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Abstract
Purpose of review—The Wnt/β-catenin signaling pathway plays a critical role in development
and adult tissue homeostasis. Recent investigations implicate Wnt/β-catenin signaling in abnormal
wound repair and fibrogenesis. The purpose of this review is to highlight recent key studies that
support a role for Wnt/β-catenin signaling in fibrosis.

Recent findings—Studies of patients with fibrotic diseases have demonstrated changes in
components of the Wnt/β-catenin pathway. In animal models, perturbations in Wnt/β-catenin
signaling appear to aggravate or ameliorate markers of injury and fibrosis in a variety of different
tissues. Studies also suggest that fibroblasts from different tissue sources may have markedly
divergent responses to Wnt/β-catenin signaling. Cross-talk between Wnt/β-catenin and
transforming growth factor-β pathways is complex and context-dependent, and may promote
fibrogenesis through coregulation of fibrogenic gene targets. High throughput screening has
identified several novel chemical inhibitors of Wnt/β-catenin signaling that may be of therapeutic
potential.

Summary—Wnt/β-catenin signaling appears important in normal wound healing and its
sustained activation is associated with fibrogenesis. The mechanism by which Wnt/β-catenin
signaling may modify the response to injury is cell-type and context-dependent. Better
understanding of this signaling pathway may provide a promising new therapeutic approach for
human fibrotic diseases.
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Introduction
Fibrotic diseases may be attributable to a variety of causes, but it is generally thought that an
initiating injury event activates repair processes that aim to restore the original tissue
architecture, and a failure to finely tune the repair process leads to persistent fibroblast
activation and tissue destruction. Thus, understanding the molecular events that drive
fibroproliferation and matrix deposition has been a favored area of investigation. An
emerging paradigm in the field of fibrosis is that persistent activation of signaling pathways
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required for normal embryonic development may drive abnormal wound healing and tissue
repair. The Wnt/β-catenin signaling pathway is one of a core set of evolutionarily conserved
signaling pathways that regulates diverse cellular outcomes. Although the roles of Wnt/β-
catenin signaling in embryogenesis and adult tissue homeostasis are well known, the
consequences of inappropriate Wnt/β-catenin signaling to fibrogenesis are just beginning to
be understood. In this review, we discuss recent findings that support a contribution of Wnt/
β-catenin signaling in abnormal wound healing and propose possible mechanisms by which
this pathway may drive fibrogenesis. We also highlight recently identified small molecule
inhibitors of Wnt/β-catenin signaling that are being examined in various animal models of
tissue fibrosis to determine feasibility of targeting this pathway in human fibrotic diseases.

Canonical Wnts are secreted lipoglycoproteins that are used reiteratively throughout
development and adult tissue homeostasis to instruct cells to adopt particular fates. Wnt-
mediated cell fate specification is ultimately controlled by a transcription complex that
contains the dual signaling/adhesion protein, β-catenin, and its DNA-binding partners
known as lymphocyte enhancer factor (LEF)/T-cell factor (TCF) (Fig. 1, right). In this
complex, β-catenin serves as an obligate coactivator through its ability to recruit components
that promote chromatin remodeling and transcriptional initiation/elongation [1]. Wnts
generate the nuclear signaling pool of β-catenin by inhibiting a multiprotein ‘destruction
complex’ that continually phosphorylates β-catenin, flagging it for degradation by the
ubiquitin/proteosome system (Fig. 1, left). Inhibition of this phosphorylation allows β-
catenin to accumulate in the cytoplasm and enter the nucleus, in which it ultimately
complexes with TCF-family proteins localized at gene promoters (Fig. 1, right).

Although β-catenin/TCF-mediated transcription occurs in all tissues, the genes activated by
this transcriptional complex are remarkably cell-type and context-dependent (reviewed by
[2]). For example, in self-renewing tissues such as intestine and blood, β-catenin/TCF
transcription maintains the dedifferentiated, progenitor/stem cell fate [3–5]. In other tissue/
cell types, β-catenin/TCF signaling promotes cellular differentiation, such as paneth cell
specification within intestinal crypts [6], whereas a gradient of Wnt signaling exists along
the portocentral axis in adult liver to express metabolic genes (e.g. glutamate synthetase)
required for ammonia detoxification [7]. It is worth noting that some targets of β-catenin
signaling appear to be universal, particularly, negative feedback components in the pathway
such as Axin2, Dickkopf 1 and Naked (Fig. 1, right), which are typically followed to provide
evidence for β-catenin signaling across many cell types. Nonetheless, the studies above
indicate that β-catenin targets need to be assessed within individual cell types and conditions
to understand the contribution of Wnt/β-catenin signaling to a particular tissue structure and
function.

Evidence for Wnt signaling in fibrosis: lessons from skin
A critical role for Wnt/β-catenin signaling a fibroproliferative disorder was initially
supported by the high rate of mutations detected in β-catenin (and its negative regulator,
APC) in aggressive fibromatosis, which are desmoids tumors comprising a proliferation of
cytologically benign fibroblasts [8,9]. Cutaneous wound healing studies in mice show that β-
catenin signaling is indeed activated as a consequence of wounding [10••,11] and forced
activation of β-catenin using a stabilized mutant that resists ubiquitin-mediated degradation
(Catnbex3) is sufficient to drive hyperplastic wounds and exuberant collagen synthesis,
mimicking aggressive fibromatoses in humans [12]. Conversely, removal of β-catenin using
Cre-loxP technology resulted in smaller wounds [13]. These and other studies have led to a
general model for how β-catenin signaling drives fibroproliferative disorders. In this model,
activation of β-catenin signaling in fibroblasts imposes a healing phenotype by promoting
fibroblast proliferation, migration and local invasion, and a failure to dampen this normal
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response results in hyperplastic wounds. This model predicts that in fibrotic diseases, Wnts
and positive regulators of β-catenin signaling may be upregulated, whereas inhibitors of
Wnt/β-catenin signaling are downregulated. Indeed, many recent studies support this
prediction (see below) and suggest that the components of the Wnt/β-catenin pathway that
‘fine-tune’ the signal may be key drivers of β-catenin-mediated fibrosis.

Evidence for systemic elevation of Wnts in fibrosis?
Wnts are secreted glycoproteins typically viewed to diffuse over only a limited number of
cell diameters in tissues [14]. However, recent studies suggest that Wnt activity can be
detected in sera of aged or injured mice, in which it can promote skeletal muscle atrophy/
fibrosis. For example, Brack et al. [15] used parasymbiosis of young and aged mice to
demonstrate that the bloodstream of aged mice could drive muscle stem cells down a
fibroblastic as opposed to myogenic lineage, resulting in fibrosis at the expense of muscle
maintenance. Remarkably, this activity could be depleted by the Wnt inhibitor, secreted
frizzled-related protein (SFRP) 3, suggesting that elevation of Wnts in the circulation can
drive a form of fibrosis. Similar conclusions were drawn in mouse model of Duchenne
Muscular Dystrophy, in which loss of dystrophin leads to upregulation of Wnt-activity in
serum that promotes expansion of Sca1+ stromal cells and fibrosis [16•]. Evidence that Wnt
activity can be detected in serum raises the intriguing possibility that Wnts or Wnt-based
activity may serve as an accessible biomarker for fibrotic diseases.

Secreted frizzled-related proteins in tissue injury and fibrosis
SFRPs structurally resemble Wnt frizzled receptors and can inhibit β-catenin signaling by
working as Wnt-decoy receptors [17]. Interestingly, recent studies show evidence of SFRP
downregulation in fibroblasts recovered from fibrotic lesions, raising the possibility that
fibroblasts from fibrotic lungs may be more sensitized to Wnt signals. For example,
fibroblasts from both systemic sclerosis (SSc) fibrotic lungs and idiopathic pulmonary
fibrosis (IPF) lungs express less SFRP1 compared with controls [18••], whereas a reduction
in the level of SFRP1 was independently observed in fibroblasts derived from keloid lesions
[19•]. In this latter study, SFRP1 silencing could be reversed in the presence of Trichostatin
A, an inhibitor of histone deacetylation. Together, these data indicate that fibroblasts derived
from fibrotic lesions can maintain genetic differences in cell cultures, and more important,
suggest that epigenetic regulation of Wnt inhibitors like SFRP1 may contribute to persistent
β-catenin signaling in these types of fibrosis.

Because SFRPs target the Wnt pathway in the extra-cellular space, there is a lot of interest in
assessing whether recombinant SFRPs have therapeutic potential, and a number of studies
show that recombinant SFRPs can limit collagen abundance and improve tissue structure/
function in various injury models [20,21••,22•]. Although the mechanism through which
SFRPs inhibit collagen synthesis is likely to be indirect and complex (see below), it is
important to note that SFRPs can have Wnt-independent functions, as SFRP2 inhibits Bmp1/
Tolloid-like metalloproteinases [23], which cleave the C-terminal peptides from procollagen
[21••]. These data indicate that SFRP2 may be doubly relevant to fibrogenesis, serving to
both antagonize Wnt receptor engagement and inhibit collagen processing/maturation.

What are the key targets of β-catenin signaling in fibrosis?
If the contribution of Wnt/β-catenin signaling to fibrogenesis is becoming increasingly clear,
the cellular and molecular targets are less so. With regards to cellular targets, evidence for
mutational activation of β-catenin signaling in fibroblasts from aggressive fibromatosis-
associated desmoids tumors certainly suggests a key role for β-catenin signaling in
fibroproliferation. Indeed a number of in-vitro studies support this idea, showing that Wnt/β-
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catenin signaling activation in fibroblast cultures enhances the proliferative, migratory and
matrix producing aspects of these cells [10••,24]. However, some exceptions are noteworthy
and serve to reiterate the heterogeneous nature of fibroblasts and the context-dependent
nature of Wnt signals. For example, embryonic and postnatal fibroblasts derived from
mouse skin respond to Wnt3a differently, despite similar inducibility of AXIN2 [10••].
Specifically, Wnt3a induces cell proliferation as well as TGFβ1 and collagen 1 expression in
postnatal fibroblasts, but, in embryonic stage fibroblasts, Wnt3a does not promote
proliferation and instead induces TGFβ3, which is typically associated with ‘scarless’
wound healing. In addition, although Wnt/β-catenin signaling promotes collagen gel
contraction, αSMA expression, and cell migration in human dermal fibroblasts [24] and
mouse embryonic fibroblasts [25•], our group found no significant contribution of β-catenin
signaling to TGFβ1, collagen 1 (COL1) and alpha smooth muscle actin (aSMA) in three
independent adult lung fibroblast lines [26•]. Altogether, these data indicate that the
developmental stage and site of origin appear to impact the physiological targets of Wnt
signaling in fibroblasts, which may be not surprising given evidence that fibroblasts show
topographic diversity and positional memory through distinct Hox genes [27]. Nonetheless,
although a shared set of Wnt/β-catenin regulated profibrotic genes would be expected to be
found across the various fibroblast types, the limited studies available reveal few highly
altered common targets (NIH373 [28], human dermal fibroblasts and CCL-186 fetal human
lung fibroblasts [29]).

Given that Wnt signaling is known to control cell fate decisions throughout development
and in adult stem cells, perhaps the relevant target of β-catenin-mediated fibrogenesis is a
progenitor cell type that gives rise to fibroblasts, rather than a mature fibroblast. It is well
known that β-catenin signaling antagonizes adipogenesis by inhibiting adipogenic
transcription factors CCAAT/enhancer binding protein α (C/EBP-α) and peroxisome
proliferator-activated receptor γ [30]. The observation that patients with systemic sclerosis
seem to have a diminished adipose layer in their fibrotic skin suggests that fibrogenesis may
occur at the expense of fat. Supporting this clinical finding, mice expressing Wnt10b under
control of fatty acid binding protein 4 (FABP4) show progressive loss of subcutaneous and
visceral adipose tissue with concomitant dermal fibrosis, as evidenced by increased collagen
deposition, fibroblast activation, and myofibroblast accumulation [31••]. Moreover,
explanted fibroblasts from these mice maintained increased Wnt signaling as well as
elevated COL1 and aSMA message levels. Other studies also find that Wnt/β-catenin
signaling antagonizes adipogenic gene expression and promotes dedifferentiation toward a
myofibroblastic phenotype in both hepatic lipofibroblast [32] and 3T3-L1 cells [33•].
Altogether, it seems likely that a key target of Wnt/β-catenin signaling in fibrotic disease
may be a multipotent adipogenic progenitor that can be diverted toward a fibroblastic fate.
Future lineage tracing studies will be required to support this concept.

A discussion of potential key molecular targets of β-catenin signaling relevant to fibrosis
would not be complete without mention of the most well known profibrotic cytokine, TGF-
β, as work from a variety of cell types has shown evidence of cross-talk between the Wnt/β-
catenin and TGF-β pathways. For example, Wnt/β-catenin signaling can upregulate the
expression of TGF-β [10••,13], and TGF-β1 can promote β-catenin signaling [13,34–36].
Moreover, mice lacking SMAD3 show less β-catenin stabilization and activation during
cutaneous wounding, whereas β-catenin null fibroblasts block the ability of TGF-β to
promote proliferation in these cells [13]. In some cases, β-catenin and TGF-β synergize to
coregulate the same gene through Smad and TCF-binding sites within the promoter [37].
However, cellular context likely matters, as other studies provide evidence for mutual
antagonism between β-catenin and TGF-β signaling [38,39]. Altogether, these data indicate
that β-catenin/TGFβ cross-regulation is complex. Whether the profibrotic effects of β-
catenin signaling are largely mediated through TGF-β signaling is presently unclear.
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Potential therapeutics
As suggested from the SFRP studies mentioned above, targeting the Wnt/β-catenin pathway
may be a strategy for the treatment of fibrosis. A number of high-throughput screens have
identified Wnt pathway inhibitors for potential therapeutic use (Fig. 2) [40••,41,42••].
ICG-001 interacts with cyclic AMP response element binding (CREB)-binding protein
(CBP) and specifically blocks the β-catenin/CBP interface, which is required for the
activation of a subset of β-catenin gene targets [43]. Recently, this compound was shown to
reduce manifestations of lung fibrosis in the bleomycin mouse model [40••]. Other
promising compounds include inhibitors of catenin-responsive transcription (iCRT) 3, 5 and
14, which appear to target the β-catenin/TCF interface but spare other critical functions of β-
catenin (e.g. in cadherin-based adhesion) [42••]. XAV939 inhibits the stabilization and
nuclear accumulation of β-catenin by targeting tankyrase 1 and 2, which negatively regulates
Axin levels [41]. The antiparasitic drug, pyrvinium, inhibits β-catenin signaling at multiple
levels in the pathway, activating CK1α, stabilizing Axin and inhibiting nuclear coactivators
of β-catenin [44••]. Recent data indicate that pyrvinium may have therapeutic benefit in a
coronary artery ligation model of myocardial infarct [45•,46]. Lastly, paricalcitol is an FDA-
approved synthetic analog of vitamin D2, and early studies indicated that vitamin D analogs
could promote the differentiation of colon carcinoma cells by inhibiting β-catenin signaling
through competition between a ligand-activated vitamin D receptor and TCF-4 for β-catenin
[46]. This inhibitor recently showed therapeutic benefit in an adriamycin-induced model of
nephropathy and fibrosis, attenuating the expression of a number of Wnts, β-catenin
signaling and markers of fibrotic repair, such as TGFβ1, connective tissue growth factor,
fibronectin, collagen, and aSMA [47•].

Conclusions
Over the past decade, significant progress has been made toward building a case that
excessive Wnt/β-catenin signaling can promote aspects of fibrogenesis across a number of
tissue types and cell systems. Less clear is the precise means through which this occurs.
Does Wnt/β-catenin signaling simply collaborate with the classic profibrotic, TGFβ, to
promote matrix synthesis and assembly or does it primarily control cell fate decisions that
lead to an excessive number of fibroblasts at the expense of other cell types? Perhaps more
importantly is whether Wnt/β-catenin signaling merely contributes to or is a key driver of
fibrotic disease. Evidence for genetic or epigenetic alterations in Wnt pathway components
that correlate with disease onset or severity would serve to answer this question. Lastly,
regardless of whether β-catenin signaling emerges as a key driver or one of many signaling
pathways promoting fibrosis, it is exciting to see a variety of Wnt pathway inhibitor
compounds available for our community to determine therapeutic feasibility in models of
fibrotic disease.
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Key points

• Wnt/β-catenin signaling is implicated in fibrogenesis is a variety of tissues.

• The effects of Wnt/β-catenin signaling are tissue-type and cell-context-
dependent.

• Novel small molecule inhibitors of Wnt/β-catenin signaling may provide
therapeutic potential for fibrotic diseases.
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Figure 1. Wnt pathway basics
In the absence of Wnt (left), cytosolic β-catenin is continually phosphorylated by casein
kinase 1α (CK1α) and glycogen synthase kinase 3β (GSK-3β) within an Axin1 scaffold
complex. This phosphorylation allows β-catenin to be recognized by a specific E3 ligase
(βTrCP, not shown), which catalyzes the ubiquitylation and rapid degradation of β-catenin.
The adenomatous polyposis coli (APC) tumor suppressor participates in the
phosphodestruction of β-catenin by antagonizing β-catenin dephosphorylation by
phosphatases. During Wnt activation (right), GSK3β activity is inhibited directly by LDL
receptor related protein 5 and 6 (LRP5/6), which allows β-catenin to accumulate, enter the
nucleus, interact with LEF/TCF family members and activate target genes. Fibrosis-relevant
targets of Wnt/β-catenin signaling remain to be clarified. General targets of Wnt/β-catenin
signaling include negative feedback regulators, Axin2, Naked (NKD) and Dickkopf (DKK).
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Figure 2. Inhibitors of Wnt/β-catenin and their sites of action
APC, adenomatous polyposis coli; CBP, CREB binding protein; CK1α, casein kinase 1α;
GSK-3β, glycogen synthase kinase 3β; iCRT, inhibitor of catenin responsive transcription;
TCF, T-cell factor. See text for details.
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