventricular hypertrophy
and congestive heart failure. CNTF rescues left ventricular
hypertrophy associated with leptin resistance through the
CNTF-receptor-mediated STAT3-signaling activation (46).
Together, these facts indicate that the cytokine-induced
WNT5A signaling loop in cardiac myocytes is implicated in
the prevention of left ventricular hypertrophy.
5. IL6-induced WNT5A signaling loop in rheumatoid
arthritis
Rheumatoid arthritis, triggered by joint vasculitis, leads to the
infiltration of inflammatory cells into the synovium.
Inflammatory leukoctyes promote the proliferation of synovial
fibroblasts in patients with rheumatoid arthritis. Activated

synovial fibroblasts then induce the differentiation of synovial
macrophages into osteoclasts for cartilage destruction.
IL6 in the synovial fluid is significantly elevated in
patients with rheumatoid arthritis (47), and synovial IL6
activates the IL6ST-JAK-STAT3 signaling cascade in
synovial fibroblasts (48). WNT5A and FZD5 are upregulated
in synovial fibroblasts of patients with rheumatoid arthritis
(49). Downregulation of WNT5A expression in synovial
fibroblasts by using WNT5A anti-sense construct as well as
by the inhibition of FZD5 signaling using anti-FZD5
antibody inhibits rheumatoid synovial fibroblast activation
(50). Because WNT5A activates the canonical WNT signaling
cascade through FZD5 and LRP5/LRP6 (5), the IL6-induced
WNT5A signaling loop is implicated in synovial fibroblast
hypertrophy in rheumatoid arthritis (Fig. 1).
6. IL6-induced WNT5A signaling loop in chronic
inflammation and carcinogenesis
Helicobacter pylori, Gram-negative bacteria colonized to
gastric mucosa, is a causative agent for peptic ulcer diseases,
chronic gastritis, and gastric cancer (51-53). Helicobacter
pylori induces IL6 expression in infiltrating macrophages and
gastric epithelial cells (54,55). IL6 activates the IL6ST-JAKSTAT3 signaling cascade in mesenchymal or stromal cells in
the stomach during chronic Helicobacter pylori infection,
which leads to WNT5A upregulation (Fig. 1). WNT5A then
activates the canonical WNT signaling cascade in epithelial
progenitor cells for the maintenance of the stem/progenitor
cell population, and also the non-canonical WNT signaling
cascades in differentiating cells to promote motility for
mucosal repair. On the other hand, gp130 (ΔSTAT) mice with
STAT3 signaling abrogation show impaired wound healing
in colonic mucosa (56). Because Wnt5a is expressed in the
mesenchymal cells around the crypt base of mouse intestinal
epithelium for the activation of Wnt signaling in progenitor
cells (57), STAT3 signaling abrogation results in impaired
wound healing. The cytokine-induced WNT5A signaling loop
is activated for the mucosal restitution during chronic
persistent inflammation, which might explain the link between
chronic persistent inflammation and carcinogenesis.
We reported WNT5A upregulation in five of eight cases of
primary gastric cancer by using matched tumor/normal
expression array analysis, and in seven of ten other cases of
primary gastric cancer by using cDNA-PCR (3). Compared
to frequent WNT5A upregulation in primary gastric cancer,
expression levels of WNT5A in seven gastric cancer cell lines
were significantly lower than that in the normal stomach,
indicating that frequent WNT5A upregulation in primary
gastric cancer is due to cancer-stromal interaction (3). Gp130
(757F) mice with aberrant IL6ST-JAK-STAT3 signaling
activation developed gastric adenomas by three months of age
(56). Together, these facts indicate that the aberrant activation
of the STAT3-dependent WNT5A signaling loop is
oncogenic in gastric mucosa.
We also reported upregulation of WNT5A in five of 18
cases of primary colorectal tumors, in two of seven cases of
primary uterine tumors by using matched tumor/normal
expression array analysis (3), and also frequent expression of
WNT5A in cervical and embryonal cancer (58). Iozzo RV et al
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reported upregulation of WNT5A in lung cancer, breast cancer,
prostate cancer, and melanoma (2). Weeraratna AT et al
reported that WNT5A signaling affects motility and invasion
of metastatic melanoma (59). WNT5A upregulation leads to a
more malignant phenotype in a variety of human cancers
through WNT signaling activation.
WNT5A is upregulated in early-stage primary tumors due
to tumor-stromal interaction. On the other hand, WNT5A may
be downregulated in late-stage primary tumors due to the
absolute abundance of tumor cells over contaminating stromal
cells, and/or due to genetic alterations compensating WNT5A
signaling from stromal cells. In addition, stromal WNT5A at
the invasion front activates the non-canonical WNT signaling
pathway to promote invasion and metastasis of cancer cells.
Therefore, even if the prognosis of patients with reduced
WNT5A expression is poor, WNT5A is oncogenic during
carcinogenesis.
7. Perspectives
Cytokine-induced WNT5A signaling to the canonical WNT
pathway in pathological conditions induces rheumatoid
arthritis and a variety of cancers associated with chronic
inflammation, while cytokine-induced WNT5A signaling to
the non-canonical WNT pathway in a physiological condition
maintains tissue homeostasis. Because a pathological
condition associated with the cytokine-induced canonical
WNT5A signaling activation is characterized by the aberrant
activation and proliferation of mesenchymal cells, cytokineinduced canonical WNT5A signaling might also be implicated
in tissue fibrosis or glial scars associated with STAT3
signaling activation. Therefore, the role of the cytokineinduced WNT5A signaling loop during liver cirrhosis,
pulmonary fibrosis, and spinal cord injury should be further
investigated.
Medical genome science based on a high-throughput
experimental system and high-speed computation is the
driving force for medical transformation (59). Exploration of
single nucleotide polymorphism (SNP) associated with
disease is facilitated in the post-genome era. Systemic SNP
analyses could elucidate the link between the cytokinedependent WNT5A signaling loop and various pathological
conditions associated with the aberrant activation and
proliferation of mesenchymal cells mentioned above. SNP of
genes encoding cytokine-dependent WNT5A signaling
components are predicted risk factors for rheumatoid arthritis
and a variety of cancers, especially diffuse type gastric and
pancreatic cancer.
Humanized or human monoclonal antibody as well as
small-molecule inhibitors targeted to the cytokine-induced
WNT5A signaling loop are promising drugs in the postgenome era (60). Safholm A et al developed formylated
hexapeptide WNT5A mimetic compound to block the noncanonical WNT signaling pathway (61); however, a smallmolecule WNT5A antagonist to inhibit the canonical
WNT5A signaling pathway must be developed for the
treatment of rheumatoid arthritis and cancer. Humanized
anti-IL6 receptor antibody developed by Dr Kishimoto's
group is a promising drug for rheumatoid arthritis (62).
Because the IL6-induced WNT5A signaling loop activates
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the canonical WNT signaling pathway in pathological
conditions, humanized anti-IL6 receptor antibody is
predicted to be effective not only for rheumatoid arthritis, but
also for human cancer with IL6-dependent WNT5A
upregulation.
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