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It has become clear in recent years that many signaling
pathways influence each other and work cooperatively to
regulate biological processes, such as the generation of
complex multicellular tissues, organs, and organisms. These
complex interactions are the subject of systems biology, a
young and still poorly established approach in defining the
complexities of life and the intricate interactions of major
signaling pathways (1). Before systems biology can truly
thrive, sometimes simple steps must be taken to determine
the crosstalks between individual signaling pathways. A
recent paper published by Han ez 4/ (2) in the Fournal
of Pathology illuminated just such a step. This piece of
the puzzle will aid in our understanding of how complex
organisms form during embryogenesis, how they are
maintained in adult life, and how they are prevented from
falling prey to the chaotic forces of cancer. Han er /. have
delved deep into the interactions of the two major pathways
that have been shown to control most biological processes in
animals. These two pathways are Wnt and Hippo signaling.
Han er al. identified WWC3 as a new player that connects
both pathways. They have also been shown how aberrant
regulation of WWC3 can contribute to lung tumorigenesis.
WWC3 is like other members of the WWC family: a
scaffolding protein that can maintain Hippo signaling and
suppress YAP1 activity, e.g., by activating LAT'S kinases.
Like so many other cancer-associated genes and
pathways, Wnts, Wnt, and Hippo signaling were originally
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identified as key regulators of embryonic development in
the fruit fly Drosophila (3,4). Wnts are secreted proteins
that signal through a family of receptors called Frizzleds.
These receptors initiate a cascade of events that lead to
the inhibition of the APC-AXIN-GSK3B complex, one of
the major negative regulators of cytoplasmic and nuclear
beta-catenin protein pools (Figure 1). Accumulation
of nuclear beta-catenin and transcriptional activation
of target genes by binding to LEF1/TCF or other
transcription factors/regulators—such as the Hippo target
YAP1—are the key events in canonical Wnt signaling,
generally resulting in pro-tumorigenic effects in cancer
cells. It has become clear that Wnts control many
processes during metazoan embryogenesis, functioning as
morphogens that influence cellular responses dependent
on a concentration gradient reminiscent of other
developmentally important regulators (6). However, it also
became clear that Wnt signaling is relevant for processes
in adult tissues, as well as during tumorigenesis (7).
Due to its importance for the evolution of the metazoan
body plan, the regulation of Wnt signaling has evolved into
a complex system that includes feedback and feedforward
loops and well-established interactions with the Hippo
pathway and other pathways (1,8).

There are striking similarities between the architecture
of the canonical Wnt pathway and Hippo signaling. Both
pathways center on an inhibitory complex in the cytoplasm
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Figure 1 Model of Wnt and Hippo signaling network that either promotes or inhibits Wnt signaling through cytoplasmic and nuclear
interactions of the two pathways. Major regulators of Hippo signaling are cell-cell adhesion via cadherin-based adherens junctions [e.g.,
through alpha-catenin (aCAT)] and via tight junctions to integrate cell density. Canonical Wnt signaling is initiated through binding of Wnt
ligands to Frizzled receptors. In both Wnt/beta-catenin (BCAT) and Hippo/YAP1 pathways, phosphorylation (red circles) at specific sites
by GSK3B and LAT'S1/2, respectively, target BCAT and YAP1 for BTRC-mediated degradation. Several signaling components are utilized
to mediate Wnt-Hippo signaling coordination: e.g., BCAT, YAP1, WWC3 (WWC), DVL, and AXIN interact with components of the
other signaling pathway. Another shared component is the destruction pathway BTRC (also known as E3-ubiquitin ligase B-TrCP). YAP/
WWTRI can be essential components of the BCAT destruction complex by interacting with AXIN (5). Thereby, Wnt signaling also can
regulate Hippo/YAP1 signaling since YAP1 is sequestered through AXIN in this destruction complex and is released upon WN'T signaling
activation. Both BCAT degradation and YAP1 degradation can be mediated through BTRC. In the nucleus several complexes exist that

contain components of both pathways suggesting cooperation of Wnt and Hippo signaling upon Wnt activation.

(APC-AXIN-GSK3B and LATS1/2-STK3/4-SAV1) that
prevents the key factors of the pathway (beta-catenin and
YAP1I/WWTR1") from entering the nucleus where YAP1
binds to transcription factors of the TEAD family and
where B-catenin binds to LEF1/TCF transcription factors
(Figure 1). Both pathways are also intricately linked to the

outside environment of the cell through adherens junctions
and tight junctions. These links to the cell surface allow
both pathways—as in the case of Hippo signaling and to
some extent in the case of Wnt signaling—to integrate
information about the environment into the activity of the
signaling pathway, e.g., by accounting for cell density or

* Here we use standard NCBI gene names rather than colloquial names, e.g., the official name for the downstream target of
Hippo signaling is not TAZ but WWTRI. TAZ should not be used since this name is reserved for another unrelated gene,
Tafazzin (human Gene ID: 6901). The same is true for STK3 and 4 which we prefer over M'TS1 and 2.
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orientation of the cell in the tissue organization.

Beta-catenin has been identified as a key component
of a adherens junctions, which connect the extracellular
matrix and membrane surface to the actin cytoskeleton.
Similarly, YAP1 is associated with membrane proteins that
mediate cell-cell adhesion [mainly tight junctions, e.g.,
through AMOT, but also adherens junctions through alpha-
catenin (9)]. It is tempting to speculate that both pathways,
Wnt and Hippo, may cooperate to regulate the activity and
the phenotype of cells by integrating the cellular context
into life decisions, such as proliferation, differentation, or
senescence. Beyond this “cell density” aspect both pathways
may also coordinate in managing the immune phenotype
and apoptosis of cancer cells (10,11). Han ez /. (2) have
expanded our knowledge and have shown that an upstream
component of Hippo signaling, WWC3, not only inhibits
YAPI, it also inhibits beta-catenin accumulation in the
nucleus.

Beyond its “traditional” role in Hippo signaling of
binding to LATS proteins, WWC3 can bind to DVLs
(regulators of the AXIN-APC-GSK3 complex), thereby
maintaining the inhibitory activity of the complex (Figure I).
This finding by Han er a/. further strengthens the notion of
a tight coordination between Hippo and Wnt signaling, as
YAP1/WW'TRI have also been shown to target DVLs (12).
Adding WWC3 into this network may enhance the
cooperation between the two pathways. However, this
causes WWC3 or WWC family members to become
weak spots in the anti-tumor defense system. Han et 4.
showed that WWC3 expression is down-regulated during
lung cancer progression and its expression may become
a novel marker for poor prognosis of non-small cell lung
cancer (2). WWCs are highly similar and they all have the
ability to regulate LATS1/2 protein function. It is unclear
whether all WWCs can interfere with Wnt signaling
or whether WWC3 is the major WWC family member
that coordinates Wnt and Hippo function. Some datasets
suggest that WWC1 is expressed at higher levels in normal
lungs than WWC3 and is suppressed at a greater rate than
WWC3 (NCBI GEO dataset GDS1312).

Unfortunately, many details remain to be worked out
before WWC3, Wnt, and Hippo signaling can be used in
clinical diagnosis. It therefore remains to be seen whether
these genes and pathways can ever be integrated into
therapeutic approaches (13). The issue of redundancy
between WWC family members is also unresolved.

Findings on LATS1/2 may tell a cautionary tale of
opposing effects of these pathways in cancer cells and
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the cancer-supporting microenvironment. Although the
WWC binding partners LATS1/2 are generally regarded
as tumor-suppressor genes in the Hippo pathway, their
complete absence in cancer cells can be a disadvantage.
The loss of LAT'S1/2 can induce an anti-dsRNA interferon
response and activate the immune system to attack these
LATS1/2-deficient tumor cells (14). Therefore, restoring
certain functions of the Hippo pathway in cancer cells may
actually promote their ability to evade the immune system.
Cancer cells, however, rarely lose their LAT'S1/2 expression
completely. Indeed, they may actually recruit microRINAs,
which have been shown to target LATS1 and LATS2 (5)
to reduce their expression to growth-beneficial and YAP1-
inducing levels. Despite this reduction, they maintain
enough LATS1/2 to avoid the negative consequences of
their loss, e.g., activation of the immune system (14) or
catastrophic events during mitosis (15). LATS1/2 levels can
thereby be sufficiently reduced and YAP1 can be activated.
As such, one could also make the cautious argument that
these pathways are currently poor direct targets for cancer
therapy. The expression levels and activity of certain
components may have to be in a certain range to achieve
clinically successful therapies. This could prove difficult to
accomplish in patients.

Another important factor to consider in the interplay
between Wnt and Hippo signaling is the fact that
cytoplasmic (“inactive”) YAPI/WWTRI can inhibit DVLs
and prevent Wnt signaling (11,16). Barry et 4l (16) have
shown that elevated levels of cytoplasmic YAP1 can inhibit
intestinal crypt proliferation. In fact, reduced levels of YAP1
actually enhanced proliferation in crypts and may promote
aggressive tumor growth. This may explain why so few real
human tumors exhibit high levels of YAP1 and why YAPI is
often low in the nuclei of human cancer cells. On the other
hand, this may be due to other mechanisms of YAP1 activity
since there seems to be no “correlation between YAP1
nuclear localization or expression and YAP1 dependency” in
cancer cell lines (11).

Furthermore, there is mounting evidence that YAP1/
WWTRI can interact with beta-catenin containing protein
complexes and regulates either the stability of beta-catenin
in the cytoplasm or the interaction of unphosphorylated
YAP1 with beta-catenin in the nucleus to coordinate gene
expression (11,17). Complexes of YAP1/TEAD and beta-
catenin/TCF have been detected and a subset of Wnt/
beta-catenin target genes may rely on nuclear YAP1/
TEAD complexes for full induction in response to Wnt
ligands (18). These data suggest that in addition to the
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complex interactions between Wnt and Hippo signaling
components in the cytoplasm, both pathways can cooperate
in the nucleus to execute gene expression programs that
affect proliferation, organ size, tissue repair, and tumor
growth. These experiments confirm the elegant findings
of Rosenbluh et 4l. (11) that have shown that in cancer
cell lines that depend on nuclear beta-catenin signaling,
YAP1 plays a crucial role in mediating beta-catenin gene
expression regulation. The drawback of the Rosenbluh
et al. study is the explanation that TBXS mediates the
transcriptional response of the beta-catenin/YAP1 complex
in beta-catenin-dependent cell lines: RNAseq and cDNA
microarray analyses (e.g., cBioPortal, GTEx portal, Human
Protein Atlas RNAseq data) do not seem to support
significant expression of TBXS, especially in vitro but also
in vivo in the vast majority of cell lines and tissues, and
therefore it is hard to understand how a non-expressed gene
can mediate beta-catenin-driven transcriptional responses.

However, such experiments elucidate the complex
interactions between several major signaling pathways
that form byzantine signaling networks. This complexity
and interactivity further highlights that a systems biology
approach is warranted to understand gene expression
regulation (1). For example, Wnt, Hippo, and Notch
signaling have been studied in the context of liver
tumorigenesis and it has been shown that these three
pathways work together in a tissue- and context-dependent
way (19). Kim ez a/. have shown that upon inactivation of
Hippo signaling in mouse liver, Notch signaling is activated.
The two pathways are connected via a positive feedback
loop that results in the loss of YAPI/WWTRI activation
upon Notch signaling inactivation. As expected, in mouse
liver tumors initiated by loss of Hippo signaling, Wnt/
beta-catenin signaling is induced. Surprisingly, loss of beta-
catenin expression in this model system leads to accelerated
tumorigenesis. This paradoxical finding seems to depend
on beta-catenin’s role as a Wnt signaling mediator and
not its function in cell adhesion, since loss of beta-catenin
in adherens junctions can be compensated for by gamma-
catenin, which is not functional in Wnt signaling.

These data highlight how interactions between pathways
can result in, at first glance, paradoxical findings: e.g., the
signaling of pro-tumorigenic pathways Wnt and YAPI can
have opposing effects on tumor growth (18). Furthermore,
in some experimental systems a majority of beta-catenin
regulated genes are dependent on WWTRI1 (TAZ) (20).
Although this reliance on Wnt target genes appears to
be dependent on cytoplasmic interactions between beta-
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catenin and WWTRI (TAZ), co-regulation of a subset of
Wht target genes can also be achieved by the cooperation
of beta-catenin/TCF and YAPI/WWTRI1/TEAD
transcriptional complexes (18). On the other hand, Park
et al. observed in their experiments that activation of non-
canonical Wnt signaling—i.e., Wnt signaling independent
of beta-catenin—resulted in increased levels of WWTRI1
and YAPI, increased expression of YAPI target genes,
increased TEAD-dependent migration and differentiation,
and expression of Wnt signaling inhibitors, all of which
leads to reduced canonical Wnt signaling (21). This shows
that Hippo and Whnt signaling can influence each other
in many perplexing ways; they can either cooperate or
YAPI/WWTRI can inhibit canonical Wnt signaling. This
multilayer, cytoplasmic, and nuclear network of interactions
just between Wnt and Hippo signaling suggests that cells
and tissues have a versatile toolbox at their disposal to
regulate cell behavior in a context-dependent fashion.
This is supported by the often contradictory results in
mouse models on the role of Wnt and Hippo signaling
on tumorigenesis and tissue repair, especially when both
pathways are altered. Further studies are needed to define
how exactly these interactions play out in lung development
and lung cancer and whether there are subgroups of lung
cancers with simultaneous Hippo inhibition and canonical
Wnht signaling activation or if these alterations are mutually
exclusive, as may be the case in liver cancer (19).

It is fascinating to note that these major signaling pathways
and molecules used in embryogenesis as morphogens induce
strict, well-defined, and reproducible patterns under normal
physiological conditions. These molecules become abused
and ill-regulated in cancer cells, thus producing chaotic
and destructive tissues. Lung cancer is no exception to this
subversion of developmental programs, such as Wnt and
Hippo signaling. However, exploiting this knowledge and
restoring the functionality of these pathways is a daunting
task. The immense progress in tumor immunology and
immune therapy has shown the power of targeting non-
tumor cells rather than tumor cells (22).

A recent paper by Chung ez 4/. investigated non-tumor
cells in breast cancer at the single cell transcriptome level and
identified that the majority of them are immune cells with
immune-suppressive signatures (23). This emerging theme
of targeting the tumor-associated microenvironment—
including immune cells, fibroblasts, and macrophages (23)—
will be the next frontier in cancer research. Since the tumor
microenvironment and tissue is an aberrant and often
wound-like version (24) of the normal tissue, the pathways
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that guide tissue maintenance and repair (e.g., Wnt, Hippo,
and T'GFbeta) will still play a central role in understanding
tumorigenesis and tumor progression.

And despite the constant, confusing and scary emergence
of new details on how these pathways are networked
[e.g., the link of Hippo and Wnt pathways through the
methyltransferase SETD7 (25)], these new details may also
open new opportunities to target these pathways in order to
diminish cancer cell growth and survival.

The studies by Han et 4. and other groups on the
interaction of Wnt and Hippo pathways provide a
foundation on which such novel therapies may be
developed. Many additional questions must be resolved
and more detailed maps of cancer signaling networks must
be drawn in order to predict when a Wnt storm can arise
after Hippo (2) has been calmed, or whether calming a
Hippo can also cause major storms without Wnt signaling
activation [e.g., (19)].
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