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Abstract

Mammalian embryonic development is a highly stereotyped and coordinated process. Although
tremendous diversity exists across species, the fundamental processes that drive
spatiotemporal patterning and shaping are regulated by only a few signaling pathways. Wnt
signaling is one such pathway that is involved in many aspects and stages of development. The
many modalities of Wnt signaling, initiated through different ligand receptor combinations, elicit
unique molecular and cellular responses, which historically have been differentiated by their
ability to impact either tissue specification or tissue morphogenesis. In this paradigm, canonical
Whnt signaling, or Wnt/B-catenin signaling, utilizes the transcriptional co-activator 3-catenin to
affect gene transcription and cell proliferation, thereby impacting tissue specification. In contrast,
non-canonical Wnt signaling relies on B-catenin-independent mechanisms to affect cell
migration to drive tissue morphogenesis. While the mechanisms and outputs of canonical Wnt
signaling are well-studied in many physiological and pathological contexts, a reciprocal
understanding of the molecular and cellular mechanisms governing non-canonical Wnt-driven

tissue morphogenesis has remained limited.

This dissertation seeks to augment our understanding of the molecular and cellular
mechanisms by which one major non-canonical Wnt pathway — Wnt5a-Ror signaling, defined as
the signaling cascade initiated by Wnt5a ligands and Ror receptors — regulates embryonic
development and how its misregulation can lead to congenital birth defects. This is achieved
through further delineation of the Wnt5a-Ror signaling pathway based on the identification and
characterization of a downstream regulatory component, the E3 ubiquitin ligase Pdzrn3, in
addition to assessment of the roles of Dishevelled (Dvl) scaffolding proteins as they mediate
both Wnt5a-Ror and Wnt/B-catenin signaling pathways in physiological as well as pathological

contexts.

Vi



In Chapter 1, | briefly overview the history of Wnt signaling as a major developmental
signaling network involved in a variety of unique biological processes. | detail the
morphogenesis changes associated with misregulation of Wnt5a-Ror signaling in key model
organisms, namely the widened and shortened of the body axis, head, tail and limbs. | also
discuss the similarity between these Wnt5a-Ror signaling mutant organisms and Robinow
syndrome (RS) human patients, which share many overlapping physical features and possess
mutations in components of Wnt5a-Ror signaling. Finally, | delve more specifically into RS
mutations that occur in DVLs, a family of evolutionarily conserved scaffolding proteins involved
in facilitating multiple Wnt signaling pathways and indicate key questions surrounding the

function and downstream changes driven by these proteins.

In Chapter 2, | focus on augmenting our mechanistic understanding of Wnt5a-Ror
signaling that occurs in normal physiological contexts. In this team effort, | and others use a
whole-cell proteomics approach to identify downstream effectors of Wnt5a-Ror signaling, and
through this approach discover the E3 ubiquitin ligase Pdzrn3 as a regulatory target. We
establish that Pdzrn3 is initially phosphorylated shortly after Wnt5a-Ror signaling is activated, a
biochemical event which is required for its subsequent proteasomal degradation. From these
findings, we develop a flow cytometry-based reporter to monitor Wnt5a-Ror signaling activity in
live cells, one of the first of its kind reporters within the non-canonical Wnt signaling field. Using
this reporter assay, we delineate the signaling cascade regulating Pdzrn3 phosphorylation and
total protein abundance and determine that the C-terminal LNX3H domain of Pdzrn3 is
phosphorylated in response to Wnt5a-Ror signaling. A closely related homolog of Pdzrn3, Lnx4,
which possesses its own LNXH3 domain, can similarly undergo Wnt5a-Ror-induced
degradation, strongly suggesting that the LNXH3 domain is a Wnt5a-responsive domain. We

determine that phospho-regulation of Pdzrn3 is necessary for Wnt5a-Ror-driven cell migration.

vii



We observed that cell migration is reduced with Wnt5a-Ror signaling activity, suggesting this

pathway uses Pdzrn3 abundance to modulate this cell biological process.

In Chapter 3, | question the individual and collective contributions of Dvls to Wnt5a-Ror
signaling as well as analyze how RS DVL variants affect signaling in this pathway and Wnt/3-
catenin signaling. | develop a dual reporter system derived from mouse embryonic maxillary
prominences to measure both Wnt5a-Ror and Wnt/B-catenin signaling in live cells and use a
gene knockout and replacement approach in these cells to dissect the function of both wild-type
and RS DVL variants. Through this approach, | show that Dvls are required for Wnt5a-Ror
signal transduction and functionally non-redundant in dual reporter cells. | also demonstrate that
the function of the Dvl C-terminus is to auto-regulate the remaining Dvl domains, which are
differentially required in Wnt5a-Ror and Wnt/B-catenin signaling. | identified key residues within
the Dvl C-terminus that are phosphorylated during Wnt5a-Ror signaling that are differentially
required for Wnt5a-Ror signaling activity but not Wnt/B-catenin signaling, providing insight into
Dvl pathway specification. Further, evaluation of RS DVL variant activity in multiple Wnt
pathways for the first time indicates that they alter Wnt5a-Ror and Wnt/B-catenin signaling
through multiple unique mechanisms, collectively demonstrating that misregulation of these
pathways through over- or under-activation contributes to RS. Additional and related work
concerning the identification and function of RS-like DVL2 variant present in bulldogs and

related dog breeds is included in the Appendix.

Collectively, this dissertation establishes fundamental knowledge regarding Wnt5a-Ror
signaling mechanisms in multiple contexts and establishes several practical platforms from

which even more detailed interrogation of the pathway can be conducted.
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Chapter 1

Wnt5a-Ror signaling in development and Robinow syndrome



A brief overview of Wnt signaling

Whts are a highly conserved family of glycoproteins that facilitate a variety of cell-cell
communications within multicellular organisms in many diverse contexts. Since their
independent discoveries, first as a segment polarity gene in Drosophila [1] and, subsequently,
as a driver of mammary tumors in mice [2], Wnt ligands have garnered several decades of
intense study from researchers worldwide. Today, it is recognized that Wnt ligands are a pivotal
part of almost all aspects of biology, from the earliest stages of embryonic development to the
most severe progression of diseases in addition to many of the physiological and pathological

activities in between.

Early studies noted that ectopic expression of some Wnt ligands caused changes in
tissue patterning and cell transformations [2-4]. Perhaps most strikingly, overexpression of Wnt1
in Xenopus resulted in axis duplication [4]. The subsequent efforts to understand the
mechanisms driving such changes, coupled with epistasis experiments in Drosophila [5-7], led
to delineation of the canonical Wnt signaling pathway. In this signaling cascade, ligands such as
Whnt3a signal through Frizzled (Fzd) and low-density lipoprotein receptor-related protein 5 and 6
(Lrp5/6) receptors to inhibit a multiprotein assembly known as the destruction complex, which
contains essential components such as Dishevelled (Dvl), Axin, adenomatous polyposis coli
(APC), and glycogen synthase kinase (GSK3), and stabilize the transcriptional coactivator 3-
catenin that controls gene transcription and cell proliferation. This type of Wnt signaling
regulates major developmental decisions, including cell proliferation and tissue fate
determination, as well as tissue homeostasis, such as stem cell maintenance and tissue
regeneration, in adult organisms. As a result, defects in canonical Wnt signaling can result in

both devastating congenital defects and diseases, most notably cancer [8, 9].



However, some early reports also observed that some Wnt ligands had no effect on
tissue patterning or cell transformations, but rather appeared to influence cell rearrangements
and tissue shaping. Wnt5a was the first ligand connected to such changes, and, unlike other
Whnts, overexpression of Wnt5a significantly altered Xenopus embryo morphology. Whereas
previous overexpression of Wnt1, Wnt3a, or Wnt8 in Xenopus resulted in axis duplication [4],
overexpression of Wnt5a produced Xenopus embryos with truncated body axis in addition to
head and/or tail defects [10, 11]. The stark contrast between these findings indicated that
different Wnt ligands can influence distinct phenotypic outcomes, suggesting the existence of
multiple unique signaling pathways driven by Wnts. Notably, other model organisms display
similar morphological defects, most notably truncations, in response to change in Wnt5a
expression. Whntba knockout mice exhibit truncated body axes, limbs, and tails, in addition to
underdeveloped external genitalia and widened, flattened faces [12] (Figure 1A), features which
are largely replicated by Wnt5a overexpression in mice [13] and similar to the morphology of
Whnt5a knockdown zebrafish [14]. These phenotypic observations, in combination with additional
epistasis experiments conducted in Drosophila and loss of function studies in vertebrates,
confirmed the existence of B-catenin-independent Wnt signaling [11, 15-20], thus initiating the

distinction between canonical Wnt signaling, dependent on p-catenin, and non-canonical Wnt

pathways, or B-catenin-independent, pathways.

Since these discoveries, the number of biological processes regulated by non-canonical
Whnt pathways has continued to grow [15, 21-26]. Although the number and biochemical
regulation of such pathways lacks consensus, collectively non-canonical Wnt pathways appear
to culminate in the regulation of cytoskeletal rearrangements [20], thus leading to the cell and
tissue morphogenesis changes described above. Much like canonical Wnt signaling, non-

canonical Wnt pathways regulate a multitude of processes during embryonic development, and



inappropriate reactivation of non-canonical Wnt pathways contributes significantly to the

malignant properties of diverse tumor types [27-34].

Whtba-Ror signaling constitutes a major non-canonical Wnt signaling pathway

While Wnt5a has been reported to interact with many different receptors to initiate
distinct intracellular signaling cascades [11, 15-20], only deletion of receptor tyrosine kinase like
orphan receptor 2 (Ror2) strongly phenocopied Wnt5a knockout mice [24, 35-38]. Like
previously observed in Wntba knockouts, genetic deletion of Ror2 in mice resulted in body axis
and limb truncations in addition to flat and widened craniofacial features [24, 35-38]. From these
findings started the notion that Ror2 is a major receptor involved in mediating Wnt5a signals

[39], hereafter referred to as Wnt5a-Ror signaling.

Efforts to define the signaling cascade underlying Wnt5a-Ror signaling initially identified
DvI2 phosphorylation as a pathway specific change [24]. However, DvI2 phosphorylation is also
a key indicator of signaling activity in several other Wnt pathways [40-44]. This led to expanded
efforts to identify additional, pathway specific downstream components of Wnt5a-Ror signaling.
Through Ror-dependent whole-cell proteomic screens, Kif26b, an atypical kinesin, was
identified as a downstream effector of Wnt5a-Ror signaling [26]. At the molecular level, Wnt5a-
Ror signaling activity leads to a reduction in Kif26b protein abundance. Overexpression of Fzd
receptors or DvI1 resulted in degradation of Kif26b [26], indicating that they are other major
components of Wnt5a-Ror signaling. In line with the existing evidence that Wnt5a-Ror signaling
impacts cell migration and tissue morphogenesis, Kif26b serves as a promigratory factor in
multiple organisms and cell types [26, 45-47]. However, Wnt5a-Ror signaling activity reduces

cell migration, an affect that is lost with genetic deletion of Kif26b [26]. Collectively, these



findings suggest that Wnt5a-Ror signaling tunes Kif26b abundance to modulate cell migration.
Thus, the Wnt5a-Ror signaling cascade that is initiated at the cell surface by Wnt5a ligands,
Ror2, and Fzd receptors leads to phosphorylation of DvI2 and degradation Kif26b to modulate

cell migration (Figure 1B) [24, 26].

Taken all together, the strong phenotypic similarities observed in both Wnt5a and Ror2
knockout mice, coupled with their co-regulation of downstream effectors DvI2 and Kif26b,

suggested that Wnt5a-Ror signaling constitutes a distinct non-canonical Wnt signaling pathway.

Mutations in components of Wntba-Ror signaling cause Robinow syndrome

In parallel to the discovery that Wnt5a ligands can use Ror to initiate non-canonical
signaling, ROR2 was implicated as a candidate gene for Robinow syndrome (RS) [36]. RS is a
rare congenital disorder that was first described by Dr. Meinhard Robinow in 1969, who noted
that patients exhibited dwarfism in addition to unique phenotypes affecting the limbs, hands,
genitals, and face [48, 49]. RS can be inherited in both autosomal dominant or autosomal
recessive manners. Worldwide, fewer than 50 families have been identified with autosomal
dominant RS (ADRS) and fewer than 200 individuals have been diagnosed with autosomal
recessive RS (ARRS) [75, 76]. However, these numbers will likely continue to grow as recent
technological advances have improved the ease, cost, and frequency of patient genome
sequencing and additional candidate genes are established that can routinely be evaluated in

tandem with clinical symptoms [48, 49].

Importantly, the distinct morphological features in human RS patients closely mimic the
loss of function phenotypes observed in both Wnt5a and Ror2 knockout model organisms [10,

12-14, 35, 38, 39], suggesting an innate connection between RS and Wnt5a-Ror signaling. In



recent years, mutations in additional components of Wnt5a-Ror signaling have similarly been
shown to cause Robinow syndrome, including WNTS5A, DVL1, DVL2, DVL3, and FZD2 [50-58].
However, in contrast to the homozygous ROR2 loss of function mutations associated with
ARRS, the mutations reported in WNT5A, DVL1, DVL2, DVL3, and FZD2 are heterozygous and
autosomal dominant. Collectively, these findings from human patients indicate that disruption of
Whnt5a-Ror signaling in multiple, unique ways can result in the manifestation of RS [51, 53, 54,
58-60], underscoring the importance of this pathway to embryonic development as well as our

need to understand it in detail.

Several clinical symptoms are shared by both ADRS and ARRS patients. Majority of
reported RS patients exhibit short stature, limb shortening, brachydactyly, genital hypoplasia (in
males, primarily) and multiple craniofacial features such as midface hypoplasia and
hypertelorism [59, 61]. Unsurprisingly, these physical features arise from the embryonic tissues
in which Wnt5a and Rors are highly expressed. In mice, Wnt5a can be detected in the
outgrowing regions of the body, with the highest expression observed in the distal portions of
the limb and tail buds, facial primordia, and urogenital primordia as well as the mesenchyme of
the developing gut [12, 62]. Rors are similarly expréssed in these tissues at the same time
points in addition to the heart, lungs, mesonephros, as well as cartilage condensations and
growth plates at later developmental stages [35, 63-68]. In contrast, Fzd receptors and Dvl
scaffolding proteins are more widely expressed during development and adulthood, which likely
reflects their involvement in other Wnt signaling pathways besides Wnt5a-Ror signaling [62, 69,
70]. However, Fzd2, the only Fzd receptor thus far associated with RS, is part of a subfamily of
Fzd receptors highly expressed in the developing palate, facial prominences, and cardiac

outflow tract [71].

While certain key clinical traits are shared, there is tremendous clinical heterogeneity

amongst ADRS and ARRS patients [61]. Often, ARRS patients have more distinct appearances



due to severe skeletal defects that can include spinal deformities and rib fusions [49, 61], likely
due to the role of Ror2 function in skeletal development [35, 38, 39]. Further, many clinical
symptoms have incomplete penetrance, thus leading to variability between two patients who
both have ADRS or ARRS as well as between two RS patients with mutations in the same
gene. This variability has historically contributed to the difficulties associated with appropriately
diagnosing RS versus other similar skeletal disorders, which highlights a need to understand
wild-type mechanisms of Wnt5a-Ror signal transduction to appropriately evaluate the signaling

deviations driven by RS variants.

Robinow syndrome mutations in DVLs and potential impacts on downstream signaling

Exome sequencing of multiple individuals and families led to the initial discovery of
several patients with mutations in DVL1, all of which are heterozygous frameshift and splice
acceptor mutations located in the penultimate or ultimate exons. Interestingly, all patient
mutations result in the generation of the same new -1 open reading frame that affects the C-
terminus while leaving preceding N-terminal sequence intact [51, 53]. Thus, the resultant protein
product is predicted to be mostly wild-type with a novel C-terminus sequence that is shared by
all patients. Subsequent studies identified both heterozygous frameshift mutations and splice
acceptor variants DVL3 as well as the first frameshift mutation in DVL2 [58, 59, 72]. Like ADRS
mutations in DVL1, these mutations in DVL3 and DVL2 similarly occur in the penultimate or
ultimate exon and are predicted to generate a novel C-terminus sequence while leaving the

preceding sequence unaffected.

Remarkably, an analogous frameshift mutation was identified in DVL2 gene and is

shared among screw-tail dog breeds (colloquially known as Bulldogs, French Bulldogs, and



Boston Terriers and hereafter referred to as Bulldogs). Bulldogs are defined by their shortened
and kinked tails (“screw tails”) that arise from vertebral malformations such as fused and/or
absent vertebrae [56] (for more on my contributions to this work see Appendix). In addition to a
variety of skeletal malformations, Bulldogs also exhibit many other morphological similarities to
RS patients, such as short limbs and stature as well as several craniofacial features like flat,
short, and wide faces, an increased susceptibility to cleft palate [56, 73]. The highly analogous
nature of the Bulldog DVL2 mutation and similar morphological features shared by Bulldogs and
human RS patients strongly suggests that Bulldogs have a canine version of RS. Collectively,
these studies in human patients and Bulldogs implicate DVL C-termini in ADRS and canine-like

RS and strongly suggest a highly important and conserved function for the DVL C-terminus.

Although the mechanisms governing ADRS and canine-like RS are limited, existing data
suggest that neither mRNA and/or protein instability contribute to the ADRS phenotype.
Transcripts from both DVL1 and DVL3 are expressed at levels similar to wild-type transcripts
[63, 54], and overexpressed ADRS-DVL1 and Bulldog DVL2 can be detected at levels
comparable to their wild-type DVL counterparts in heterologous systems [51, 56]. These
findings suggest that a simple loss of function mechanism does not explain the mechanism and
phenotypes of ADRS patients and Bulldogs. This concept is further supported by the
phenotypes observed in Dv/ knockout mice, which cover a spectrum of phenotypes ranging from
abnormal social behavior in DvI1 knockouts [74] to skeletal abnormalities and conotruncal
defects in Dvi2 knockouts [69] to conotruncal and Organ of Corti defects in DvI3 knockouts [75].
While these mouse models recapitulate some aspects of the ADRS and canine-like RS
phenotype, primarily the skeletal and conotruncal defects observed in Dvi2 and DvI3 knockout
mice, the lack of additional similarities suggests that ADRS and canine-like RS arise via a more

complex mechanism.



There is also a distinct possibility that ADRS and Bulldog DVL mutations may alter
multiple Wnt signaling pathways. Unlike WNT5A and RORs, DVL scaffolding proteins have well
established roles in both canonical Wnt/B-catenin and non-canonical Wnt pathways. Evidence
suggests that ADRS-DVL1 can increase canonical Wnt signaling in the presence of Wnt3a in a
C-terminus dependent manner when overexpressed with wild-type DVL1 in a heterologous
system [51]. Similarly, heterologously expressed Bulldog DVL2 exhibits decreased
phosphorylation, a key readout of both canonical and non-canonical Wnt5a-Ror signaling, in
response to treatment with recombinant Wnt3a or Wnt5a, respectively, suggesting again that
multiple Wnt pathways may be disrupted [56]. However, beyond these studies, data indicating
potential signaling defects in non-canonical Wnt5a-Ror signaling remains unexamined. Thus,
utilization of the molecular readouts of these pathways, in conjunction with more precise genetic
manipulations, should be prioritized in future endeavors to clarify the functionality of these DVL

variants.

Dissertation Aims

All together, these patient reports further underscore the ever-growing importance of
Whnt5a-Ror signaling to appropriate tissue morphogenesis. Additionally, the close phenotypic
connections between deviations in Wnt5a-Ror signaling and RS patients strongly suggest that
disruption of this key signaling pathways leads to manifestation of the congenital disorder,
leading to the overarching hypothesis that misregulation of Wnt5a-Ror signaling causes RS.
The increasing number of patient mutations emphasizes a need to deepen our mechanistic
understanding of Wnt5a-Ror signaling at the molecular and cellular levels, which can facilitate

RS patient mutation modeling to develop therapeutics. In turn, RS patient mutations can be



utilized within existing Wnt5a-Ror signaling assays to further our understanding of

physiologically normal mechanisms.

Chapter 2 of this dissertation focuses on continuing to build upon our understanding of
Whntb5a-Ror signaling mechanisms that occur under normal, physiological conditions. Here, | and
others ask, are multiple downstream effectors are involved in facilitating Wnt5a-Ror signal
transduction? How does the pathway biochemically regulate such downstream effectors? In
answering these questions, we identify the E3 ubiquitin ligase Pdzrn3 as a regulatory target of
Whntb5a-Ror signaling. Through biochemical and epistatic characterization, we begin to recognize
the patterns by which Wnt5a-Ror signaling regulates both Pdzrn3 as well as Kif26b to affect
similar cell biological processes. Ultimately, this work establishes fundamental knowledge
regarding Wnt5a-Ror signaling mechanisms in addition to developing several practical platforms

from which even more detailed interrogation of the pathway can be conducted.

Chapter 3 of this dissertation focuses on the role and function of Dvls as a major
intersection for Wnt5a-Ror and Wnt/B-catenin signaling pathways. Here, | ask, are Dvls required
for Wnt5a-Ror signaling? How do Dvls differentially transmit signals to Wnt5a-Ror or Wnt/B-
catenin signaling pathways? Do RS DVL variants only disrupt Wnt5a-Ror signaling or multiple
Whnt pathways? In completing this work, | show that Dvls are required for Wnt5a-Ror signaling
and that their function is regulated by their C-termini, which possess unique phosphorylation
sites differentially required for Wnt5a-Ror but not Wnt/B3-catenin signaling. These findings in part
explain how RS DVL variants, which have mutated C-termini, impact multiple Wnt signaling
pathways as part of their molecular etiology. Overall, the findings presented in this dissertation
advance our understanding of Wnt5a-Ror signaling mechanisms in both physiological and

pathological contexts.

10



Figures

Figure 1. Mutations in Wnt5a-Ror signaling cause Robinow syndrome A) Wnt5a knockout
mouse embryos at 11.5 days of gestation exhibit body axis, limb, and tail truncations in addition
to underdeveloped external genitalia and craniofacial malformations compared to wild-type
littermates. These physical features are largely phenocopied in Robinow syndrome patients.
Scale bars are 1 millimeter. B) During Wnt5a-Ror signaling, Wnt5a ligand interactions with
Frizzled and Rors result in the downstream phosphorylation of DvI1-3. Subsequently, the
downstream effectors Kif26b and Pdzrn3 are degraded, leading to cytoskeleton rearrangements
that influence cell and tissue morphogenesis. Red asterisks denote pathway components that

are mutated in Robinow syndrome.
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Abstract

Whnt5a-Ror signaling is a conserved pathway that regulates morphogenetic processes during
vertebrate development [1], but its downstream signaling events remain poorly understood.
Through a large-scale proteomic screen in mouse embryonic fibroblasts, we identified the E3
ubiquitin ligase Pdzrn3 as a regulatory target of the Wnt5a-Ror pathway. Upon pathway
activation, Pdzrn3 is degraded in a B-catenin-independent, ubiquitin-proteasome system-
dependent manner. We developed a flow cytometry-based reporter to monitor Pdzrn3
abundance and delineated a signaling cascade involving Frizzled, Dishevelled, CK1, and GSK3
that regulates Pdzrn3 stability. Epistatically, Pdzrn3 is regulated independently of Kif26b,
another Wnt5a-Ror effector [2]. Wnt5a-dependent degradation of Pdzrn3 requires
phosphorylation of three conserved amino acids within its C-terminal LNX3H domain [3], which
acts as a bona fide Wnt5a-responsive element. Importantly, this phospho-dependent
degradation is essential for Wnt5a-Ror modulation of cell migration. Collectively, this work
establishes a new Wnt5a-Ror cell morphogenetic cascade involving Pdzrn3 phosphorylation

and degradation.

22



Significance

Whnt5a-Ror signaling is a master regulator of tissue shape, and dysfunction of the pathway
contributes to congenital birth defects and cancer metastasis. The molecular underpinnings of
this pathway, however, remain unclear. To identify subcellular protein changes driven by Wnt5a-
Ror signaling, we conducted a large-scale proteomic screen and identified the E3 ubiquitin
ligase Pdzrn3 as a downstream target. Wnt5a-Ror signaling initially induces Pdzrn3
phosphorylation, which subsequently triggers the ubiquitin/proteasome-dependent degradation
of Pdzrn3. Importantly, Wnt5a-Ror signaling uses this phospho-degradation process to regulate
cell migration. From these findings, we further developed a flow cytometry-based reporter to
monitor Pdzrn3 abundance and delineated the signaling cascade regulating Pdzrn3 stability.
Collectively, our study establishes Pdzrn3 phosphorylation and degradation as a key component

of Wnt5a-Ror signaling.
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Introduction

Embryonic development in vertebrates is a highly stereotyped and coordinated process
that depends on a handful of core signaling pathways. One major mode of signaling involves
Whnt ligands, a diverse and highly conserved family of glycoproteins that signal in many
spatiotemporal contexts, including tissue specification and tissue morphogenesis in addition to
tissue homeostasis in adult organisms [4-6]. Thus, Wnts play unique and critical roles in both

developing and adult organisms.

Traditionally, Wnt pathways have been classified as either canonical or non-canonical.
Canonical Wnt signaling utilizes B-catenin as a transcriptional co-activator to regulate cell fate
and proliferation and its mechanism of action and biological functions are relatively well
understood. In contrast, non-canonical Wnt signaling, which regulates tissue morphogenetic
processes in a -catenin-independent manner, remains poorly characterized [4-9]. Numerous
studies in a variety of model organisms have demonstrated that alterations to the expression of
Whnt5a, the prototypic non-canonical Wnt ligand, can cause drastic morphogenesis defects such
as body axis truncations, shortened limbs and tails, and craniofacial malformations [1, 10, 11].
These phenotypic abnormalities closely mirror those of Ror1 and Ror2 double knockout mice,
further underscoring the growing evidence that Ror receptors mediate Wnt5a signals to

orchestrate tissue morphogenetic events [12, 13].

Importantly, the phenotypic characteristics observed in WNT5A and ROR1; ROR2
double mutants have also been observed in human Robinow syndrome patients, and several
recent publications have reported that many Robinow syndrome patients possess mutations in
various components of the Wnt5a-Ror signaling pathway, including WNT5A, ROR2,

FRIZZLED?2 (FZD2), DISHEVELLED1 (DVL1), and DISHEVELLED3 (DVL3) [14-20]. Further,
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bulldogs and other closely related dog breeds possess a mutation in DISHEVELLED2 (DVL2)
that is highly analogous to the human Robinow syndrome mutations in DVL1 and DVL3, and
these breeds exhibit skeletal and craniofacial features that are reminiscent of human Robinow
syndrome [21]. Collectively, these recent findings strongly support the idea that Wnt5a-Ror
signaling is conserved and critical to tissue morphogenesis in a variety of vertebrates. However,
despite the significance of Wnt5a-Ror signaling in normal development and disease contexts,
the mechanisms by which Wnt5a signals are transmitted and processed within the cell remain
unclear. Progress within the field is further hampered by a lack of consensus regarding the
number of non-canonical pathways, the biochemical nature of their regulation, and variability in

the methods used to measure signaling [7].

To deepen our understanding of Wnt5a-Ror signaling, we have taken systematic
approaches to identify downstream cellular events that occur in response to pathway activation.
Previously, we genetically ablated Ror1 and Ror2 receptors in primary mouse embryonic
fibroblast (MEF) cultures and used a proteomic approach to uncover downstream signaling
events that are misregulated. From this analysis, we identified the atypical kinesin Kif26b as a
downstream component of Wnt5a-Ror signaling that is degraded upon Wnt5a-Ror pathway

activation [2].

In this follow-up study, we hypothesized that the identification of additional downstream
regulatory targets would augment our mechanistic understanding of Wnt5a-Ror signaling. Thus,
we conducted a second large-scale proteomic screen to identify cellular proteins whose
abundance and phosphorylation state are altered by acute stimulation of Wnt5a-Ror signaling.
Through this approach, we identified the E3 ubiquitin ligase Pdzrn3 as a downstream target.
Pdzrn3 has been implicated in non-canonical Wnt signaling previously based on its interactions
with DvI3 and shown to function as a promigratory factor in several morphogenetic contexts,

including synaptic growth and maturation, vascular morphogenesis, and neuronal positioning
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[22-24]. However, how non-canonical Wnt signaling regulates Pdzrn3 at a biochemical level still
remains unknown. We discovered that Pdzrn3 is degraded by Wnt5a-Ror signaling via a
mechanism independent of B-catenin but dependent on the ubiquitin-proteasome system (UPS).
This regulation is mediated by a signaling cascade involving Frizzled (Fzd), Dishevelled (Dvl),
Casein kinase 1 (CK1), and Glycogen synthase kinase 3 (GSK3), which is remarkably similar to
the cascade that regulates Kif26b. Despite these similarities, we find that Wnt5a-induced
degradation of Pdzrn3 is not dependent on Kif26b and vice versa. Further, Wnt5a-dependent
degradation of Pdzrn3 requires phosphorylation of three specific amino acid residues on its C-
terminal LNX3H domain. Critically, the phosphorylation and degradation of Pdzrn3 serves as a
mechanism through which Wnt5a-Ror signaling can regulate cell migration. Lastly, we
demonstrated that the LNX3H domain is required for Wnt5a-dependent degradation of not only
Pdzrn3 but also its structural homolog Lnx4, suggesting that the LNX3H domain may generally
function as a Wnt5a-responsive domain. Together, these findings establish the mechanisms
through which the Wnt5a-Ror pathway regulates Pdzrn3 abundance to facilitate signal
transduction, thus providing a platform from which a deeper mechanistic and cell morphogenetic

understanding of non-canonical Wnt signaling can be attained.
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Materials and methods

Cell lines

Primary MEFs were isolated directly from mouse embryos as described [13] and used within 3
passages. NIH/3T3 Flp-In (R76107, Thermo Fisher Scientific) cells were purchased and were
not re-authenticated; cells tested negative for mycoplasma contamination using the Universal
Mycoplasma Detection Kit (30-1012K, ATCC). All cell lines were cultured at 37C and 5% CO2 in
Dulbecco’s Modified Eagles Medium (MT15017CV, Corning) supplemented with 1x glutamine
(25-005-Cl, Corning), 1x penicillin-streptomycin (30-002-Cl, Corning) and 10% fetal bovine

serum (16000069, Thermo Fisher Scientific).

TMT/MS3 proteomic screen

Primary Wnt5a™ MEFs (derived and pooled from three different E12.5 Wnt5a” embryos) were
seeded in six 10-cm plates at 50% confluency 3 days before rWnt5a stimulation (day 0), such
that cells would be fully confluent for 2 days. On the day of stimulation (day 3), cells in each 10-
cm plate were treated either with r\Wnt5a (100ng/mL final concentration) for 1h or 6hr, or with
the control buffer (1x PBS, 0.1% bovine serum albumin, 0.5% w/v CHAPS) for 6hr. The entire
stimulation experiment was conducted in two independent replicates. At the end of the Wnt5a
stimulation time course, cells were washed once with ice-cold PBS and plates were scraped into
1 mL of ice-cold lysis buffer (8 M urea, 75 mM NaCl, 50 mM Tris pH 8.2, 1 mM NaF, 1 mM B-
glycerophosphate, 1 mM NazVO4, 10 mM NasP207, 1 mM PMSF, and Complete protease

inhibitor (-EDTA, Roche)). Cells were homogenized by pipetting up and down using a P-1000
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and then sonicated in a Bioruptor (17 x 30s ON/OFF cycles). Cell lysates were then centrifuged
at 40,000 RPM for 20 min at 4C. The clarified high-speed supernatants were collected, snap
frozen in liquid nitrogen and stored at -80C until the TMT/MS3 analysis was performed. Protein

concentrations were determined using BCA reagents (Pierce) and normalized.

To perform the TMT/MS3 screen, tryptic peptides were prepared from whole cell lysates
and the peptide mixtures from the different experimental conditions were labeled with the six
TMT reagents, such that reporter ions at m/z of 126, 127, 128, 129, 130 and 131 would be
generated in the tandem spectrometry. Phosphopeptides were enriched by TiO-
chromatography. Liquid chromatography, MS3 tandem mass spectrometry and data analysis

were carried out as previously described [25-27].

Cloning of mouse Pdzrn3, Lnx1, Lnx2, Lnx4, and Lnx5 cDNA

For cloning of mouse Pdzrn3 cDNA, a first strand cDNA pool was generated from MEF total
RNA Maxima H Minus reverse transcriptase and oligo dT primers according to manufacturer’s
instructions (EP0751, ThermoFisher Scientific). This cDNA library was then used as template
for PCR amplification of the Pdzrn3 open reading frame with the following primers, forward:
gatcGGCCGGCCtACCatgggtttcgagttggatcgc; reverse:
gatcGGCGCGCCTTATACAGTAGTCACCGACAGGAA. The PCR product was subcloned into a
modified pCS2+ vector using the Fsel and Ascl restriction sites. The entire Pdzrn3 open reading

frame was confirmed by Sanger sequencing.

For cloning the Lnx1, Lnx2, Lnx4, and Lnx5 cDNAs, the same workflow was used,
except that E14.5 mouse brain RNA was used to generate the first strand cDNA pool. The

following primers were used to PCR amplify and subclone the respective cDNAs: mLnx1
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forward, gatcGGCCGGccTACCatgaaccaaccggaccttgcagat; mLnx1 reverse,
gatcGGCGCGCCTTATAAAAAAGTACCAGGCCAAGAAG; mLnx2 forward,
gatcGGCCGGccTACCatgggaacaaccagtgacgagatgg; mLnx2 reverse,
gatcGGCGCGCCCTATACGAGGCTGCCTGGCCAGCAG; mLnx4 forward,
gatcggeecggecTaccATGGGCTTCGCTTTGGAGCGTCTC; mLnx4 reverse,
gatcGGCGCGCCtcaTACGGTGGTCACCGACAGAAAGGC; mLnx5 forward,
gatcGGCCGgCCTACCatgggatgtaatatgtgtgtggtc; mLnx5 reverse,
gatcGGCGCGCCTCAGACAGTGGTGACAGAGAGCAG. All constructs were confirmed by

Sanger sequencing.

Antibodies

Antibodies against Ror1, Ror2, and Kif26b were described previously [2, 13]. The following
antibodies were purchased: rabbit anti-DvI2 (#3216, Cell Signaling) and mouse anti-a-tubulin

(clone DM1A, #ab7291, Abcam).

Initial analyses of Pdzrn3 were conducted using a commercial antibody (SC-99507,
Santa Cruz Biotechnology); however, the antibody was discontinued and all subsequent
analyses (including all data presented in this paper) were conducted using anti-Pdzrn3
antibodies produced in-house. To generate anti-Pdzrn3 antisera, rabbits were immunizing with a
mixture of two different antigens: 1) a synthetic peptide with the sequence
LLTHGTKSPDGTRVYNSFLSVTC, conjugated to keyhole limpet hemocyanin (77600,
ThermoFisher Scientific), and 2) a maltose binding protein N-terminally fused to a Pdzrn3
protein fragment extending from amino acids 902 to 1063, recombinantly expressed in and

purified from E. coli. Antibodies were affinity purified from antisera over a column with a full-
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length recombinant Pdzrn3 protein covalently immobilized to Sepharose beads (AminoLink
Plus, 20501, ThermoFisher Scientific). Full length Pdzrn3 was expressed in insect cells using
the Bac-to-Bac baculovirus expression system (10359016, ThermoFisher Scientific); the protein
was insoluble and was purified under denatured conditions using 5.5M guanidinium
hydrochloride, coupled to AminoLink Plus Resin, and renatured by gradually removing

guanidinium hydrochloride.

Western blotting

Protein lysates for SDS-PAGE and western blotting were prepared in 1x - 2x Laemmli sample
buffer or LDS sample buffer (Life Technologies). Protein lysates used for Kif26b western blotting
were not heated, as the Kif26b signal weakens substantially after heating, likely due to heat-
induced protein aggregation [2]. All other protein lysates were heated at 90C for 5 min before

SDS-PAGE and western blotting.

Quantitative western blotting was performed using the Odyssey infrared imaging system
(Li-Cor Biosciences) according to the manufacturer’s instructions. The median background
method was used with a border width of two pixels on all sides around the perimeter of the area
being quantified. Non-saturated protein bands were quantified by using Odyssey software with

the gamma level set at 1.

Generation of stable NIH/3T3 cell lines
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To construct the GFP-Pdzrn3 expression plasmid, the eGFP open reading frame was first
subcloned into pENTR-2B (Life Technologies), and the full-length mouse Pdzrn3 open reading
frame was subcloned in frame to the C-terminus of GFP. The resulting construct was verified by
sequencing and then recombined with the pEF5-FRT-V5 vector (Life Technologies) using LR
Clonase (Life Technologies) to create pEF5-GFP-Pdzrn3-FRT. The pEF5-GFP-Pdzrn3-FRT
plasmid was used to generate stable isogenic cell lines using the Flp-In system and Flp-In
NIH/3T3 cell line (Life Technologies). DNA transfection was performed in 10-cm plates with
GenJet In Vitro Transfection Reagent (SL100488; SignaGen Laboratories). Cells that stably
integrate the Flp-In constructs were selected using 200ug/ml hygromycin B and expanded. Cell
lines expressing phosphoinhibitory or phosphomimetic Pdzrn3, Lnx1, Lnx2, Lnx4, Lnx5,
Pdzrn3ALNX3H, and Lnx4ALNX3H were similarly created by cloning the open reading frame to

the C-terminus of GFP in frame and conducting the workflow described above.

Lentivirus-mediated protein overexpression

Recombinant lentiviruses were generated using the pLEX_307 (for all Fzd and DVL constructs)
vectors, which uses the EF1 promoter to drive transgene expression. pLEX_307 was a gift from
David Root (Addgene plasmid # 41392). The human DVL1 and DVL3 open reading frames were
cloned by PCR from a HeLa cell cDNA pool using the following primers; hDVL1 forward,
gatcGAATTCCACCatgggcgagaccaagattatctac; hDVL1 reverse,
gatcGGCGCGCCTCACATGATGTCCACGAAGAACTC; hDVL3 forward,
TTCAGGCCGGCCTACCATGGGCGAGACCAAGATCATCTAC; hDVL3 reverse,
GAGGCGCGCCTCACATCACATCCACAAAGAACTC. Similarly, the human DVL2 open reading

frame was cloned by PCR from a separate HeLa cDNA pool. The following primers were used:
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hDvI2 forward, gcggcggcgGeCgGcecaatggegggtagcagcactggggg; hDVL2 reverse,
gtcgacgGgCGcegcctacataacatccacaaagaactcg. The mouse Fzd1 and Fzd7 open reading frames
were PCR amplified from Addgene plasmids #42253 and 42259 (gifts from Jeremy Nathans),
respectively, using the following primers: mFzd1 forward,
gatcggccggcctaccatggetgaggaggeggegcectag; mFzd1 reverse,
gatcggegegccTCAGACGGTAGTCTCCCCCTGTTTG; mFzd7 forward,
gatcggccggcectaccatgcggggecccggecacggeggeg; mFzd7 reverse,
gatcggcgcgccTCATACCGCAGTTTCCCCCTTGC. The mFzd2 open reading frame was cloned
via PCR from mouse brain via the following primers: mFzd2 forward,
gatcggceceggcectaccatgegggeccgcagegecctg; mFzd2 reverse,
gatcggcgcgccTCACACAGTGGTCTCGCCATGC. The open reading frames of all lentiviral
constructs were verified by sequencing. Lentiviruses were packaged and produced in HEK293T
cells by co-transfection of the lentiviral vectors with the following packaging plasmids: pRSV-
REV, pMD-2-G and pMD-Lg1-pRRE (gifts from Thomas Vierbuchen). 0.75ml or 0.25 ml of the
viral supernatants was used to infect GFP-Pdzrn3 reporter cells seeded at 20% confluency in
24-well plates. Puromycin selection (0.002 mg/ml) was carried out for three days. Cells from the
viral titer that killed a large proportion of cells (60-90%) were expanded and used for flow
cytometry; this ensured that the multiplicity of infection (MOI) is ~1 for all cell lines used in the
experiments. This same workflow was utilized to establish GFP-Pdzrn3 and GFP-Kif26b
reporters in Kif26a/b dKO cells and Pdzrn3/4 dKO cells, respectively; in lieu of puromycin
selection, GFP-positive cells were sorted (MoFlo Astrios Cell Sorter, Beckman Coulter, 488nm

laser) and expanded prior to degradation analysis.

Generation of double knockout cell lines
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Kif26b knockout cells were previously described (the mutant clone with +1 and -13 frameshifts,
generated using sgRNA 1; [2]). This Kif26b mutant clone was subject to a second round of
mutagenesis to knock out Kif26a via CRISPR/Cas9-mediated genome editing according to [28].
Briefly, a modified version of LentiCRISPR V2 (Addgene #52961), in which the puromycin
selection cassette was modified with a blasticidin selection cassette, was used to generate
lentiviruses expressing small guide RNAs (sgRNAs) with the following sequence:
GCTCGTGGAGCTAAAACGALC. In wild-type NIH/3T3 cells, Pdzrn3 was similarly targeted using
the following sequence: AGCTGCCCCGCGCGTTGTCG. Following lentivirus infection, cells
were passaged for 5 days to allow time for mutagenesis to occur. Cells were subsequently
selected using blasticidin (0.002mg/mL) in the case of Kif26a mutagenesis, or puromycin
(0.002mg/mL) in the case of Pdzrn3 mutagenesis. Individual cell clones were picked from cell
populations targeted with each of these sgRNAs, expanded and then validated by deep

sequencing the relevant genomic regions amplified by PCR.

To generate Pdzrn3/Lnx4 double knockout cells, Pdzrn3 knockout NIH/3T3 cells were
electroporated with CRISPR/Cas9 ribonucleoprotein complexes targeting Lnx4 using the
following gRNA sequence: GCCAACAUCGGCAUGACUCGUUUUAGAGCUAUGCU. 24 hours
after electroporation, cells were subjected to fluorescence activated cell sorting (MoFlo Astrios
Cell Sorter, Beckman Coulter, 561nm laser) to plate individual cells in 96-well plates; cells were
allowed to recover for two weeks prior to expansion and validation of mutations via deep

sequencing the relevant genomic regions amplified by PCR.

Recombinant proteins and inhibitors
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The following recombinant proteins and drugs were purchased: human/mouse Wnt5a (654-WN-
010, R&D Systems); mouse Wnt3a (1324-WN-002, R&D Systems); Wnt-C59 (C7641-2s;
Cellagen Technology); epoxomicin (A2606, ApexBio); PYR-41 (B1492, ApexBio); MLN4924
(150201M, R&D systems); mouse Dkk-1 (56897-DK-010, R&D Systems); IWR-1-endo (B2306,

ApexBio); D4476 (A3342, ApexBio); and CHIR99021 (A3011, ApexBio).

Reverse transcription and gPCR

Total RNA was isolated from Wnt5a KO MEFs stimulated with rWnt5a for 0, 1, or 6 hours using
the RNeasy Plus Mini Kit (Qiagen, #74134), and cDNA was synthesized using QuantiNova
Reverse Transcription Kit (Qiagen, #205411), both according to the manufacturer's instructions.
The cDNA was the source of input for gPCR, using QuantiNova SYBR Green PCR Kit (Qiagen,
#208054). The following gPCR primer pairs were used: mPdzrn3 forward,
CTGCGCTACCAGAAGAAGTTC; mPdzrn3 reverse, TCCATCTTGATTGTCCACACAG;
mGapdh forward, AGGTCGGTGTGAACGGATTTG; mGapdh reverse,

TGTAGACCATGTAGTTGAGGTCA.

Flow cytometry

NIH/3T3 cells were plated at a density of 0.09-0.095M/well in 48-well plates either directly in
complete media containing Wnt-C59 (10nM) or in complete media and later changed to
complete media containing Wnt-C59 24 hours after plating; all rWnt5a and rWnt3a stimulations

and inhibitor pretreatments and treatments were conducted in the presence of Wnt-C59. 48
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hours after plating, cells were stimulated with rWnt5a (200ng/mL) or rWnt3a (100ng/mL) for 6
hours. For inhibitor treatments, cells were pretreated with the appropriate inhibitor for 1 hour
prior to rWnt5a treatment for 6 hours in the presence of the same inhibitor. Cells were then
harvested, resuspended in PBS + 0.5% FBS and analyzed using a flow cytometer (Becton
Dickinson FACScan, 488nm laser). Raw data were acquired with CellQuest (Becton Dickinson)
and processed in FlowJoX (Treestar, Inc). Processing entailed gating out dead cells, calculation
of median fluorescence, percent change of medians, and overlay of histograms. Dose-response

curves based on percent change were fitted in Prism (GraphPad Software).

Live cell imaging and 2D cell migration

Pdzrn3/Lnx4 knockout cells, Pdzrn3 WT cells, and Pdzrn3 phosphoinhibitory cells (all NIH/3T3
cells) were cultured in complete media or in Wnt-C59 containing media for 72 hours (for
experiments involving rWnt5a stimulation). Cells were subsequently plated at a density of
approximately 0.01M cells per 24 well plate for live cell imaging. rWnt5a treatment was initiated
immediately prior to imaging. Multipoint time lapse images were collected every 10 minutes for
20 hours on an Andor Dragonfly spinning disc confocal system in a humidity controlled chamber
(37C). Cell migration was tracked using the ImagedJ manual tracking plugin, and cells that
divided, moved out of frame, or died were excluded from further analysis. Total distance
traversed was calculated using the ImageJ Chemotaxis tool plugin. Statistical analysis was

done using Prism 8 (GraphPad Software).
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Results

Large-scale proteomic screen identifies the E3 ubiquitin ligase Pdzrn3 as a downstream

regulatory target of Wnt5a-Ror signaling

To profile both early and late molecular events driven by Wnt5a-Ror signaling, we
conducted a large-scale proteomic screen in which primary E12.5 Wntba KO MEFs [2, 10, 13]
were acutely stimulated with purified recombinant Wnt5a (rWnt5a) for 0, 1 or 6 hours, and then
used quantitative tandem mass tag (TMT) mass spectrometry to globally assess changes in the
abundance and phosphorylation state of cellular proteins over time (Figure 1A; see Dataset S1
for full list) [25]. Two independent replicates of Wntba KO MEF cultures were analyzed for rigor
and reproducibility. Potential proteins of interest were defined as tryptic peptides or phospho-
tryptic peptides that exhibited (1) a negative or positive change of > 1.5-fold in abundance and

(2) a change with a p-value < 0.05 across the two replicates.

Based on these criteria, our top candidate was Pdzrn3, an E3 ubiquitin ligase which
exhibited significant changes in both steady-state protein abundance and phosphorylation state
after rwWnt5a stimulation. Although 1 hour of rWWnt5a stimulation did not yield any detectable
changes, after 6 hours of rWnt5a stimulation we observed that Pdzrn3 abundance was
significantly downregulated by 1.72-fold (p= 0.013, Figure 1B, 1C and 1F Table S1).
Additionally, we identified multiple phospho-tryptic peptides derived from two different regions of
Pdzrn3 that exhibited significant changes after rWnt5a stimulation (Figure 1D and 1E). A
phospho-tryptic peptide containing S843 and S845 (dotted line, Figure 1G) and another one
containing T955, T956 and S962 (dashed line, Figure 1G) both showed an initial increase at 1

hour, followed by a decrease at 6 hours. Likewise, a third phospho-tryptic peptide containing
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S775 (dot dashed line, Figure 1G), though not a “hit” based on its significance value (p=0.076),
also exhibited a similar pattern of change. Lastly, a phospho-tryptic peptide containing S845
(solid line, Figure 1G) decreased gradually after 1 hour and more extensively after 6 hours.
Importantly, all phospho-tryptic peptides decreased by 6 hours to a similar extent as that of the
non-phosphorylated tryptic peptide (Figure 1F). This overall pattern thus raised the hypothesis
that Wnt5a signaling first induces the phosphorylation of Pdzrn3 at 1 hour, followed by
downregulation of Pdzrn3 protein abundance at 6 hours, and these two biochemical events are

kinetically and mechanistically coupled.

In addition to Pdzrn3, the proteomic screen also identified other known components of
the Wnt5a-Ror signaling pathway (Table S1). At both the 1 hour and 6 hour timepoints, a
phospho-tryptic peptide from Kif26b was scored as a “hit” (1.70- and 2.03-fold decrease,
respectively). At the 6 hour timepoint, a phospho-tryptic peptide from CK1 isoform gamma-3
was also scored as a “hit” (1.52-fold increase). Moreover, a phospho-tryptic peptide from DvI2
exhibited a 1.49-fold increase in abundance after 6 hours of rWnt5a stimulation. The
identification of these previously described Wnt5a signaling targets further validates the
selectivity and sensitivity of the proteomic screening approach. Other hits of interest include
Irf2bpl, another E3 ubiquitin ligase which has been shown to reduce canonical Wnt signaling in
gastric cancer [29] as well as several proteins with connections to the cytoskeleton, such as
Cttnbp2nl [30], Jmy [31-33], Cit [34], Svil [35, 36], Ppfibp1 [37], Marcks [38, 39], Cald1 [40-42],

and Map2 [43, 44] or tissue morphogenesis, including Fam193a and Nhs1 [45, 46].

To independently confirm that Pdzrn3 abundance is indeed regulated by Wnt5a signals,
we generated rabbit polyclonal antibodies against Pdzrn3 and used western blotting to analyze
the steady-state cellular levels of Pdzrn3 after rWWnt5a stimulation. Consistent with our proteomic
screening results, we observed that the abundance of Pdzrn3 significantly decreased after 6

hours of rWnt5a stimulation (Figure 2A and 2B). This change parallels other previously
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described responses of Wnt5a-Ror signaling, including increased phosphorylation of Ror1, Ror2

and DvI2, and decreased Kif26b abundance (Figure 2A and 2B) [2, 13].

To test whether Ror receptors are required for Wnt5a signaling to Pdzrn3, we utilized
conditional Ror receptor family knockout MEFs derived from E12.5 Ror1": Ror2": CAG-CreER
embryos. These MEFs undergo robust autocrine/paracrine Wnt5a-Ror signaling without
exogenous Wnt5a [13]. We treated cells with 4-hydroxytamoxifen (4OHT) to induce CreER-
mediated deletion of the Ror1™ and Ror2™ alleles. We observed that loss of Ror receptor
expression significantly increased Pdzrn3 levels, which correlated with decreased DviI2
phosphorylation and increased in Kif26b abundance (Figure 2C and 2D). Thus, these results
indicate that Ror receptors are required to facilitate Wnt5a-driven regulation of Pdzrn3

abundance, which is a genuine endogenous Wnt5a-Ror signaling event.

To test whether Wnt5a regulation of Pdzrn3 protein abundance also occurs
transcriptionally, we treated Whnt5a knockout MEFs with rWnt5a for 1 or 6 hours and analyzed
the levels of Pdzrn3 mRNA by reverse transcription-quantitative polymerase chain reaction (RT-
gPCR). Unlike Pdzrn3 protein, Pdzrn3 transcripts did not change significantly after 1 or 6 hours
of rWnt5a stimulation (Figure 2E). Thus, Wnt5a-Ror signaling regulates Pdzrn3 protein
abundance through a post-transcriptional mechanism. Overall, these experiments establish that

regulation of Pdzrn3 protein abundance is a physiological response of Wnt5a-Ror signaling.

A non-canonical Wnt signaling cascade involving Fzd, Dvl, CK1, GSK3 and the ubiquitin-

proteasome system requlates Pdzrn3 degradation

To dissect the molecular mechanisms mediating Wnt5a regulation of Pdzrn3, we

designed a flow cytometry-based reporter in which we stably expressed GFP-Pdzrn3 in NIH/3T3
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cells (referred to as WRP reporter cells for Wnt5a-Ror-Pdzrn3). Consistent with our
observations in primary Wht5a knockout MEFs, treating WRP reporter cells with riWWnt5a for 6
hours, under conditions in which endogenous Wnt signaling is inhibited with the small molecule
PORCN inhibitor Wnt-C59, resulted in a significant downregulation of GFP-Pdzrn3 reporter
signal, thereby demonstrating the fidelity of this reporter assay (Figure 3A). Moreover, we
established that a saturable dose-dependent relationship exists between rWnt5a concentrations
and GFP-Pdzrn3 downregulation, with a calculated ECso of 77.1 ng/mL, which is similar to other

Whnt induced responses (Figure 3B) [13, 47-51].

We next used WRP reporter cells to investigate the biochemical nature of Pdzrn3
downregulation. We pharmacologically tested the role of the ubiquitin-proteasome system
(UPS) in Pdzrn3 downregulation as the UPS is a major regulatory pathway involved in many
signaling systems and our previous study demonstrated that it is required for Wnt5a-dependent
degradation of Kif26b [2]. We treated WRP cells with a panel of small-molecule inhibitors that
block different components of the UPS: epoxomicin, which targets the proteasome [52]; PYR-
41, which targets the ubiquitin-activating enzyme E1 [53]; and MLN4924, which targets Cullin
E3 ligases [54]. Each of these drugs significantly inhibited Wnt5a-dependent Pdzrn3
downregulation (Figure 3C), indicating that the UPS and the Cullin family of E3 ligases are

required for Wnt5a-dependent degradation of Pdzrn3.

To test whether Wnt5a-Ror-dependent Pdzrn3 degradation occurs via non-canonical
Whnt signaling mechanisms independent of the Wnt/p-catenin pathway, we treated WRP reporter
cells with Dkk-1 and IWR-1-endo, which block canonical Wnt/B-catenin signaling at the receptor
and destruction complex level, respectively [55-57]. We observed that neither inhibitor blocked
Whntb5a-induced degradation of GFP-Pdzrn3, indicating that this regulation occurs independently
of the canonical Wnt pathway (Figure 3D). Similarly, we observed that the prototypic canonical

Whnt ligand, rWnt3a, can also drive degradation of Pdzrn3, but this regulation likely occurs
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through a non-canonical mechanism as it is also insensitive to Dkk1-1 and IWR-1 treatment
(Figure S1). This finding is similar to what we previously reported for Kif26b and suggests that
Whnt3a can signal non-canonically in some contexts or, alternatively, that rWnt3a can exhibit
promiscuous activity within our experimental setting [2]. Further, we noted that both inhibitors, in
the absence of either r\WWnt5a or rWnt3a, slightly increased the basal fluorescence of the GPF-
Pdzrn3 reporter; the mechanism behind this regulation is currently unclear. Collectively, these
results demonstrate that Wnt5a-Ror-Pdzrn3 signaling is a bona fide non-canonical Wnt

pathway.

We next investigated if other established Wnt signaling mediators are also involved in
Pdzrn3 degradation. We focused on the Fzd1, Fzd2, and Fzd7 subfamily of Fzd receptors and
all three members of the family of Dvl scaffolding proteins based on their emerging connection
to Robinow syndrome [14-20]. We overexpressed mouse Fzd1, Fzd2, or Fzd7 and human
DVL1, DVL2 or DVL3 in WRP reporter cells via lentivirus-mediated transduction and observed
that overexpression of each Fzd and DVL protein mimicked the effect of rWnt5a by decreasing
the WRP reporter signal significantly, whereas overexpression of the Myc epitope tag as a
negative control did not decrease WRP reporter fluorescence (Figure 3E and 3F). These
findings suggest that Fzd and DVL family proteins function downstream of Wnt5a to regulate

Pdzrn3 degradation.

Beyond Fzd and DVL proteins, several kinases are known to be involved in both
canonical and non-canonical Wnt signaling; specifically, GSK3 and CK1 have been reported to
phosphorylate Ror receptors (Yamamoto et al., 2007; Grumolato et al., 2010), and DvI2 and
DvI3 [47, 58], respectively. To address whether these phosphorylation events are required for
Whnt5a-dependent regulation of Pdzrn3, we treated WRP reporter cells with small-molecule

inhibitors targeting CK1 (D4476) or GSK3 (CHIR99021). Both treatments significantly reduced
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Whnt5a-induced GFP-Pdzrn3 degradation (Figure 3G), thus demonstrating a functional role of

both CK1 and GSK3 in Wnt5a-Ror-Pdzrn3 signal transduction.

We previously reported that the atypical kinesin Kif26b is another downstream regulatory
target of Wnt5a-Ror signaling [2, 59]. Because Pdzrn3 and Kif26b are both regulated by the
Whnt5a-Ror-Dvl axis, we sought to define the epistatic relationship between Pdzrn3 and Kif26b
(i.e., whether these two proteins functions in a linear cascade or in parallel branches). To
distinguish between these possibilities, we used CRISPR/Cas9 gene editing to generate cells
lacking Kif26b and its homolog Kif26a (Kif26a/b dKO cells; Figure S2), which we previously
showed is also a target of Wnt5a-Ror signaling [59], and tested whether the GFP-Pdzrn3
reporter is still degraded with rWnt5a stimulation. We observed that genetic deletion of Kif26a
and Kif26b did not hinder rWnt5a-induce GFP-Pdzrn3 degradation; however, there was a slight
but significant increase in GFP-Pdzrn3 degradation in the Kif26a/b dKO cells that was reversed
with re-expression of Kif26b (Figure 3H). In the converse experiment, we again used
CRISPR/Cas9 to generate cells lacking Pdzrn3 and its homolog Lnx4 (Pdzrn3/4 dKO cells;
Figure S2), which is structurally similar to Pdzrn3 (see Figure 5A). We observed that rWnt5a-
induced GFP-Kif26b degradation still largely occurred (Figure 3I). However, loss of Pdzrn3 and
Lnx4 did slightly reduce GFP-Kif26b degradation, which was alleviated upon re-expression of
Pdzrn3. Taken together, these data indicate that Wnt5a regulation of Pdzrn3 does not require
Kif26b and vice versa, suggesting that these two targets are epistatically parallel to each other.

However, there may be some degree of cross-talk through a currently unknown mechanism.

Pdzrn3 phosphorylation is required for its degradation and serves as a molecular switch to

modulate Wntba-driven cell migration
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We next sought to define the structural elements within Pdzrn3 required for its
degradation and explore the possible role of phosphorylation in this regulation. Pdzrn3 is a
cytosolic protein that contains an N-terminal RING domain that confers its putative E3 ligase
activity, two internal PDZ domains that mediate protein-protein interactions, a C-terminal LNX3
homology (LNX3H) domain with no described function, and a C-terminus PDZ domain binding
motif (Figure 4A) [3, 23]. The six phosphorylation sites identified in our phosphoproteomic
analysis cluster into two groups: Group 1 phosphorylation sites (S775, S843, and S845) reside
within the linker region between the second PDZ domain and the LNX3H domain, and Group 2
phosphorylation sites (T955, T956, and S962) are located within the LNX3H domain itself.
Interestingly, while phosphorylation of Group 1 sites showed only a slight increase at 1 hour and
then decreased after 6 hours (compare Figure 1F with dot dashed, dotted, and solid lines in
1G), phosphorylation of Group 2 sites increased significantly after 1 hour of rWnt5a stimulation,
prior to Pdzrn3 degradation, and then decreased after 6 hours of rWnt5a stimulation (compare
Figure 1F with dashed line in 1G), which raised the hypothesis that phosphorylation of these
sites, particularly those in Group 2, may be required for Wnt5a-regulation of Pdzrn3

degradation.

To test this hypothesis, we systematically generated phosphoinhibitory mutants (T or S
to A substitutions) of all three sites in either Group 1 or Group 2 and examined rWnt5a-induced
Pdzrn3 degradation. We observed that while mutation of Group 1 sites had no effect on rWnt5a-
induced Pdzrn3 degradation, mutation of Group 2 sites strongly abolished GFP-Pdzrn3
degradation (Figure 4B). To further dissect which specific sites within Group 2 are required for
Pdzrn3 degradation, we individually mutated each of the three sites and observed that any of
the three single mutations significantly reduced rWnt5a-induced GFP-Pdzrn3 degradation
(Figure 4C). To further test whether phosphorylation of these three residues is sufficient to

mimic Wnt5a-induced Pdzrn3 degradation, we generated a triple phosphomimetic mutant (T or
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S to E) and observed that these mutations, in the absence of exogenous rWnt5a stimulation,
constitutively decreased the Pdzrn3 reporter signal to a level comparable to that of wild-type
Pdzrn3 upon rWnt5a stimulation, and no further degradation was induced by rWnt5 stimulation
(Figure 4D). These experiments establish that Wnt5a-dependent phosphorylation of the three

Group 2 sites in the LNX3H domain is both required and sufficient to drive Pdzrn3 degradation.

We next investigated the cell biological consequences of Pdzrn3 phosphorylation and
degradation. Since we previously demonstrated that Wnt5a-Ror signaling can modulate cell
migration through regulation of Kif26b abundance [2], we wondered if Wnt5a-Ror regulation of
effector abundance might be a general paradigm through which Pdzrn3 is similarly controlled.
This possibility seemed particularly salient given that others have demonstrated that Pdzrn3 can
function as a promigratory factor in cell morphogenetic events [23, 24]. Thus, we hypothesized

that Pdzrn3 abundance might ultimately serve to regulate cell migration.

To evaluate our hypothesis, we used real-time single cell tracking to first assess the role
of Pdzrn3 itself on cell migration. We took advantage of the Pdzrn3/4 dKO cells, which provided
a platform in which we could directly compare the function and regulation of wild-type Pdzrn3
(Pdzrn3 WT cells) to Group 2 phosphoinhibitory site mutant Pdzrn3 (Pdzrn3 phosphoinhibitory
cells) without potential influence from the structural homolog Lnx4. First, we observed that cells
expressing WT Pdzrn3 cells migrated significantly greater distances than Pdzrn3/4 dKO cells
(Figure 4E and 4F), thereby confirming that Pdzrn3 functions as a promigratory factor [23, 24].
Interestingly, we noticed that Pdzrn3 phosphoinhibitory cells migrated significantly further than
both Pdzrn3/4 dKO cells and Pdzrn3 WT cells, suggesting that inhibiting Pdzrn3

phosphorylation could potentially enhance cell migration.

We next assayed for the influence of the Wnt5a-Ror-Pdzrn3 axis on cell migration. We
observed that while rWnt5a stimulation had no effect on the distance traveled by Pdzrn3/4 dKO

cells, it strongly reduced the distance travelled by WT Pdzrn3 cells (Figure 4G and 4H).
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Importantly, this Wnt5a effect on cell migration was completely abolished in Pdzrn3
phosphoinhibitory cells. Together, these results establish that phosphorylation-dependent

degradation of Pdzrn3 is required for Wnt5a to modulate cell migration.

The C-terminal LNX3H domain functions as a Wnt5a-responsive domain to regulate protein

abundance of Pdzrn3 and related homologs

Pdzrn3 belongs to the Ligand of Numb-X (Lnx) family of E3 ligases (Figure 5A). Like
Pdzrn3, each Lnx family member possesses an N-terminal RING domain (except Lnx5) and one
to four internal PDZ binding domains. Furthermore, Lnx4 and Lnx5 each additionally possess a
C-terminal LNX3H domain and a C-terminus PDZ domain binding motif [3, 23]. Notably, the
LNX3H domains of Lnx4 and Lnx5 also contain the Group 2 phosphorylation sites found in
Pdzrn3 (Figure 5B). Based on our finding that these sites regulate Wnt5a-induced Pdzrn3
degradation, we hypothesized that Lnx4 and possibly Lnx5 may also be regulated by Wnt5a
signals and that the LNX3H domain may function as a Wnt5a-responsive domain. To test this
hypothesis, we generated reporter cell lines stably expressing GFP-Lnx1, -Lnx2, -Lnx4, or -Lnx5
fusion proteins and assessed their ability to undergo degradation in response to rWWnt5a
stimulation. As predicted, when stimulated with rWnt5a, GFP-Lnx1 and GFP-Lnx2 did not
degrade, whereas GFP-Lnx4 exhibited a modest but significant degradation response (Figure
5C). Curiously, GFP-Lnx5 did not degrade after rWnt5a stimulation (Figure 5C). We therefore
conclude that, like Pdzrn3, Lnx4 is also a target of Wnt5a signaling. Moreover, the Wnt5a
responsiveness of Lnx family members correlates with the presence of both LNX3H and RING
domains, as the primary difference between Lnx5 and Pdzrn3/Lnx4 is the N-terminal RING

domain.
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To further test the idea that the LNX3H domain might act as a Wnt5a-responsive
domain, we generated truncation mutants of GFP-Pdzrn3 and GFP-Lnx4 lacking this domain.
We observed that rwWnt5a-induced degradation was completely abolished in these mutant cells
(Figure 5D and 5E). In addition, the steady-state fluorescence of unstimulated reporter cells was
also substantially reduced (Figure 5D and 5E). These observations suggest that the LNX3H
domain of Pdzrn3 and Lnx4 acts not only as a Wnt5a-responsive domain but may do so by
regulating overall protein stability, possibly by inhibiting the N-terminal RING domain to prevent
auto-ubiquitination and degradation. While the mechanism by which the LNX3H domain
responds to Wntb5a signals remains unknown and is beyond the scope of this study, our finding
defines the LNX3H domain as a bona fide Wnt5a-responsive domain that regulates Pdzrn3 and

Lnx4 stability.
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Discussion

In this study, we conducted a whole proteome-scale mass spectrometry screen in
primary Whnt5a knockout MEFs to identify early and late downstream events driven by Wnt5a-
Ror signaling and identified the E3 ubiquitin ligase Pdzrn3 as a regulatory target. Activation of
Whnt5a-Ror signaling results in the regulation of Pdzrn3 abundance in a p-catenin-independent
manner mediated by a signaling cascade involving Fzd receptors, Dvl scaffolding proteins,
GSK3, and CK1 that culminates in UPS-dependent degradation of Pdzrn3. We observed that
Kif26b is not required for Wnt5a-mediated Pdzrn3 degradation nor is Pdzrn3 required for Kif26b
degradation, although there is some potential cross-talk between the two effectors (Figure 5F).
Importantly, we determined that the Wnt5a-Ror-Pdzrn3 signaling axis serves to modulate cell
migration. Wnt5a-induced Pdzrn3 phosphorylation at three residues on its C-terminal LNXH3
domain is required for its subsequent degradation, which is also required for Wnt5a-Ror
signaling to reduce cell migration in NIH/3T3 cells. Thus, the biochemical changes observed in
our Wnt5a-Ror signaling cascade connect to a distinct cell biological behavior. Finally, we noted
that truncation of the LNX3H domain results in constitutive destabilization of Pdzrn3 even in the
absence of Wnt5a, suggesting that the LNX3H domain may function as both a Wnt5a-
responsive domain and an intrinsic regulator of Pdzrn3 stability. From these findings, we
propose that the LNX3H domain of Pdzrn3 may function to prevent Pdzrn3 auto-ubiquitination
and self-degradation mediated by its RING domain. Prior to Wnt5a stimulation, Pdzrn3 may
adopt a “closed” conformation as its C-terminal PDZ domain binding motif interacts with one of
its internal PDZ domains to block its E3 ligase activity. Upon Wnt5a stimulation, Pdzrn3 is C-
terminally phosphorylated on its LNX3H domain by an unidentified kinase to switch the “closed”
conformation into an “open” conformation, allowing Pdzrn3 to catalyze the ubiquitination of its

substrates and itself. Notably, this “opened/closed” conformation paradigm has been previously
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described in other components of Wnt signaling, including Axin and Dvl [60-62]. Conceivably,
the equilibrium between the “closed” and “open” Pdzrn3 could be modulated through either
intramolecular interactions within a single Pdzrn3 molecule or through intermolecular
interactions between Pdzrn3 dimers or multimers. Future detailed biochemical experiments are
required to directly evaluate these possibilities as well as assess whether Pdzrn3 is
phosphorylated by a kinase known to be involved in non-canonical Wnt signaling (e.g., CK1 or

GSK3) or another one, as well as how the kinase itself is regulated by Wnt5a-Ror signaling.

It is well established that several core components of canonical Wnt signaling (e.g., B-
catenin, adenomatous polyposis coli (APC), and Axin) are regulated by proteasomal
degradation [57, 63, 64]. The present work, together with other recent studies, establishes that
multiple effectors of non-canonical Wnt pathways, including Pdzrn3, Kif26a, Kif26b and
Syndecan4, are also subject to regulation by the ubiquitin-proteasome pathway [2, 59, 65].
Collectively, these findings suggest that regulated proteolysis to tune the abundance of
downstream effectors and thus, signaling outcomes, may be a conserved paradigm common to
both canonical and non-canonical Wnt signaling pathways. This concept will continue to evolve

as additional Wnt signaling components are characterized.

While our study addresses the biochemical regulation of Pdzrn3 by Wnt5a-Ror signaling,
previous work supports the physiological importance of Pdzrn3 in non-canonical Wnt signaling.
One particularly notable study focuses on the role of Pdzrn3 in vascular morphogenesis during
embryonic development [23]. Here, Sewduth et al. identified a binding interaction between
Pdzrn3 and DvI3 via a yeast 2-hybrid screen and subsequent co-immunoprecipitation, going on
to demonstrate that loss of Pdzrn3 in vivo results in increased vasculature disorganization in
both the embryonic yolk sac and developing mouse brain. Furthermore, deletion of Pdzrn3
reduces persistent directional migration in HUVECs in vitro. Importantly, our findings further

build upon this model by demonstrating that Wnt5a-Ror signaling modulates cell migration
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through Pdzrn3 by triggering its phosphorylation and subsequent degradation. Our study, in
conjunction with existing Pdzrn3 literature, indicates that changes in Pdzrn3 abundance results
in non-canonical Wnt signaling defects that can be observed at the molecular, cell, and
organismal levels, supporting a physiologically relevant role for Pdzrn3 in Wnt5a-dependent

morphogenetic regulation.

Although the substrates ubiquitinated by Pdzrn3 (or Pdzrn3-containing E3 ligase
complexes) during active Wnt5a-Ror signaling remain unclear, previous work examining the role
of Pdzrn3 at the neuromuscular junction may provide a clue. Lu et al. reported that PDZRN3
regulates MuSK (Muscle-Specific Kinase) receptor expression levels at the surface of myotubes
adjacent to the neuromuscular junction through ubiquitination, leading to their endocytosis from
the cell surface and downregulation of signaling [22]. Given the high degree of homolog
between MuSK and ROR1/ROR2 receptors [66-68], it is possible that Pdzrn3 may similarly
regulate Ror receptor trafficking to limit their surface availability; by inducing the degradation of
Pdzrn3, Wnt5a may in turn increase Ror receptor levels on the cell surface. Alternatively,
Pdzrn3 might ubiquitin-label Ror1 and Ror2 for trafficking purposes to enhance signaling.
Identifying the physiologically relevant substrates of Pdzrn3 will be crucial to test this hypothesis

in future studies.

The similar means by which Pdzrn3 and Kif26b are regulated indicate that the Wnt5a-
Ror pathway has evolved multiple effectors to exert appropriate biological outcomes. Pdzrn3
and Kif26b are regulated by highly similar signaling cascades that utilize known Wnt signaling
components, including Ror receptors, Dvl scaffolding proteins, and GSK3, culminating in UPS-
dependent degradation of both effectors. Further, both Pdzrn3 and Kif26b perform related
functions at the cell behavioral level. Here, we describe the mechanism by which Wnt5a-Ror
signaling utilizes Pdzrn3 phosphorylation and degradation to modulate NIH/3T3 cell migration.

This paradigm is remarkably similar to the one we reported previously, wherein Wnt5a-mediated
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Kif26b degradation also results in decreases in cell migration as assayed via wound closure in
scratch assays [2]. Our genetic epistasis experiments indicate that Pdzrn3 and Kif26b reside
neither upstream nor downstream of each other but do influence each other’'s Wnt5a-driven
degradation, further suggesting that these two components work in parallel to properly execute

signaling functions.

However, it is curious that neither PDZRN3 nor KIF26B mutant mice exhibit the systemic
tissue truncation phenotypes of WNT5A and ROR1; ROR2 double mutants. KIF26B mutant
mice display kidney agenesis/hypoplasia and primordial germ cell migration phenotypes [2, 69]
while PDZRN3 mutants display the vascular defects described above. These distinct tissue
specific phenotypes of KIF26B and PDZRN3 imply that multiple downstream signaling effectors
likely exist to carry out the many biological functions of the pathway. Alternatively, there many
be compensatory effects driven by closely related homologs (e.g., Lnx4 and Kif26a). These
different phenotypic outcomes necessitate the evaluation of a PDZRN3; KIF26B double mutant

mice in addition to further identification of potential Wnt5a-Ror signaling targets.

The lack of quantitative and reliable readouts for Wnt5a-Ror signaling has been a major
limitation in the field. We leveraged our discovery of Pdzrn3 and its regulation by Wnt5a-Ror
signaling to develop a new flow cytometry-based reporter that enables sensitive and quantitative
detection of pathway activity in live cells. Beyond dissecting the mechanisms that mediate
Pdzrn3 degradation, this reporter assay could also be utilized to interrogate other biochemical
steps in the pathway upstream of Pdzrn3, understand various disease-associated mutations,
and serve as an important platform for high throughput screening of small molecules that target

Wnt5a-Ror-driven developmental disorders and cancers.
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Figures

Figure 1. Identification of the E3 ubiquitin ligase Pdzrn3 as a downstream regulatory
target of Wnt5a-Ror signaling. A) Workflow of whole cell proteomics screen. Primary MEF
cultures were generated from Whnt5a knockout E12.5 mouse embryos and stimulated with
rWnt5a (0.1ug/mL) for 0, 1, or 6 hours. After rWnt5a stimulation, whole cell lysates were
collected and processed for LC/MS3 tryptic/phospho-tryptic peptide identification and
quantification. The rWnt5a stimulation and proteomic analysis were conducted in two
independent technical replicates. B and C) Volcano plots showing changes in the abundance of
detected tryptic peptides in response to rWnt5a stimulation (0.1ug/mL) after 1 hour (B) or 6
hours (C). The abundance of a tryptic peptide from Pdzrn3 (orange dots) changed strongly after
6 hours of rWnt5a stimulation. D and E) Volcano plots showing changes in the abundance of
detected phospho-tryptic peptides after 1 hour (D) or 6 hours (E) of rWnt5a stimulation
(0.1ug/mL). Five phosphosites from Pdzrn3 (S843, S845, T955, T956, and S962) grouped in
two clusters within the protein were detected and exhibited distinct patterns of change after
rWnt5a stimulation (orange dots). F and G) Line plots showing Wnt5a-induced changes in the
abundance of individual tryptic (F) or phospho-tryptic peptides (G) from Pdzrn3 after 1 hour or 6
hours of rWnt5a stimulation. A sixth phosphor-tryptic peptide site (S775) in did not pass the
initial filter (p-value = 0.076), but also showed clear changes with rWnt5a stimulation. Error bars

represent + SEM calculated from two technical replicates.
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Figure 2. Validation of Pdzrn3 as a downstream regulatory target of Wnt5a-Ror signaling.
A) Western blot showing downregulation of Pdzrn3 steady-state levels in response to rWnt5a
stimulation. Primary Wnt5a knockout MEF cultures were stimulated with rWWnt5a (0.2ug/mL) for
0, 1, or 6 hours, and membranes were blotted with antibodies against Kif26b, Pdzrn3, Ror1,
Ror2, DvI2 and Tubulin. B) Quantification of (A). C) Western blots showing the requirement of
endogenous Ror receptors for Pdzrn3 regulation. Protein lysates were analyzed by western
blotting using antibodies against Kif26b, Pdzrn3, Ror1, Ror2, DvI2 and Tubulin. D)
Quantification of (C). E) Plot showing the effect of Wnt5a stimulation on Pdzrn3 transcript levels.
Primary Whnt5a knockout MEFs were stimulated with rWnt5a (0.2ug/mL) for 0, 1, or 6 hours, and
the relative abundance of Pdzrn3 mRNA were determine by RT-qPCR. Error bars represent +

SEM. P-values: *=p<0.05, **=p<0.01, ***=p<0.001.
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Figure 3. A signaling cascade links non-canonical Wnt5a-Ror signaling to Pdzrn3
degradation. A) Representative histogram showing the effect of rWWnt5a treatment on NIH/3T3
GFP-Pdzrn3 (WRP) reporter cells. WRP cells were treated with rWnt5a (0.2ug/mL) for 6 hours,
and GFP-Pdzrn3 fluorescence was measured by flow cytometry. B) Dose-response curve
showing GFP-Pdzrn3 downregulation as a function of riWWnt5a concentration in the WRP reporter
assay. C) Quantification of the effects of proteasome inhibitor (epoxomicin, 10uM), ubiquitin-
activating enzyme E1 inhibitor (PYR41, 10uM) and Cullin inhibitor (MLN4924, 10uM) on
rWnt5a-induced Pdzrn3 downregulation in WRP reporter cells. D) Quantification of the effects of
canonical Wnt inhibitors, Dkk-1 (2ug/uL) and IWR-1-endo (10uM) on rWnt5a-induced Pdzrn3
degradation in the WRP reporter cells. E) Quantification of the effects of Fzd1, Fzd2 and Fzd7
overexpression on the median fluorescence of WRP reporter cells. F) Quantification of the
effects of DVL1, DVL2 and DVL3 overexpression on the median fluorescence of WRP reporter
cells. G) Quantification of the effects of CK1 (D4476, 100uM) and GSK (CHIR99021, 100uM)
inhibitors on rWnt5a-induced Pdzrn3 degradation in the WRP reporter cells. H) Quantification of
the effect of genetically ablating Kif26a and Kif26b on rWnt5a-induced GFP-Pdzrn3 reporter
degradation. I) Quantification of the effect of genetically ablating Pdzrn3 and Lnx4 on rWnt5a-
induced GFP-Kif26b reporter (WRK) degradation. Error bars represent £+ SEM. P-values:

*=p<0.05, **=p<0.01, ***=p<0.001.
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Figure 4. Wnt5a-mediated Pdzrn3 phosphorylation is required for its degradation and
modulation of cell migration. A) Schematic of domains and identified phosphorylation sites of
Pdzrn3. B) Quantification of the effects of mutating Group 1 and Group 2 sites on Wnt5a-
induced Pdzrn3 degradation. C) Quantification of the effects of mutating individual Group 2 sites
on Wnt5a-induced Pdzrn3 degradation. D) Quantification of the effects of Group 2
phosphomimetic mutations on Pdzrn3 reporter signals. E) Single cell tracking plots of Pdzrn3
and Lnx4 double knockout cells (Pdzrn3/4 dKO cells), Pdzrn3/4 dKO cells re-expressing wild-
type Pdzrn3 (Pdzrn3 WT cells), or Pdzrn3/4 dKO cells re-expressing Pdzrn3 with
phosphoinhibitory mutations at Group 2 sites (Pdzrn3 phosphoinhibitory cells) without any Wnt-
C59 or rWntba treatments. Axes extend to 600 microns. F) Quantification of (E). G) Single cell
tracking plots of Pdzrn3/4 dKO cells, Pdzrn3 WT cells, and Pdzrn3 phosphoinhibitory cells
treated with or without rWnt5a in the presence of Wnt-C59. Axes extend to 600 microns. H)
Quantification of (G). Error bars represent £+ SEM . P-values: *=p<0.05, **=p<0.01,

***=p<0.001.
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Figure 5. The C-terminal LNX3H domain acts as a general Wnt5a-responsive domain for
Pdzrn3 and its homologs. A) Schematic of Lnx family members and their conserved domains.
Pdzrn3 is structurally most homologous to Lnx4. B) Alignment of a portion of the LNX3H domain
shared by Pdzrn3, Lnx4, and Lnx5. The Pdzrn3 Group 2 phosphorylation sites identified through
our MS screen are conserved (red stars and boxes). C) Quantification of the effects of Wnt5a on
the steady-state abundance of GFP-Lnx family member reporter cell lines. For clarity and ease
of comparison across family members, the median reporter signal for the +Wnt5a condition was
normalized to the —Wnt5a condition within the individual Lnx reporter. D) Quantification of the
effect of LNX3H truncation mutation on Pdzrn3 steady-state abundance. E) Quantification of the
effect of LNX3H truncation mutation on Lnx4 steady-state abundance. F) Model of Wnt5a-Ror-
Dvl-Pdzrn3 signaling. Error bars represent £+ SEM . P-values: *=p<0.05, **=p<0.01,

***=p<0.001.
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Figure S1. rWnt3a induces Pdzrn3 degradation via a mechanism independent of canonical Wnt
signaling. A) Effects of canonical Wnt inhibitors, Dkk-1 (2pg/uL) and IWR-1-endo (10uM) on rWnt3a-
induced Pdzrn3 degradation in the WRP reporter cells. Error bars represent + SEM calculated from three

technical replicates. t-test (unpaired) was performed to determine statistical significance for the following

comparisons: inhibitors vs. the vehicle control DMSO. P-values: *** = p<0.001.
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Figure S2. CRISPR/Cas9 mediated genetic deletions of Kif26a, Pdzrn3, and Lnx4. Reference
sequences for Kif26a (A), Pdzrn3 (B), and Lnx4 (C) aligned to mutant alleles generated via targeting with
short guide RNAs (sgRNAs) (underlined in reference, green refers to PAM sequence) unique to each
gene. Multiple deep sequencing results indicate that Lnx4 is triploid, which is consistent with previous

karyotyping of NIH/3T3 cells [70].

A
Kif26a reference CTGCCACACGAAGCTCGTGGAGCTAAAACGACAGGCGTGGAAGTTGGTCAGCG
Mutant allele 1 ctgccacacgaagctcg——————————---— tggaagttggtcagceg (-20)
Mutant allele 2 ctgccacacgaa——————————————————- gtggcgtggaagttggtcageg (-19)
B
Pdzrn3 reference GGGCAGCTGCCCCGCGCGTTGTCGCGGTCGCCTATCGGCCAAGGAGCTCAAC
Mutant allele 1 gggcagctgccccgege——————--— ggtcgcctgtcggccaaggagctcaac (-8)
Pdzrn3 reference GGGCAGCTGCCCCGCGCGTTGTC———————— GCGGTCGCCTATCGGCCAAGGA
Mutant allele 2 GGGCAGCTGCCCCGegcactacceaggtegectggtcgectgtecggeccaaggh (+8)
C
Lnx4 reference GGCGGACTCCCCTCAGCCGGCCAACATACGGCATGACTCCGGAAGTACAGCTCACGAATGCCAGCACACA
Mutant allele 1 ggcggactcccctcageegtatgt-—————————————————-— tggccggctcacgaatgccagcacaca (-19)
Mutant allele 2 ggcggactccectcag-——————————--—- e ccggccaaca (-44)
Mutant allele 3 ggcggactccecctcag-——————=————-—- ccggaagtacagctcacgaatgccagcacaca (-22)
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Table S1. Hits from Wnt5a knockout MEF TMT/MS3 screen.

Protein abundance changes after 1 hour of rWnt5a stimulation

Upregulated

Gene symbol Protein description  Fold change p (<0.05) >1.5-fold change
Early growth
Egr1 response protein 2.38439693 0.0344972

No genes upregulated with a >1.4-fold change

Downregulated

Gene symbol Protein description  Fold change p (<0.05) >1.5-fold change
No genes downregulated with a >1.5-fold change

No genes downregulated with a >1.4-fold change

Protein abundance changes after 6 hours of rWnt5a stimulation

Upregulated

Gene symbol Protein description  Fold change p (<0.05) >1.5-fold change
Isoform 2 of Protein
Whnt5a Whnt-5a 1.926572071 0.0372307
Mitochondrial import
Tomm20 receptor subunit 1.584886724 0.0272765
Microsomal
glutathione S-
Mgst3 transferase 3 1.523255756 0.039168
ORF3 UPF0480 protein 1.432621015 0.0335934 >1.4-fold change

Downregulated

Gene symbol Protein description  Fold change p (<0.05) >1.5-fold change
Isoform 2 of E3

ubiquitin-protein ligase

Pdzrn3 PDZRN3 -1.721349071 0.0127063
Peroxisomal
Pex19 biogenesis factor 19  -1.430724427 0.030568 >1.4-fold change

Phosphopeptides after 1 hour of rWnt5a stimulation

Upregulated

Gene symbol Protein description  Fold change p (<0.05) >1.5-fold change
Isoform 2 of E3
ubiquitin-protein ligase

Pdzrn3 PDZRN3 4.896348357 0.0001449
CTTNBP2 N-terminal-
Cttnbp2nl like protein 2.203736423 0.0393089
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Fam193a

Cttnbp2nl

Smad5
Ppm1g

Myo9b

Trim28

Ythdf2

Pitpnb

Runx2
Golga4

Wiz

Jmy

Ccs
Znf516

Cit

Pfkfb3
Chbl

Nhsl1

Svil

Protein FAM193A
CTTNBP2 N-terminal-
like protein

Mothers against
decapentaplegic
homolog 5

Protein phosphatase
1G

Uncharacterized
protein

Transcription
intermediary factor 1-
beta

Uncharacterized
protein
Phosphatidylinositol
transfer protein beta
isoform

Isoform 2 of Runt-
related transcription
factor 2

Golgin subfamily A
member 4

Isoform S of Protein
Wiz

Isoform 3 of Junction-
mediating and -
regulatory protei
Copper chaperone for
superoxide dismutase

Zinc finger protein 516

Isoform 3 of Citron
Rho-interacting kinase
6-phosphofructo-2-
kinase/fructose-2,6-
biphosphatase

E3 ubiquitin-protein
ligase CBL

Isoform 3 of NHS-like
protein 1
Uncharacterized
protein FLJ45252
homolog
Uncharacterized
protein

1.981844414

1.788686436

1.784890332
1.775551219

1.771688246

1.760720212

1.742086231

1.704670166

1.698910434
1.649886032

1.640105026

1.631593172

1.62410293
1.617240291

1.572172861

1.567213032
1.550467653

1.547785737

1.543401032

1.541439146
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0.029347

0.0497643

0.0126982

0.0048398

0.0156362

0.0314117

0.0329148

0.034315

0.02888

0.0309652

0.0145591

0.0289719

0.0227867

5.93E-05

0.0051839

0.0461306

0.0338964

0.0010735

0.0362246

0.0216903



Son of sevenless

Sos1 homolog 1 1.53135359 0.0208929
1-phosphatidylinositol-
4,5-bisphosphate
phosphodiesterase
Plcg1 gamma-1 1.523480149 0.0436799
6-phosphofructo-2-
kinase/fructose-2,6-
Pfkfb3 biphosphatase 1.52089246 0.0010185
Isoform 3 of Liprin-
Ppfibp1 beta-1 1.51729378 0.0041726
Isoform 2 of Tyrosine-
protein phosphatase
Ptpn11 non-receptor type 11 1.511873546 0.0122703
Isoform 3 of NHS-like
Nhsl1 protein 1 1.508148194 0.0425997
Myc proto-oncogene
Myc protein 1.491238902 0.0109896 >1.4-fold change
Uncharacterized
Lmo7 protein 1.48729622 0.0270909
Uncharacterized
Cald1 protein 1.487011776 0.0365313
Segment polarity
protein dishevelled
Dvi2 homolog DVL-2 1.480867174 0.0020118
Isoform 1 of
Nf1 Neurofibromin 1.480753688 0.030678
Isoform 2 of Tyrosine-
Fer protein kinase Fer 1.480398556 0.0165349
Uncharacterized
Nup98 protein 1.461330834 0.0420834
60S ribosomal protein
Rpl29 L29 1.443290474 0.0460321
Isoform IV of Tyrosine-
Abl1 protein kinase ABL1 1.441619928 0.0276514
Melanoma-associated
Maged1 antigen D1 1.439971967 0.0394429
Ccnl1 Cyclin-L1 1.432298248 0.00098
Ndrg1 Protein NDRG1 1.42850036 0.0200542
Isoform 2 of Golgin
Golga4 subfamily A member 4 1.427006333 0.0476538
Uncharacterized
Clasp1 protein 1.425851006 0.0138966
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Eps15/1

Rin3

Arhgap28

E2f7

Fam21
Downregulated
Gene symbol
Marcks

Nolc1

Ahnak

Ahnak

Cald1

Marcks
Kif26b
Anin

Mcm4

Irf2bpl

Nufip2

Map2

Isoform 2 of Epidermal
growth factor receptor
substrate 15-like 1

Ras and Rab
interactor 3

Isoform 2 of Rho
GTPase-activating

1.419254806

1.412800262

protein 28 1.408606784
Transcription factor
E2F7 1.407879959

WASH complex

subunit FAM21 1.40421895

Protein description
Myristoylated alanine-
rich C-kinase

Fold change

substrate -2.397385873
Uncharacterized

protein -2.184400738
Uncharacterized

protein -1.802661345
Uncharacterized

protein -1.779703849
Uncharacterized

protein -1.757038896

Myristoylated alanine-
rich C-kinase

substrate -1.720977029
Kinesin-like protein

KIF26B -1.696671456
Actin-binding protein

anillin -1.683390739

DNA replication
licensing factor MCM4  -1.622414541
Uncharacterized
protein C1orf198
homolog

Interferon regulatory
factor 2-binding protein-
like -1.596016772
Nuclear fragile X
mental retardation-
interacting protein 2
Microtubule-
associated protein 2

-1.621420817

-1.551199699

-1.538812914
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0.0138281

0.0337847

0.0030105
0.016597

0.0001156

p (<0.05)

0.0399184
0.006836

0.0066954
0.0423348

0.0253685

0.0293862
0.0174274
0.0438076

0.0018911

0.0152447

0.0048498

0.004365

0.0026877

>1.5-fold change



Isoform 2 of Nuclear-
interacting partner of

Zc3hct ALK -1.523258252 0.0141898
Nuclear fragile X
mental retardation-

Nufip2 interacting protein 2 -1.522469062 0.0159711
Sperm-specific

Ssfa2 antigen 2 homolog -1.51550061 0.0395126
Uncharacterized

Cald1 protein -1.511821188 0.0219948
Serum deprivation-

Sdpr response protein -1.493030833 0.0350097 >1.4-fold change
Isoform 2 of
Condensin complex

Ncapd2 subunit 1 -1.486112341 0.0289368
Isoform ENX-1B of
Histone-lysine N-
methyltransferase

Ezh2 EZH2 -1.473826192 0.0237322
Centrosomal protein

Cep170 of 170 kD -1.469973667 0.0161887
Isoform 2 of Nuclear-
interacting partner of

Zc3hct ALK -1.461750162 0.0467709
Oxysterol-binding
protein-related protein

Osbpl11 11 -1.461438049 0.0109181
Centrosomal protein

Cep170 of 170 kD -1.45845822 0.0419282
Uncharacterized

Ankrd11 protein -1.454792091 0.0126582
Isoform 2 of AP2-
associated protein

Aak1 kinase 1 -1.45099807 0.0025651
Isoform PLEC-1A of

Plec Plectin -1.441775673 0.0035308
MKIAAO0857 protein

Rab11fip5 (Fragment) -1.432795113 0.0258916

Larp1 La-related protein 1 -1.430574545 0.0083536
Microtubule-

Map1b associated protein 1 -1.430378805 0.0182238
LIM and SH3 domain

Lasp1 protein 1 -1.412415759 0.0025684
Uncharacterized

Sorbs1 protein -1.410531488 0.0302538

R3hdm1 R3hdm1 protein -1.402954494 0.0369368
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Uncharacterized

Nolc1 protein -1.400048941 0.0266456
Phosphopeptides after 6 hours of rWnt5a stimulation
Upregulated
Gene symbol Protein description Fold change p (<0.05) >1.5-fold change
Isoform 2 of E3
ubiquitin-protein ligase
Pdzrn3 PDZRN3 2.838676045 0.0016949
BCL2/adenovirus E1B
19 kDa protein-
interacting protein 3-
Bnip3l like 1.769999423 0.0251346
Fibronectin type IlI
domain-containing
Fndc3a protein 1.723675391 0.0418099
Casein kinase |
Csnk1g3 isoform gamma-3 1.519774279 0.0119983
Segment polarity
protein dishevelled
DvI2 homolog DVL-2 1.488214495 0.0033044 >1.4-fold change
Isoform 3 of
Melanoma inhibitory
Mia3 activity protein 3 1.481093471 0.0492331
Downregulated
Gene symbol Protein description  Fold change p (<0.05) >1.5-fold change
Isoform 2 of E3
ubiquitin-protein ligase
Pdzrn3 PDZRN3 -2.717441623 0.0300813
Kinesin-like protein
Kif26b KIF26B -2.025993912 0.0224467
Isoform 2 of E3
ubiquitin-protein ligase
Pdzrn3 PDZRN3 -1.844370147 0.003328
UPF0690 protein
- C1orf52 homolog -1.500122588 0.0414135
Phosphatidylethanolam
Pebp1 ine-binding protein 1 -1.43679002 0.0346749 >1.4-fold change
Uncharacterized
Ahnak2 protein -1.404234685 0.0054494

Table S1. Hits from Wnt5a knockout MEF TMT/MS3 screen

67



References

10.

11.

Moon, R.T., et al., Xwnt-5A: a maternal Wnt that affects morphogenetic movements after
overexpression in embryos of Xenopus laevis. Development, 1993. 119(1): p. 97-111.
Susman, M.\W., et al., Kinesin superfamily protein Kif26b links Wntba-Ror signaling to
the control of cell and tissue behaviors in vertebrates. Elife, 2017. 6.

Flynn, M., O. Saha, and P. Young, Molecular evolution of the LNX gene family. BMC
Evol Biol, 2011. 11: p. 235.

Clevers, H. and R. Nusse, Wnt/beta-catenin signaling and disease. Cell, 2012. 149(6): p.
1192-205.

Nusse, R. and H. Varmus, Three decades of Wnts: a personal perspective on how a
scientific field developed. EMBO J, 2012. 31(12): p. 2670-84.

Steinhart, Z. and S. Angers, Whnt signaling in development and tissue homeostasis.
Development, 2018. 145(11).

Veeman, M.T., J.D. Axelrod, and R.T. Moon, A second canon. Functions and
mechanisms of beta-catenin-independent Wnt signaling. Dev Cell, 2003. 5(3): p. 367-77.
Mikels, A.J. and R. Nusse, Purified Wnt5a protein activates or inhibits beta-catenin-TCF
signaling depending on receptor context. PLoS Biol, 2006. 4(4): p. e115.

Oishi, ., et al., The receptor tyrosine kinase Ror2 is involved in non-canonical
Whtb5a/JNK signalling pathway. Genes Cells, 2003. 8(7): p. 645-54.

Yamaguchi, T.P., et al., A Wnt5a pathway underlies outgrowth of multiple structures in
the vertebrate embryo. Development, 1999. 126(6): p. 1211-23.

Hikasa, H., et al., The Xenopus receptor tyrosine kinase Xror2 modulates morphogenetic
movements of the axial mesoderm and neuroectoderm via Wnt signaling. Development,

2002. 129(22): p. 5227-39.

68



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Nomi, M., et al., Loss of mRor1 enhances the heart and skeletal abnormalities in mRor2-
deficient mice: redundant and pleiotropic functions of mRor1 and mRor2 receptor
tyrosine kinases. Mol Cell Biol, 2001. 21(24): p. 8329-35.

Ho, H.Y., et al., Whtba-Ror-Dishevelled signaling constitutes a core developmental
pathway that controls tissue morphogenesis. Proc Natl Acad Sci U S A, 2012. 109(11):
p. 4044-51.

Afzal, A.R., et al., Recessive Robinow syndrome, allelic to dominant brachydactyly type
B, is caused by mutation of ROR2. Nat Genet, 2000. 25(4): p. 419-22.

Afzal, A.R. and S. Jeffery, One gene, two phenotypes: ROR2 mutations in autosomal
recessive Robinow syndrome and autosomal dominant brachydactyly type B. Hum
Mutat, 2003. 22(1): p. 1-11.

Person, A.D., et al., WNT5A mutations in patients with autosomal dominant Robinow
syndrome. Dev Dyn, 2010. 239(1): p. 327-37.

Bunn, K.J., et al., Mutations in DVL1 cause an osteosclerotic form of Robinow
syndrome. Am J Hum Genet, 2015. 96(4): p. 623-30.

White, J., et al., DVL1 frameshift mutations clustering in the penultimate exon cause
autosomal-dominant Robinow syndrome. Am J Hum Genet, 2015. 96(4): p. 612-22.
White, J.J., et al., DVL3 Alleles Resulting in a -1 Frameshift of the Last Exon Mediate
Autosomal-Dominant Robinow Syndrome. Am J Hum Genet, 2016. 98(3): p. 553-561.
White, J.J., et al., WNT Signaling Perturbations Underlie the Genetic Heterogeneity of
Robinow Syndrome. Am J Hum Genet, 2018. 102(1): p. 27-43.

Mansour, T.A., et al., Whole genome variant association across 100 dogs identifies a
frame shift mutation in DISHEVELLED 2 which contributes to Robinow-like syndrome in
Bulldogs and related screw tail dog breeds. PLoS Genet, 2018. 14(12): p. e1007850.
Lu, Z., et al., Regulation of synaptic growth and maturation by a synapse-associated E3

ubiquitin ligase at the neuromuscular junction. J Cell Biol, 2007. 177(6): p. 1077-89.

69



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sewduth, R.N., et al., The ubiquitin ligase PDZRN3 is required for vascular
morphogenesis through Wnt/planar cell polarity signalling. Nat Commun, 2014. 5: p.
4832.

Baizabal, J.M., et al., The Epigenetic State of PRDM16-Regulated Enhancers in Radial
Glia Controls Cortical Neuron Position. Neuron, 2018. 99(1): p. 239-241.

Ting, L., et al., MS3 eliminates ratio distortion in isobaric multiplexed quantitative
proteomics. Nat Methods, 2011. 8(11): p. 937-40.

McAlister, G.C., et al., MultiNotch MS3 enables accurate, sensitive, and multiplexed
detection of differential expression across cancer cell line proteomes. Anal Chem, 2014.
86(14): p. 7150-8.

Paulo, J.A., et al., Effects of MEK inhibitors GSK1120212 and PD0325901 in vivo using
10-plex quantitative proteomics and phosphoproteomics. Proteomics, 2015. 15(2-3): p.
462-73.

Ran, F.A., et al., Double nicking by RNA-guided CRISPR Cas9 for enhanced genome
editing specificity. Cell, 2013. 154(6): p. 1380-9.

Higashimori, A., et al., Forkhead Box F2 Suppresses Gastric Cancer through a Novel
FOXF2-IRF2BPL-beta-Catenin Signaling Axis. Cancer Res, 2018. 78(7): p. 1643-1656.
O'Connell, M.E., et al., The Drosophila protein, Nausicaa, regulates lamellipodial actin
dynamics in a Cortactin-dependent manner. Biol Open, 2019. 8(6).

Zuchero, J.B., et al., p53-cofactor JMY is a multifunctional actin nucleation factor. Nat
Cell Biol, 2009. 11(4): p. 451-9.

Wrighton, K.H., JMY: actin up in cell motility. Nat Rev Mol Cell Biol, 2009. 10(5): p. 304.
Azevedo, M.M., et al., Jmy regulates oligodendrocyte differentiation via modulation of

actin cytoskeleton dynamics. Glia, 2018. 66(9): p. 1826-1844.

70



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Tan, |., et al., Chelerythrine perturbs lamellar actomyosin filaments by selective inhibition
of myotonic dystrophy kinase-related Cdc42-binding kinase. FEBS Lett, 2011. 585(9): p.
1260-8.

Chen, X., et al., Supervillin promotes epithelial-mesenchymal transition and metastasis
of hepatocellular carcinoma in hypoxia via activation of the RhoA/ROCK-ERK/p38
pathway. J Exp Clin Cancer Res, 2018. 37(1): p. 128.

Crowley, J.L., et al., Supervillin reorganizes the actin cytoskeleton and increases
invadopodial efficiency. Mol Biol Cell, 2009. 20(3): p. 948-62.

Serra-Pages, C., et al., Liprins, a family of LAR transmembrane protein-tyrosine
phosphatase-interacting proteins. J Biol Chem, 1998. 273(25): p. 15611-20.

Bjorkblom, B., et al., c-Jun N-terminal kinase phosphorylation of MARCKSL1 determines
actin stability and migration in neurons and in cancer cells. Mol Cell Biol, 2012. 32(17):
p. 3513-26.

Aderem, A., Signal transduction and the actin cytoskeleton: the roles of MARCKS and
profilin. Trends Biochem Sci, 1992. 17(10): p. 438-43.

Mayanagi, T. and K. Sobue, Diversification of caldesmon-linked actin cytoskeleton in cell
motility. Cell Adh Migr, 2011. 5(2): p. 150-9.

Lin, J.J., et al., Chapter 1: roles of caldesmon in cell motility and actin cytoskeleton
remodeling. Int Rev Cell Mol Biol, 2009. 274: p. 1-68.

Tseng, H.C., et al., Cytoskeleton network and cellular migration modulated by nuclear-
localized receptor tyrosine kinase ROR1. Anticancer Res, 2011. 31(12): p. 4239-49.
Mohan, R. and A. John, Microtubule-associated proteins as direct crosslinkers of actin
filaments and microtubules. IUBMB Life, 2015. 67(6): p. 395-403.

Sanchez, C., J. Diaz-Nido, and J. Avila, Phosphorylation of microtubule-associated
protein 2 (MAP2) and its relevance for the regulation of the neuronal cytoskeleton

function. Prog Neurobiol, 2000. 61(2): p. 133-68.

71



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hannes, F., et al., A microdeletion proximal of the critical deletion region is associated
with mild Wolf-Hirschhorn syndrome. Am J Med Genet A, 2012. 158A(5): p. 996-1004.
Huang, K.M., et al., Xcat, a novel mouse model for Nance-Horan syndrome inhibits
expression of the cytoplasmic-targeted Nhs1 isoform. Hum Mol Genet, 2006. 15(2): p.
319-27.

Bryja, V., et al., Wnt-5a induces Dishevelled phosphorylation and dopaminergic
differentiation via a CK1-dependent mechanism. J Cell Sci, 2007. 120(Pt 4): p. 586-95.
Witze, E.S., et al., Wntba control of cell polarity and directional movement by polarized
redistribution of adhesion receptors. Science, 2008. 320(5874): p. 365-9.

Witze, E.S., et al., Wntba directs polarized calcium gradients by recruiting cortical
endoplasmic reticulum to the cell trailing edge. Dev Cell, 2013. 26(6): p. 645-57.

Park, H.W., et al., Alternative Wnt Signaling Activates YAP/TAZ. Cell, 2015. 162(4): p.
780-94.

Connacher, M.K., J.W. Tay, and N.G. Ahn, Rear-polarized Wntba-receptor-actin-myosin-
polarity (WRAMP) structures promote the speed and persistence of directional cell
migration. Mol Biol Cell, 2017. 28(14): p. 1924-1936.

Meng, L., et al., Epoxomicin, a potent and selective proteasome inhibitor, exhibits in vivo
antiinflammatory activity. Proc Natl Acad Sci U S A, 1999. 96(18): p. 10403-8.

Yang, Y., et al., Inhibitors of ubiquitin-activating enzyme (E1), a new class of potential
cancer therapeutics. Cancer Res, 2007. 67(19): p. 9472-81.

Tong, S., et al., MLN4924 (Pevonedistat), a protein neddylation inhibitor, suppresses
proliferation and migration of human clear cell renal cell carcinoma. Sci Rep, 2017. 7(1):
p. 5599.

Bafico, A., et al., Novel mechanism of Wnt signalling inhibition mediated by Dickkopf-1

interaction with LRP6/Arrow. Nat Cell Biol, 2001. 3(7): p. 683-6.

72



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Lee, E., et al., The roles of APC and Axin derived from experimental and theoretical
analysis of the Wnt pathway. PLoS Biol, 2003. 1(1): p. E10.

Huang, S.M., et al., Tankyrase inhibition stabilizes axin and antagonizes Wnt signalling.
Nature, 2009. 461(7264): p. 614-20.

Bryja, V., G. Schulte, and E. Arenas, Wnt-3a utilizes a novel low dose and rapid pathway
that does not require casein kinase 1-mediated phosphorylation of Dvl to activate beta-
catenin. Cell Signal, 2007. 19(3): p. 610-6.

Karuna, E.P., M\W. Susman, and H.H. Ho, Quantitative Live-cell Reporter Assay for
Noncanonical Wnt Activity. Bio-protocol 2018. 8(6): p. e2762.

Kim, S.E., et al., Wnt stabilization of beta-catenin reveals principles for morphogen
receptor-scaffold assemblies. Science, 2013. 340(6134): p. 867-70.

Lee, H.J., D.L. Shi, and J.J. Zheng, Conformational change of Dishevelled plays a key
regulatory role in the Wnt signaling pathways. Elife, 2015. 4: p. e08142.

Qi, J., et al., Autoinhibition of Dishevelled protein regulated by its extreme C terminus
plays a distinct role in Wnt/beta-catenin and Wht/planar cell polarity (PCP) signaling
pathways. J Biol Chem, 2017. 292(14): p. 5898-5908.

Papkoff, J., et al., Wnt-1 regulates free pools of catenins and stabilizes APC-catenin
complexes. Mol Cell Biol, 1996. 16(5): p. 2128-34.

Choi, J., et al., Adenomatous polyposis coli is down-regulated by the ubiquitin-
proteasome pathway in a process facilitated by Axin. J Biol Chem, 2004. 279(47): p.
49188-98.

Carvallo, L., et al., Non-canonical Wnt signaling induces ubiquitination and degradation
of Syndecan4. J Biol Chem, 2010. 285(38): p. 29546-55.

Glass, D.J., et al., The receptor tyrosine kinase MuSK is required for neuromuscular
junction formation and is a functional receptor for agrin. Cold Spring Harb Symp Quant

Biol, 1996. 61: p. 435-44.

73



67.

68.

69.

70.

Masiakowski, P. and R.D. Carroll, A novel family of cell surface receptors with tyrosine
kinase-like domain. J Biol Chem, 1992. 267(36): p. 26181-90.

Valenzuela, D.M., et al., Receptor tyrosine kinase specific for the skeletal muscle
lineage: expression in embryonic muscle, at the neuromuscular junction, and after injury.
Neuron, 1995. 15(3): p. 573-84.

Uchiyama, Y., et al., Kif26b, a kinesin family gene, regulates adhesion of the embryonic
kidney mesenchyme. Proc Natl Acad Sci U S A, 2010. 107(20): p. 9240-5.

Leibiger, C., et al., First molecular cytogenetic high resolution characterization of the NIH
3T3 cell line by murine multicolor banding. J Histochem Cytochem, 2013. 61(4): p. 306-

12.

74



Chapter 3

Dual reporter system facilitates structure-function analysis of Dishevelled as a mediator

of Wnt5a-Ror and Wnt/B-catenin signaling

75



Abstract

Non-canonical Wnt5a-Ror and canonical Wnt/B-catenin signaling pathways regulate many
diverse biological processes. Dishevelled (Dvl) scaffolding proteins have long been used as an
indicator of signaling activity in both pathways, and mutations in DVLs can cause congenital
disorders such as Robinow syndrome. However, how Dvls contribute to Wnt5a-Ror signal
transduction, as well as how they facilitate signal transduction of multiple distinct Wnt pathways
overall, remains unclear. To investigate this question, we developed a dual reporter system
capable of monitoring Wnt5a-Ror and Wnt/B-catenin signaling in cells derived from embryonic
mouse craniofacial tissues, which undergo both types of signaling. By conducting a genetic
loss-of-function approach in dual reporter cells, we determined that individual Dvls are
differentially required and utilized in Wnt5a-Ror versus Wnt/B-catenin signaling. Using a rescue
strategy coupled with this loss-of-function approach, we identified the Dvl domains required for
Whnt5a-Ror and Wnt/B-catenin signal transduction. Importantly, we identified key
phosphorylation sites within the Dvl C-terminus that are specific to Wnt5a-Ror signaling but not
Whnt/B-catenin signaling, which constitute a key molecular switch involved in differential
regulation of the pathways. Finally, we noted that Robinow and Robinow-like syndrome
mutations in DVL1-3 that alter the DVL C-terminus sequence impact Wnt5a-Ror and Wnt/§3-
catenin signaling via multiple distinct mechanisms. Collectively, this work defines the roles of
Dvls as they regulate two major Wnt signaling pathways and uncovers unique mechanisms

underlying Dvl variants.
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Introduction

Whnt ligands are a family of secreted glycoproteins that govern a multitude of biological
processes throughout the many stages of life. During vertebrate embryonic development, Wnts
are involved in processes such as tissue specification and tissue morphogenesis that are
required to establish a body plan and develop tissues. In adult organisms, Wnts regulate a
variety of tissue homeostatic processes, such as stem cell maintenance and tissue renewal and
regeneration. As a result, misregulation of Wnt signaling pathways can result in congenital birth

defects as well as contribute to several diseases, most notably cancer [1-3].

Whnt signaling pathways are broadly classified into two categories. In canonical Wnt
signaling, also referred to as Wnt/B-catenin signaling, pathway activation via ligands such as
Whnt3a leads to inhibition of the destruction complex, a multiprotein assembly containing
components such as Dishevelled (Dvl), Axin, APC, and GSK3, and stabilization of the
transcriptional coactivator B-catenin. The stabilization and increased abundance of 3-catenin
enables its interactions with the transcription factors Tcf/Lef that translocate into the nucleus to
regulate cell proliferation and gene expression [4, 5], processes that impact tissue patterning
during development. In contrast, non-canonical Wnt signaling utilizes p-catenin-independent
mechanisms to affect tissue morphogenesis. While there are several recognized non-canonical
Whnt pathways, one major branch is the Wnt5a-Ror pathway, which is known to affect tissue
elongation of the body axis, limbs, tail, and craniofacial features [6-9]. In Wnt5a-Ror signaling,
the prototypical ligand Wnt5a initiates a signaling cascade using Ror and Frizzled (Fzd)
receptors that leads to the phosphorylation of Dishevelled (Dvl) scaffolding proteins and
proteasomal degradation of the downstream effectors Kif26b and Pdzrn3 [6, 8, 9], which

impacts cell migration and tissue morphogenesis. While they mediate different cell biological
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outcomes, proper spatiotemporal regulation of both Wnt5a-Ror and Wnt/B-catenin signaling is

critical to ensure appropriate development.

Both Wnt5a-Ror and Wnt/B-catenin signaling pathways have connections to Dvls, a
family of scaffolding proteins known to mediate a variety of protein-protein interactions to
facilitate signal transduction for multiple Wnt pathways, making them the ultimate branchpoint
within the larger Wnt signaling network. Mammals possess three homologs, DvI1-3 (also known
as Dsh in Drosophila), which are evolutionarily conserved from sponges to humans and display
significant sequence homology to each other and across species. While recognized as major
signaling hubs, several long-standing questions still surround Dvl structure and function. For
instance, although it is widely accepted that Dvl homologs regulate multiple Wnt signaling
pathways [10-13], whether Dvl homologs are required for Wnt5a-Ror signaling remains
experimentally untested. Another major question is whether Dvl1, DvI2, and DvI3 are redundant
or possess specialized, individual roles in certain contexts. In general, Dvl proteins are
considered to be redundant with a few notable exceptions [14], but single, double, and triple Dvl
knockout mouse models suggest potentially more individualized roles in certain tissues [15-18].
Additionally, phosphorylation of DvI2 is a well-established post-translational modification
associated with both non-canonical and canonical Wnt signaling pathways, but its functional
requirement in either signaling pathway is not well understood [6, 14, 19-22]; even less is known
about the functional consequences of Dvl1 and DvI3 phosphorylation in non-canonical and
canonical Wnt signaling pathways. Answers to such questions would provide fundamental
knowledge concerning Dvl function as well as greatly facilitate the interpretation of mechanistic

changes driven by congenital disorder causing Dvl variants.

Several congenital disorder causing DVL variants have been identified in humans, such
as Robinow syndrome (RS). RS is a rare congenital disorder characterized by systemic tissue

elongation defects such as dwarfism, limb shortening, and several distinct craniofacial features.
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To date, RS causing mutations have been identified in human DVL1, DVL2, and DVL3 [23-27]
as well as an analogous mutation in the bulldog DVL2 gene [28], which we previously reported
likely contributes in part to the Robinow-like features of this dog breed. In addition to the
mutation in DVLs, causative mutations also have been identified in WNT5A, ROR2, and
FRIZZLEDZ2, which are all key components of Wnt5a-Ror signaling. The discovery that several
critical components of Wnt5a-Ror signaling can harbor mutations that cause RS in humans
strongly suggests that disruption of this key signaling pathway ultimately leads to manifestation
of the disorder. However, molecular studies examining the underlying pathologies of RS
mutations remain limited, and, currently, no studies have been conducted examining the effects

of RS DVLs on multiple Wnt signaling pathways.

In this study, we examined these long-standing questions surrounding Dvl function in
Whnt5a-Ror signaling and Wnt/B-catenin signaling. To monitor both pathways in a highly
physiologically relevant and quantitative manner, we developed a dual reporter system in which
different colored fluorescent reporters measure signaling activity in both pathways in cells
derived from mouse facial prominences, a tissue type that undergoes robust Wnt5a-Ror and
Whnt/B-catenin signaling. Using CRISPR/Cas9 to genetically ablate all three Dvl family members
in this system, we established for the first time that Dvls are required for Wnt5a-Ror signaling.
Further, we determined that individual Dvls are differentially required and used in Wnt5a-Ror
versus Wnt/B-catenin signaling. By conducting rescue experiments within this Dvl triple KO
reporter background, we determined that Dvl domains are differentially used in Wnt5a-Ror and
Whnt/B-catenin signal transduction. We also identified key Wnt5a-Ror-induced phosphorylation
residues in the Dvl C-terminus that constitute a molecular switch involved in directing signals
downstream to the Wnt5a-Ror pathway. Interrogation of Robinow and Robinow-like syndrome

(RS) mutations in DVL1-3 that disrupt the DVL C-terminus indicates that RS DVL variants
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disrupt both Wnt5a-Ror and Wnt/B-catenin signaling via three distinct mechanisms. Collectively,

our work defines the individual and collective roles of Dvls in two major Wnt signaling pathways.
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Materials and methods

Maxillary prominence (MaxP) cells

Maxillary prominence (MaxP) cells were derived from E11.5 Ror1”; Ror2"; ER-Cre embryos.
The maxillary prominences were microdissected from both sides of the developing face from
multiple embryos (n=8) and pooled together. Prominences were dissociated into single cells
prior to plating. Three days later, MaxP cells were immortalized by electroporating
CRISPR/Cas9 constructs targeting Tp53 using the Neon Transfection System (Thermo Fisher)
as described previously [29] (Addgene #88846 and 88847). MaxP cell lines were cultured at
37C and 5% CO2 in Dulbecco’s Modified Eagles Medium (MT15017CV, Corning) supplemented
with 1x glutamine (25-005-Cl, Corning), 1x penicillin-streptomycin (30-002-ClI, Corning) and

10% fetal bovine serum (16000069, Thermo Fisher Scientific).

Generation of dual reporter system

To generate the dual reporter system, the fluorescence-based Wnt/B-catenin signaling reporter
7TGP plasmid (Addgene #24305) was modified such that the GFP sequence was removed and
replaced by the miRFP760 sequence (derived from Addgene #79987) to make the “7TR”
plasmid. The modified construct was verified by Sanger sequencing and introduced into MaxP
cells via lentivirus transduction. A similar workflow was used to introduce the GFP-Kif26b-C
plasmid, which expresses the C-terminal degron of Kif26b N-terminally fused to GFP [30], into

MaxP cells expressing the 7TR reporter. After the introduction of the GFP-Kif26b-C reporter, the
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resultant cell populations were treated with Wnt-C59 for 4 days. Cells with the lowest positive
GFP signal were sorted (MoFlo Astrios Cell Sorter, Beckman Coulter, 488nm laser) and cloned
into individual wells in 96-well plates containing a 50-50 mixture of mouse embryonic fibroblast
(MEF) conditioned medium and complete medium. Individual clones were analyzed through flow
cytometry (Becton Dickinson FACScan, 488nm laser) and selected for further analysis based on

a robust Wnt5a-induced GFP-Kif26b-C degradation response.

Dvl knockout cell lines

MaxP dual reporter cells were electroporated with CRISPR/Cas9 ribonucleoprotein (RNP)
complexes targeting mouse DvI1, Dvi2, and DvI3 using the following gRNA sequences: mDvl1,
AAUCAUCUACCACAUGGACG; mbvl2, CCGAAUCUGUCGUAUCACUG; mDvl3,
CCACCUUCGAUGGAACGCAC (Integrated DNA Technologies). 4 days after electroporation of
RNP complexes, MaxP cells were subjected to fluorescence activated cell sorting (MoFlo
Astrios Cell Sorter, Beckman Coulter, 561nm laser). Cells containing RNP complexes were
identified based on the presence of ATTO550 signal, which is conjugated to the tracrRNA of
each RNP complex. ATTO550 positive cells were cloned as single cells in 96-well plates
containing a mixture of fresh complete media and conditioned media supplemented with
additional fetal bovine serum (16000069, Thermo Fisher Scientific), non-essential amino acids
(1x final concentration; Gibco, 11140050), sodium pyruvate (1mM final concentration; Gibco,
11360070), and 2-mercaptoethanol (0.1mM final concentration; BioRad, #1610710). All
knockout mutations were screened and validated through a combination of western blotting and

deep sequencing. Dvl TKO dual reporter cells were generated by electroporating RNP
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complexes targeting DvI2 and Dv/3 into validated Dvl1 KO cells. These cells were then

subjected to cell sorting and cloning in 96-well plates as described above.

Dvl constructs

For cloning of mouse Dvl1-3, a cDNA pool was generated from mouse embryonic fibroblasts
(MEFs) using total RNA Maxima H Minus reverse transcriptase and oligo dT primers according
to manufacturer’s instructions (EP0751, ThermoFisher Scientific). This cDNA library was then
used as template for PCR amplification of the DvI1, DvI2, and DvI3 open reading frames with
the following primers, Dv/1 forward: gatcggccggccTaccATGGCGGAGACCAAAATCATCTAC;
Dvi1 reverse: gatcGGCGCGCCTCACATGATGTCCACAAAGAACTC; Dvi2 forward:
GATCGGCCGGCCTACCATGGCGGGCAGCAGCGCGGG; DvI2 reverse:
GATCGGCGCGCCCTACATAACATCCACAAAAAACTC; DvI3 forward:
gatcggecggecTaccATGGGCGAGACCAAGATCATCTAC; Dvi3 reverse:
gatcGGCGCGCCTCACATCACATCCACAAAGAACTC. A similar workflow occurred for the
human DVL1 and 3 constructs using cDNA derived from HeLa cells and the following primers,
DVL1 forward: gatcGAATTCCACCatgggcgagaccaagattatctac, DVL1 reverse:
gatcGGCGCGCCTCACATGATGTCCACGAAGAACTC, DVL3 forward:

TTCAGGCCGGCCTACCATGGGCGAGACCAAGATCATCTAC,

DVL3 reverse: GAGGCGCGCCTCACATCACATCCACAAAGAACTC. All PCR products were
subcloned into a modified pPENTR-2B (Life Technologies) vector in frame with an N-terminal
myc tag using Fsel and Ascl restriction sites. Resultant constructs were verified by Sanger
sequencing and recombined with a modified pLEX307 vector (Addgene #41392, a gift from

David Root) containing an intron-less EF1 promoter [62], using LR Clonase (Thermo Fisher).
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Plasmids containing mouse DvI3 truncations, mouse DvI3¥***M mouse Dvl1-3 phosphomutants,
and human DVL1 and DVL3 RS mutants were similarly created by following the workflow
described above. Generation of the wild-type and bulldog DVL2 constructs were described

previously [28].

Lentivirus-mediated Dvl rescue in Dvl KO cells

Lentiviruses were packaged and produced in HEK293T cells by co-transfection of the lentiviral
vectors with the packaging plasmids pRSV-REV, pMD-2-G and pMD-Lg1-pRRE (gifts from
Thomas Vierbuchen). 0.075mL of the viral supernatants was used to infect Dvl TKO MaxP dual
reporter cells seeded at 20% confluency in 24-well plates. Puromycin selection (0.003 mg/ml)
was carried out for five days. Cells from the viral titer that killed ~90% of cells were expanded
and used for flow cytometry; this ensured that the multiplicity of infection (MOI) is ~1 for all cell

lines used in the experiments.

Antibodies

Antibodies against Ror1, Ror2, Kif26b, and Pdzrn3 were described previously [6, 8, 9]. The
following antibodies were purchased: rabbit anti DvI2 (#3216, Cell Signaling), mouse anti DvI3
(Santa Cruz Biotechnology, sc-8027), mouse anti C-myc (clone 9E10, Thermo Fisher Scientific,
catalog #9801) and mouse anti-a-tubulin (Abcam, ab7291 clone DM1A). DvI1 antibodies were
generated in-house. Rabbits were immunizing with a synthetic peptide with the sequence

RNRDEAARTNGHPRGDRRRDLGLPP conjugated to keyhole limpet hemocyanin (77600,

84



ThermoFisher Scientific). Antibodies were affinity purified from antisera over a column with the
antigen Dvl1 peptide covalently immobilized to Sepharose beads (AminoLink Plus, 20501,

ThermoFisher Scientific).

Western blotting

Protein lysates for SDS-PAGE and western blotting were prepared in 2x Laemmli sample buffer
or RIPA. Protein lysates used for Kif26b western blotting were not heated as previously
described [9]. All other protein lysates were heated at 95C for 5 min before SDS-PAGE and
western blotting. Quantitative western blotting was performed using the Azure Sapphire

Biomolecular Imager (Azure Biosystems) according to the manufacturer’s instructions.

Recombinant proteins and inhibitors

The following recombinant proteins and drugs were purchased and used at the corresponding
concentrations: human/mouse Wnt5a (200ng/mL, 654-WN-010, R&D Systems); Wnt3a

(100ng/mL, 1324-WN-002, R&D Systems); Wnt-C59 (10nM, C7641-2s; Cellagen Technology).

Reverse transcription and gPCR

Total RNA was isolated from MaxP dual reporter cells using the RNeasy Plus Mini Kit (Qiagen,

#74134), and cDNA was synthesized using Maxima H Minus reverse transcriptase and oligo dT
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primers (EP0751, ThermoFisher Scientific), both according to the manufacturer's instructions.
The cDNA generated from the reverse transcription reaction was used in the QuantiNova SYBR
Green PCR Kit (Qiagen, #208054). The following gPCR primer pairs were used: mAxin2
forward: GATGTCTGGCAGTGGATGTTAG, mAXxin2 reverse:

GACTCCAATGGGTAGCTCTTTC.

Flow cytometry

MaxP dual reporter cells (and all subsequent knockout and rescue derivative lines) were plated
at a density of 0.08-0.9M/well in 48-well plates directly in complete media containing Wnt-C59
(10nM). 48 hours after plating, cells were stimulated overnight with rWnt5a or rWnt3a in the
presence of Wnt-C59. The following day cells were harvested, resuspended in PBS + 0.5%
FBS, and analyzed via flow cytometry (Beckman Coulter CytoFLEX, 488nm and 638nm lasers).
Raw data were acquired with CytExpert (Beckman Coulter) and processed in FlowJoX
(Treestar, Inc). Processing entailed gating out dead cells, calculation of median fluorescence,
percent change (Wnt5a-Ror signaling) or fold change (Wnt/B-catenin signaling) of median
values and overlay of histograms. All dose-response curves were fitted in Prism (GraphPad

Software).
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Results

MaxP dual reporter cells facilitate analysis of Dvl function in Wnt5a-Ror and Wnt/3-catenin

signaling

To investigate the Dvl family’s function as mediators of multiple Wnt signaling pathways,
we sought to develop a physiologically relevant and quantitative assay system derived from
cells that undergo robust Wnt5a-Ror and Wnt/B-catenin signaling. Ideally, in this system we
could simultaneously measure both Wnt pathways in live cells, which would be amenable to
long-term downstream genetic manipulation. Based on these criteria, we derived primary cell
lines from E11.5 mouse maxillary prominences (MaxP), which, at this particular developmental
timepoint, express both non-canonical and canonical Wnt signaling components [31] such as
Whnt5a and Wnt3a as well as several Frizzled receptors [32]. MaxP from multiple embryos were
microdissected, pooled, and dissociated into single cells (Figure 1A). Subsequently, MaxP cells
were immortalized through CRISPR/Cas9 mediated deletion of the TP53 gene, an approach we

have used before to immortalize primary mouse embryonic fibroblasts [29, 62].

Initially we assessed whether immortalized MaxP cells could indeed undergo robust
Whnt5a-Ror and Wnt/B-catenin signaling. To determine this, we treated cells with Wnt-C59 to
block endogenous Wnts and, in the presence of Wnt-C59, stimulated them with recombinant
Whnt5a (rWntb5a) to activate the Wnt5a-Ror signaling pathway. Through western blotting, we
observed that MaxP cells indeed undergo robust Wnt5a-Ror signaling as evidenced by a
decrease in Kif26b and Pdzrn3 protein abundance over time as well as increases in Ror2 and
DvI2 phosphorylation (Figure 1B), all indicators of Wnt5a-Ror signaling activity that we

previously reported [6, 8, 9]. To assay for Wnt/B-catenin signaling, we similarly added
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recombinant Wnt3a (rWnt3a) to Wnt-C59 treated MaxP cells and observed increases in Axin2
MRNA levels, a transcriptional target of Wnt/B-catenin signaling, based on real-time quantitative
PCR (RT-gPCR) (Figure 1C) [33-35]. Thus, from these experiments we concluded that MaxP
cells respond to both Wnt5a-Ror signaling and Wnt/B-catenin signaling and therefore are

suitable for the functional investigation of Dvls in these pathways.

We next implemented a more high-throughput means to quantitatively measure both
Whnt5a-Ror and Wnt/B-catenin signaling activity in live MaxP cells. We developed a dual reporter
strategy in which two different fluorescence-based reporters were stably expressed in MaxP
cells: 1) a GFP-based reporter, in which GFP is fused to a C-terminal fragment of Kif26b (GFP-
Kif26b-C, Figure 1D), a downstream effector of Wnt5a-Ror signaling that is degraded upon
pathway activation [9, 30] and 2) a miRFP670-based reporter, in which miRFP670 expression is
upregulated by activation of Wnt/B-catenin signaling (7TR, Figure 1D) [36]. We stably introduced
these reporters into MaxP cells and derived single clones through which we could analyze
changes in both Wnt signaling activities in live cells via multi-color flow cytometry. Through
treatment of these cells with rWWnt5a or rWnt3a, in the presence of Wnt-C59, we were able to
quantify both GPF-Kif26b-C degradation and the induction of 7TR expression (Figure 1Ei and
1Eiii, respectively). Dose-response analysis indicated that each fluorescent-reporter exhibited
ECso values comparable to other Wnt-induced responses, including those we have previously
reported (Figure 1Eii and 1Eiv) [6, 8, 9, 37-41]. Additionally, we noted that rWnt3a could activate
both fluorescent reporters whereas rWnt5a only activated the GFP-Kif26b-C reporter, findings
that we have observed previously in other cell types [8, 9]. Thus, MaxP dual reporter cells are

an ideal substrate in which to interrogate Dvl activity in multiple Wnt signaling pathways.

Individual Dvl homologs are differentially required and utilized in Wnt5a-Ror and Wnt/B-catenin

signaling
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Using the MaxP dual reporter system, we could now begin to ask questions about Dvl
activity at the branchpoint of Wnt5a-Ror and Wnt/B-catenin signaling. As the first step in this
analysis, we tested which Dvl family members are expressed in MaxP cells. Using anti-Dvl1
rabbit polyclonal antibodies that we generated in house, as well as commercially available
antibodies against DvI2 and Dvl3, we observed that all three Dvls are expressed in MaxP dual
reporter cells (Figure 2Ai-iii). Like previous reports, we noted that Dvl1, DvI2, and DvI3 each
appeared as a characteristic doublet of bands that, upon addition of rWnt5a or rWWnt3a after
treatment with Wnt-C59, resulted in an upward mobility shift indicative of phosphorylation

(Figure 2A) [5, 37, 42-46].

Although multiple groups have previously established that Dvls are required for Wnt/B-
catenin signaling [47-49], whether Dvls are required for Wnt5a-Ror signaling has never been
tested. To answer this question, we used CRISPR/Cas9 to generate DvI triple knockout (TKO)
MaxP dual reporter cells (hereafter referred to as Dvl TKO cells, KO validations shown in Figure
2Bi-iii and Supplemental Figure 2A) and evaluated the ability of these cells to undergo Wnt5a-
Ror signaling. Importantly, we observed total loss of Wnt5a-Ror signaling in Dvl TKO cells
(Figure 2Ci), indicating that Dvls are functionally required for Wnt5a-Ror signaling. Consistent
with previous reports, we also noted a corresponding loss of Wnt/B-catenin signaling as well
(Figure 2Cii). Thus, we demonstrated conclusively that Dvls are required for both Wnt5a-Ror

and Wnt/B-catenin signaling.

Next, we focused on systematically evaluating the contribution of each individual Dvl
homolog to Wnt5a-Ror and Wnt/B-catenin signaling. While many studies have focused on DvI2
activation and function, fewer studies have examined the roles of DvI1 and DvI3 in Wnt signaling
pathways, in part due to lingering uncertainty surrounding whether Dvl homologs are truly

redundant or not [5, 50]. With our experimental paradigm, we could now assess the extent of
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functional redundancy among Dvl homologs for both Wnt5a-Ror and Wnt/B-catenin signaling.
We again utilized CRISPR/Cas9 to generate single Dvl knockout (KO) MaxP dual reporter cells
(Figure 2Bi-iii and Supplemental Figures 2B-D). Here, we observed that genetic deletion of each
individual Dvl resulted in a distinct signaling deficit in each pathway. Within the Wnt5a-Ror
signaling pathway, genetic deletion of Dvl1 had no statistically significant effect on Wnt5a-Ror
signaling activity (Figure 2Ci), indicating that DvI1 is either not required for this signaling
pathway and/or that its function can be fully compensated by other family members. In contrast,
genetic deletion of DvI2 and DvI3 each resulted in a partial and significant reduction in Wnt5a-
Ror signaling activity (Figure 2Ci), with loss of DvI3 causing a greater effect than loss of Dvi2.
Overall, these findings indicate that, in our MaxP dual reporter system, each Dvl has a unique
requirement in Wnt5a-Ror signaling and that DvI3 has the greatest contribution to this signaling

event.

To assess the requirement of individual Dvls in Wnt/B-catenin signaling, we examined
the induction of the miRFP670 reporter in Dvi1, DviI2, and DvI3 KO MaxP dual reporter cells.
Here, we observed striking differences in the utilization of individual Dvl homologs in Wnt5a-Ror
versus Wnt/B-catenin signaling. Whereas genetic deletion of each individual Dvl impacted
Whnt5a-Ror signaling to different degrees, we noticed that loss of any of the three Dvls minimally
impacted Wnt/B-catenin signaling (Figure 2Cii). Taken all together, these results suggest that
Dvl homologs are non-redundant in Wnt5a-Ror signaling but redundant in Wnt/B3-catenin

signaling in MaxP cells.

To further validate our discovery that Dvls are differentially utilized and required in
Whnt5a-Ror and Wnt/B-catenin signaling, we utilized a rescue strategy conducted in our Dvl TKO
cells in which we re-expressed N-terminally myc-tagged mouse Dvl1, DvI2, or DvI3 to near-
endogenous (i.e., parental reporter) levels (Figure 2Di-iii). Similar to our findings observed in Dvl

KO MaxP dual reporter cells, we observed differential utilization of individual Dvls in Wnt5a-Ror
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versus Wnt/B-catenin signal pathways with re-expression of each Dvl homolog. As compared to
no rescue (Dvl TKO) or an empty vector rescue, re-expression of Dvl1-3 rescued Wnt5a-Ror
signaling to varying degrees (Figure 2Ei). Both re-expression of DvI1 and DvI2 rescued Wnt5a-
Ror signaling to similar extents, mirroring the Wnt5a-Ror signaling changes observed in the
Dvl1 and DvI2 KO MaxP dual reporter cells (compare 2Ci and 2Ei). Further, we noticed that re-
expression of DvI3 was able to restore the most Wnt5a-Ror signaling activity (Figure 2Ei),
mirroring the significant decrease observed in DvI3 KO MaxP dual reporter cells. However,
examination of Wnt/B-catenin signaling similarly paralleled our observations from Figure 2Cii,
which showed that re-expression of any of the three Dvls can fully rescue signaling activity and
that Dvls are redundant in this pathway (Figure 2Eii). All together these results indicate that Dvls
are indeed required for Wnt5a-Ror signaling, a long-standing hypothesis that until this study
remained untested. Further, our evidence indicates that Dvls are differently required and utilized

in Wnt5a-Ror versus Wnt/B3-catenin signaling.

Dvl domains are differentially used to facilitate Wnt5a-Ror and Wnt/B-catenin signaling

We next questioned which domains of Dvl are required for Wnt5a-Ror versus Wnt/[3-
catenin signaling. Dvl scaffolding proteins all possesses three highly conserved and modular
domains: DIX, known for its interactions with Axin, a component of the destruction complex
utilized in Wnt/B-catenin signaling; PDZ, known to mediate many protein-protein interactions in
multiple Wnt signaling pathways; and DEP, involved in Dvl interactions with Frizzled receptors
at the cell membrane (Figure 3A) [5]. Earlier reports that relied on overexpression of Dvl domain
truncation mutants suggested that the more N-terminal domains, DIX and PDZ, are required for

Whnt/B-catenin signaling, whereas the more C-terminal domains, PDZ and DEP, are involved in
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non-canonical Wnt pathways [11, 12, 19, 21, 51-54]. However, more recent studies that have
taken approaches similar to the one used in this study, where Dvls are re-expressed at near
endogenous levels in Dvl triple knockout cells, have refined this paradigm and demonstrated
that the DIX as well as the DEP domains are highly critical to Wnt/B-catenin signaling [45, 49,
55]. However, corresponding studies examining Dvl domain truncations and their effects in non-
canonical Wnt pathways, particularly Wnt5a-Ror signaling, have yet to be conducted under such
conditions. Therefore, our understanding of the domains required for Dvl function in different
Whnt signaling pathways is likely incomplete. In addition to these modular domains, Dvls possess
an unstructured C-terminus (Figure 3A). While this region of Dvls can be highly variable
between individual homologs, the final ~30 amino acids are highly conserved across organisms
and between isoforms and culminates in a PDZ domain binding motif (Figure 3A). This region
has a few reported functions, including one wherein the C-terminus acts as an autoregulatory
feature that modulates conformational changes [56, 57]. However, the importance of this region

to Wnt5a-Ror signaling has remained largely unexamined.

To systematically compare which domains are required for the Wnt5a-Ror pathway
versus the Wnt/B-catenin signaling pathway, we analyzed the ability of DvI3 domain truncation
mutants rescue signaling in Dvl TKO cells (Supplemental Figure 3A). We selected mouse DvI3
to generate the truncation mutants based on its strong ability to rescue signaling in both Wnt5a-
Ror and Wnt/B-catenin signaling (see Figure 2Ei and 2Eii). Using this approach, we tested
mDvI3 mutants lacking the DIX, PDZ, or DEP domains or the C-terminus (Figure 3A). Here, we
observed that different domains were required for Wnt5a-Ror versus Wnt/B-catenin signaling.
Contrary to traditional thinking where non-canonical Wnt pathways rely solely on the PDZ and
DEP domains to facilitate signal transduction, we noted that each domain is strongly required for
Whnt5a-Ror signaling, including the DIX domain (Figure 3Bi). In contrast, deletion of the C-

terminus had no impact on signaling and was indistinguishable from the wild-type DvI3 rescue
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(Figure 3Bi). Collectively, these findings suggest that the modular DIX, PDZ, and DEP domains
are critical to Dvl function in Wnt5a-Ror signaling activity while the Dvl C-terminus is

dispensable.

When we examined the effects of DvI3 domain truncation mutants on Wnt/B-catenin
signaling (Figure 3Bii), our findings agreed with those previously reported by others. The most
devastating effects on DvI3-mediated Wnt/B-catenin signal transduction were caused by loss of
the DEP and DIX domains, both of which are critical for establishing multimeric signalosomes
that facilitate Wnt/B-catenin signaling [45, 49, 55]. In contrast, the PDZ domain is dispensable
for Wnt/B-catenin signal transduction, which has been shown previously [5] (Figure 3Bii).
Additionally, we noted that deletion of the C-terminus had no impact on Wnt/B-catenin signaling
and was indistinguishable from the wild-type DvI3 rescue. Overall, these findings indicate that
different domains are required to facilitate Wnt5a-Ror versus Wnt/B-catenin signaling and that

the Dvl C-terminus is not required for signal transduction of either pathway.

We noted that deletion of the DEP domain significantly limits both Wnt5a-Ror and Wnt/3-
catenin signaling. The DEP domain possesses a critical lysine that, when mutated, causes a
strong planar cell polarity (PCP) phenotype in Drosophila [63], which is a non-canonical Wnt
signaling pathway. Subsequent analysis showed that this mutant protein can still support
canonical Wnt/B-catenin signaling in Drosophila [52]. Because this lysine is highly conserved
across multiple organisms and in mouse and human Dvl1-3 (Figure 3C), we wondered if
mutating the analogous mouse DvI3 lysine (K435M) would impact Wnt5a-Ror signaling and/or
Wnt/B-catenin signaling. To test this, we introduced DvI3****™ into Dvl TKO cells and assayed
both Wnt5a-Ror and Wnt/B-catenin signaling (Figure 3D). Interestingly, we observed that, like

the mDVI3BADEP domain truncation mutant, DvI3K435M

was completely incapable of rescuing
Wnt5a-Ror signaling (compare 3Bi with 3Di). In contrast, DvI3¥***™ strongly reduces, but does

not completely abolish, Wnt/B-catenin signaling (Figure 3Dii), indicating that K435 also plays a
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maijor role in signaling. While these differences are perhaps not as stark as those reported in
Drosophila (i.e., an absolute loss of signaling in the non-canonical Wnt pathway but no changes
in signaling in the canonical Wnt pathway), previous publications examining the Dvl DEP
domain in vertebrates and Drosophila Dsh suggest that there may be sequence differences that
account for mechanistic changes that we cannot yet appreciate, particularly in Wnt/B-catenin
signaling [45]. Regardless, all together these data demonstrate the importance of the DEP

domain to both Wnt5a-Ror and Wnt/B-catenin signaling.

These results further build on the paradigm wherein different domains of Dvl are
differentially used in Wnt5a-Ror and Wnt/B-catenin signaling. In this augmented model, the DEP
domain is critical to both Wnt5a-Ror and Wnt/B-catenin signaling. Moreover, we find that under
our assay conditions, Dvl C-terminus does not impact Dvl function’s signaling function in both

Whnt5a-Ror and Wnt/B-catenin signaling.

Whtba-Ror-induced phosphorylation of the Dvl C-terminus impacts Dvl activity in Wnt5a-Ror but

not Wnt/B-catenin signaling

Dvl phosphorylation has long been used as an indicator of signaling activity for both
Whnt5a-Ror and Wnt/B-catenin signaling pathways [19, 20, 37, 42, 44-46, 58, 59]. From our
previous phospho-proteomic studies, we identified multiple phosphorylation events within DvI1,
DvI2, and DvI3 that were driven by Wnt5a-Ror signaling activity [8, 9]. All of the identified
phosphorylation sites were located in the Dvl C-terminus and clustered into two groups (Figure
4A). Group 1 sites consisted of a series of alternating serine residues detected in DvI2 (Figure
4B, green bolded residues; S614, S616, S618, and S620). Although not experimentally detected

in DvI1 or DvI3 in our phospho-proteomic study, some of these serines are also conserved in
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both DvI1 and DvI3 (Figure 4B, bolded residues are conserved). Group 2 appeared to encode a
Casein Kinase 1 (CK1) motif (S/T-X-X-S/T), a kinase that is known to phosphorylate Dvl in
Whnt/B-catenin signaling (Figure 4C, green bolded residues; Dvl1 Group 2 sites are S675 and
S678, and DvI3 Group 2 sites are S696 and S699) [37, 42, 44, 46, 59, 60]. Although only
detected in DvI1 and DvI3 in our phospho-proteomic analysis, these residues are conserved
across all three mouse Dvl homologs (Figure 4C, green and black bolded residues).
Interestingly, these residues were previously identified in DvI3 in another mass spectrometry
screen in which CK1¢ was overexpressed [44]; however, as far as we are aware, the

functionality of these phosphorylation sites have not been examined.

Given that we identified these phosphorylation sites in Wnt5a-Ror-specific proteomic
screens, we hypothesized that mutating these C-terminus phosphorylation residues might
selectively impact this pathway, which in turn could providing mechanistic insights into pathway-
specific regulation of Dvl function. We generated Dvl constructs with each of these
phosphorylation sites mutated to alanines in DvI2 (Group 1 sites S614A, S616A, S618A,
S620A) and DvI1 and DvI3 (Group 2 sites S675 and S678 in Dvl1 and Group 2 sites S696 and
S699 in DvI3) and re-expressed them in Dvl TKO cells (Supplemental Figure 4Ai-iii). First, we
examined the Group 1 phosphorylation sites identified in DvI2. Interestingly, mutation of the
Group 1 sites in DvI2 (DvI256™4A S616A, S818A. S6204) (id not hinder its ability to rescue signaling in
Whnt5a-Ror signaling, and in fact was indistinguishable from its wild-type counterpart (Figure Di).
Instead, there was a small but significant reduction in Wnt/B-catenin signaling (Figure Dii). In

1 S675A, 3678A)

contrast, we observed that mutation of the Group 2 sites in DvI1 (Dvl as well as in

DvI3 (DvI3S6%A S6994) |ed to a significant reduction in their capacity to rescue Wnt5a-Ror

1 S675A, S678A

signaling (Figure 4Ei and Fi). Within the Wnt/B-catenin signaling pathway, Dvl only

slightly signaling (Figure 4Eii), while DvI3%¢%4 6994 had no effect on signaling (Figure 4Fii).
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Taken together, this analysis identified key phosphorylation sites that are selectively required for

Whntb5a-Ror signal transduction.

Robinow and Robinow-like syndrome DVL mutations alter Wnt5a-Ror and Wnt/3-catenin

signaling via distinct mechanisms

With our newfound understanding of how Dvls mediate signal transduction of both
Whnt5a-Ror and Wnt/B-catenin signaling pathways, we next questioned how RS mutations might
impact DVL activity. RS mutations identified in human DVL1 and DVL3, in addition to bulldog
DVL2 mutation, are all frameshift mutations that that alter their C-termini sequences (Figure 5A),
leading to the production of a short novel protein sequence as well as a slight truncation. Based
on the locations of RS mutations, the modular DIX, PDZ, and DEP domains are predicted to be

unaffected [25, 27, 61].

Given the close connection between RS and Wnt5a-Ror signaling, we and others have
hypothesized that RS DVL variants affect Wnt5a-Ror signaling activity. However, we also
recognized the possibility that RS DVLs might affect signaling in multiple Wnt pathways, such as
Whnt/B-catenin signaling. Further, based on our findings from this study that Dvls are functionally
non-redundant in Wnt5a-Ror signaling, we realized that each RS DVL variant could potentially
act through a unique mechanism that was influenced by their individual capacities to signal
(Figure 2Ei and Eii). In fact, this notion is further supported by several patient studies, which
demonstrate that patients with mutations in DVL1 often present with symptoms unique from
those exhibited by patients with mutations in DVL3 and vice versa [23, 24]. To test these
hypotheses and determine how RS DVL variants affect downstream signaling in multiple Wnt

pathways, we re-expressed RS-DVL1, RS-DVL3, and RS-DVL2 (bulldog variant) in Dvl TKO
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cells (Supplemental Figure 5Ai-iii) and evaluated changes in Wnt5a-Ror and Wnt/B-catenin

signaling activity.

As compared to WT-DVLA1, re-expression of RS-DVL1 was unable to rescue Wnt5a-Ror
signaling; in fact, RS-DVL1 resulted in slightly increased stabilization of GFP-Kif26b-C, as
evidenced by the negative percent degradation, suggesting that this frameshift mutation imparts
dominant interfering activity on this DVL variant (Figure 5Bi). However, in the Wnt/B-catenin
signaling reporter, we observed entirely different behavior from RS-DVL1, wherein it rescued
Whnt/B-catenin signaling far beyond both the parental reporter levels as well as the WT-DVL1
rescue (Figure Bii). These findings, namely that the RS-DVL1 variant is overactive in Wnt/(3-
catenin signaling, align with those previously reported based on overexpression of RS-DVL1 in
a heterologous system [61]. In summary, we determined that RS-DVL1 differentially affects

Whnt5a-Ror and Wnt/B-catenin signaling pathways.

Interestingly, we discovered that the RS-DVL3 variant exhibits qualitatively different
effects on Wnt5a-Ror and Wnt/B3-catenin signaling. Here, we observed that, in contrast to RS-
DVLA1, the rescue activity of RS-DVL3 in Dvl TKO cells resulted in overactivation of both Wnt5a-
Ror and Wnt/B-catenin signaling, suggesting it may act as a gain of function mutant (Figure 5Ci
and Cii) in both signaling pathways. These findings indicate that a combination of signaling

defects in both pathways contribute to the underlying molecular etiology of RS.

Remarkably, we discovered that the bulldog RS-DVL2 variant displays yet another
mechanism distinct from both RS-DVL1 and RS-DVL3. When re-expressed in Dvl TKO cells,
RS-DVL2 can rescue less than 50% of the Wnt5a-Ror signaling activity that WT-DVL2 rescues
(Figure 5Di), suggesting that this is a loss of function variant. Additionally, similar to RS-DVL3
but unlike RS-DVL1, RS-DVL2 also exhibits a reduced ability to rescue Wnt/B-catenin signaling

(Figure 5Dii). Taken together, we conclude that despite their strikingly similar genetic signature
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(i.e. -1 frame shift affecting the C-terminal domain), each RS and RS-like mutant alters Wnt5a-

Ror and Wnt/B-catenin signaling pathways through a unique mechanism.
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Discussion

Dvls have long been a point of fascination within Wnt signaling. Their discovery as a
scaffolding protein capable of differentially transmitting signals to non-canonical or canonical
signaling pathways has garnered decades of intense scrutiny to understand Dvl function.
However, the expression of multiple Dvl homologs in vertebrates has long complicated analysis
of individual homolog function. Moreover, while the development of molecular tools to track
Whnt/B-catenin signaling has facilitated interrogation of Dvl function specific to this pathway,
corresponding readouts and molecular tools that can monitor non-canonical Wnt signaling
pathways have remained limited until recent years. Instead, changes in non-canonical Wnt
pathways driven by Dvls and corresponding mutants have long depended on phenotypic
analyses, which is readily influenced by the presence of wild-type Dvl homologs and can
complicate data interpretation. Thus, to evaluate Dvl function, specificity, and differential
regulation more directly in multiple Wnt signaling pathways in the same cell type, we developed
a dual reporter system in which Wnt5a-Ror and Wnt/B-catenin signaling can be assayed in the
same cells. In the present study is a proof of concept that demonstrates the utility of this
platform and its ability to generate insight into Dvl-mediated signal transduction at the

intersection of Wnt5a-Ror and Wnt/B-catenin signaling.

Using this genetically tractable and quantitative system, we determine conclusively for
the first time that Dvls are required for Wnt5a-Ror signaling. Additionally, we used this platform
to answer questions about Dvl redundancy by interrogating the individual contributions of DvI1-3
to Wnt5a-Ror and Wnt/B-catenin signaling. We discovered that individual Dvl homologs are
differentially utilized in Wnt5a-Ror versus Wnt/B-catenin signaling. Here, we observed that Dvi1,
DvI2, and DvI3 individually possess differential abilities to rescue Wnt5a-Ror signaling,
suggesting that Dvls are functionally non-redundant in MaxP cells. In contrast, we find that

Whnt/B-catenin signaling is more tolerant of different Dvl homologs, and any of the three Dvls can
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mediate signaling, making them more redundant in this pathway. Taken together, these data
indicate one mechanism by which Dvls differentially transmit signals to distinct Wnt signaling

pathways.

Through analysis of Dvl domain truncation mutants, we also determined which Dvl
domains are required in Wnt5a-Ror and in Wnt/B3-catenin signaling. Our work confirms that the
DIX and DEP domains are indeed most critical for Wnt/B-catenin signal transduction, whereas
loss of the PDZ domain slightly impacts Wnt/B-catenin signaling but not to the same extent as
deletion of the DIX or DEP domains. Within Wnt5a-Ror signaling, we noticed that loss of any of
the three domains does significantly reduce activity, with deletion of the PDZ and DEP domains
impacting downstream signaling the most. Further detailed molecular studies focused on

identifying specific domain interactors may provide additional insight in the future.

Perhaps most interesting from our domain truncation analysis is the finding that deletion
of the Dvl C-terminus does not impact Dvl function in either Wnt5a-Ror or Wnt/3-catenin
signaling, which suggests that this region of Dvl is not required for signal transduction. However,
these results appear to contradict our data showing that specific Wnt5a-Ror phosphorylation
sites within the Dvl C-terminus regulate signaling activity in this pathway. Here, we observed
that mutation of the Group 2 sites identified in Dvl1 (DvI1557%% S6784) gnd DvI3 (DvI3S69%A S694)
significantly reduced their ability to rescue Wnt5a-Ror signaling but minimally impacted Wnt/p-
catenin signaling. To reconcile these findings, we propose that the Dvl C-terminus itself
functions as a molecular switch to direct signals towards distinct Wnt pathways. When present,
phosphorylation of the Group 2 sites within the Dvl C-terminus are needed to propagate signals
downstream to the Wnt5a-Ror pathway; ablation of these sites limits Dvl function within this
pathway but not in Wnt/B-catenin signaling. In removing the Dvl C-terminus entirely, this
molecular switch is lost, and Dvl signals at nearly wild-type rescue levels in both pathways

without discriminating one from the other.
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This model could also, in part, explain some of the downstream signaling changes driven
by RS DVL variants. Our analysis of the human RS-DVL1 and -DVL3 along with the bulldog
DVL2 (RS-DVL2) demonstrated that each individual variant disrupted both Wnt5a-Ror and
Whnt/B-catenin signaling through a distinct mechanism. With the introduction of RS DVL
mutations into the C-terminus, perhaps the ability of DVL to discriminate between Wnt signaling
pathways is lost, leading to concurrent changes in multiple Wnt pathways. This concept aligns
with our data. There is also the possibility that in addition to disrupting the molecular switch
present in the wild-type Dvl C-terminus, RS DVL C-termini sequences themselves bestow DVLs
with new functions. While further detailed molecular analysis is necessary to truly pinpoint the
underlying signaling changes, the knowledge generated in this study concerning wild-type Dvl
function within Wnt5a-Ror and Wnt/B-catenin signaling will serve as an important baseline to

understand the molecular etiology of RS DVL variants in future studies.
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Figures

Figure 1. Development of MaxP dual reporter cells as a platform to study Dvl at the
intersection of Wnt5a-Ror and Wnt/-catenin signaling. A) Derivation and immortalization of
MaxP cells. Shaded circle and arrow indicate maxillary prominence region, just below the eye.
B) Signaling analysis conducted on immortalized MaxP cells as analyzed via western blotting.
Here, Kif26b and Pdzrn3 abundance decrease over time, which correlates with increases in
Ror2 and DvI2 phosphorylation. C) MaxP cells undergo robust Wnt/B-catenin signaling based on
real-time quantitative PCR (RT-gPCR) analysis of Axin2 transcripts after treatment with rWWnt3a.
D) Schematic depicting creation of dual reporter and flow cytometry analysis. E) GFP-
Kif26b/7TR dual reporter (hereafter referred to as MaxP dual reporter cells) characterization: i)
Representative bar graph showing changes in Wnt5a-Ror signaling activity driven by riWWnt5a, ii)
rWnt5a dose response curve, iii) representative bar graph showing changes in Wnt/B-catenin
signaling driven by rWnt3a, and iv) rWnt3a dose response curve. Error bars represent £+ SEM.

P-values: *=p<0.05, **=p<0.01, ***=p<0.001, for this and all subsequent figures.
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Figure 2. Dvls are required for Wnt5a-Ror signaling and functionally non-redundant. A)
Western blot depicting DvI1, Dvl2, and DvI3 expressed in MaxP dual reporter cells. With the
addition of rWnt5a or rWnt3a, each Dvl homolog exhibits a mobility shift upward, indicative of
phosphorylation. B) Western blot validation of Dvl knockout cell lines. C) Bar graph depicting
changes in i) Wnt5a-Ror signaling and ii) Wnt/B-catenin signaling in Dvl triple knockout (TKO)
and single knockout (Dvl1 KO, DvI2 KO, and DvI3 KO) MaxP dual reporter cells. D)
Representative western blots depicting re-expression of mDvlI1-3 in Dvl TKO cells at near-
endogenous levels. E) Bar graph depicting changes in i) Wnt5a-Ror signaling and ii) Wnt/3-

catenin signaling driven by mDvl1-3 re-expressed in Dvl TKO cells.
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Supplemental Figure 2. CRISPR/Cas9 mediated deletions of DvI1-3 in MaxP dual reporter
cells. References sequences for Dvl TKO (A), Dvl1 (B), DvI2 (C), and DvI3 (D) aligned to

mutated alleles detected through deep sequencing.

A
Dvl TKO
Dv1ll KO
Reference GACCAAAATCATCTACCACATGGACGAGGAGGAGACGCCGTACCTGG
Allele 1 GACCAAAATCATCTACCACAT-GACGAGGAGGAGACGCCGTACCTGG (-1)
Allele 2 GACCAAAATCATCTACCACA--TACGAGGAGGAGACGCCGTACCTGG (-2)
Dv12 KO
Reference ATCTAGAGCCTGAGACAGAGACCGAATCTGTCGTATCAC-TGAGGCGAGACCGACCTAGG
Allele 1 ATCTAGAGCCTGAGACAGAGACCGAATCTGTCGTATAC——TGAGGCGAGACCGACCTAGG (-1)
Allele 2 ATCTAGAGCCTGAGACAGAGACCGAATCTGTCGTATCATCTGAGGCGAGACCGACCTAGG (+1)
Allele 3 ATCTAGAGCC TGAGGCGAGACCGACCTAGG (-29)
Dv13 KO
Reference GCCACCTTCGATGGAACGCACAGGAGGCATTGGGGACTCTCGACCCCCCTCCTTCCAGTA
Allele 1 GCCACCTTCGAT———————=—————— GGCATTGGGGACTCTCGACCCCCCTCCTTCCAGTA (-13)
Allele 2 GCCACCTTCGA-—=====— CACAGGAGGCATTGGGGACTCTCGACCCCCCTCCTTCCAGTA (-7)
B Dvll KO
Reference GACCAAAATCATCTACCACATGGACGAGGAGGAGACGCCGTACCTGG
Allele 1 GACCAAAATCATCTACCACAT-GACGAGGAGGAGACGCCGTACCTGG (-1)
Allele 2 GACCAAAATCATCTACCACA--TACGAGGAGGAGACGCCGTACCTGG (-2)
C
Dv12 KO
Reference CGAATCTGTCGTATCA-CTGAGGCGAGACCGACCTAGGAGGAGAGA
Allele 1 CGAATCTGTCGTATCAACTGAGGCGAGACCGACCTAGGAGGAGAGA (+1)
Allele 2 CGAATCTGTCGTATCA-—-———— GCGAGACCGACCTAGGAGGAGAGA (-5)
D
Dv13 KO
Reference GCCACCTTCGATGGAACGCACAGGAGGCATTGGGGACTCTCGACCCCCCTCCTTCCAGTA
Allele 1 GCCACCTTCGATGGAAC-----GGAGGCATTGGGGACTCTCGACCCCCCTCCTTCCAGTA (-5)
Allele 2 GCCACCTTCGATGG——-—— —-AGGAGGCATTGGGGACTCTCGACCCCCCTCCTTCCAGTA (-7)
Allele 3 GCCACCTTCGAT-=======—— GGAGGCATTGGGGACTCTCGACCCCCCTCCTTCCAGTA (-10)
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Figure 3. Dvl domain truncations identify domains differentially required for Wnt5a-Ror
and Wnt/-catenin while the C-terminus acts as a regulatory domain. A) Schematic
representation of Dvl and the domain truncations analyzed in this study. B) Bar graph depicting
changes in Wnt5a-Ror (i) and Wnt/B-catenin signaling (ii) driven by Dvl domain truncation
mutants. C) Alignment of a portion of the Drosophila, Xenopus, mouse and human Dsh/Dvl DEP
domain. The conserved lysine (K) that is mutated to a methionine (M) in the Drosophila Dsh
mutant is highlighted in red. D) Bar graph depicting changes in Wnt5a-Ror (i) and Wnt/B-catenin

signaling (ii) driven by mDvI3 WT or mDvI3K435M,
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Supplemental Figure 3. Representative western blot depicting expression levels of mDvI3

A) domain truncation mutants and B) mDvI3%***™ jn DvI TKO cells.

A MT-mDvI3 B MT-mDvI3
TKO WT ADIX APDZ ADEP AC TKO WT K435M
LI
Myc-Dvl Myc-DvI
3
H o> anm canan "
a-Tubulin e a-Tubulin
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Figure 4. Wnt5a-Ror-induced phosphorylation in the Dvl C-terminus regulates Dvl
function. A) Schematic of Dvl indicating the location of Group 1 and Group 2 Wnt5-Ror-induced
phosphorylation sites in the C-terminus, represented with two red stars. B) Alignment of Group

1 alternating serines identified in DvI2 in previous Wnt5a-Ror signaling TMT screens. Green and
bolded residues represent serines detected in the screen, whereas bolded residues indicate
serines that are conserved in either mouse Dvl1 or DvI3. C) Alignment of Group 2 residues
identified in mouse DvI1 and DvlI3 in previous Wnt5a-Ror signaling TMT screens. Green and
bolded residues represent serines detected in the screen, whereas bolded residues indicate
serines that are conserved in mouse DviI2. D) Bar graph depicting changes in Wnt5a-Ror (i) and
Whnt/B-catenin signaling (ii) caused by either mDvI2 WT or mDvI2 S614A, S616A, S618A,
S620A. E) Bar graph depicting changes in Wnt5a-Ror (i) and Wnt/B3-catenin signaling (ii)
caused by mDvI1 WT or phosphomutant mDvI1 S675A, S678A. F) Bar graph depicting changes

in Wnt5a-Ror (i) and Wnt/B-catenin signaling (ii) caused by either mDvI3 WT or phosphomutant.
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Supplemental Figure 4. Representative western blot depicting expression levels of Ai)

wild-type (WT) and phosphomutant DvlI1, Ai) Dvil2, and Aiii) DvI3 in Dvl TKO cells.

A
! MT-mDvl1 n MT-mDVI3 i MT-mDvI2
TKO WT P TKO WT P TKOWT P
bedi ST e
Myc-Dvl Myc-Dvl Myc-Dvl
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Figure 5. Robinow and Robinow-like mutations in the DVL C-terminus alter Wnt5a-Ror
and Wnt/B-catenin signaling via distinct mechanisms. A) Alignment demonstrating the
changes in C-terminus sequence in i) human DVL1, ii) human DVL3, and iii) bulldog DVL2,
which were used in this study. B) Bar graph depicting changes in Wnt5a-Ror (i) and Wnt/(-
catenin signaling (ii) driven by hDVL1 WT or RS variant. C) Bar graph depicting changes in
Whnt5a-Ror (i) and Wnt/B-catenin signaling (ii) driven by hDVL3 WT or RS variant. D) Bar graph
depicting changes in Wnt5a-Ror (i) and Wnt/B-catenin signaling (ii) driven by dDVL2 WT or RS

variant.

113



hDVL1 WT PGLPPPHPTTKAYTVVGGPPGGPPVRELAAVPPELTGSRQSFQKAMGNPCEFFVDIM

hDVL1 RS

RGSPRPTPRPRPIQWWGGHPGDPLSGSWLPSPRN

hDVL3 WT PPGVPPLYGPPMLMMPPPPAAMGPPGAPPGRDLASVPPELTASRQSFRMAMGNPSEFFVDVM

hDVL3 RS

LPECPLSTAPPC

dDVL2 WT PPGMALPYNPMMVVMMPPPPPPVPPAVQPPGAPPVRDLGSVPPELTASRQSFHMAMGNPSEFFVDVM

dDVL2 RS

- N oW w s A
o wvoom o ;o m
)

GFP percent degradation (%)
N
o

Parent
reporter

'
(9]
L

N W w s s
oo oo o,
PR

NN
oo »m
PR

o
L

GFP percent degradation (%)
N
o

Parent
reporter

45 4

GFP percent degradation

Parental
reporter

TKO

TKO

TKO

PPGMALPYNPMMVVMMPPLHPLSHQQCSPQGPLLSETWALCPOQN:

Empty

Empty

Empty

hDVL1

WT hDVLA1

RS

ns ii

hDVL3 WT hDVL3 RS

dDvi2 WT

dDv2 RS

ns

o o

o

7TR fold change
= N W s OO
o o

o o

7TR fold change
w
o

114

Parent

reporter

ns

Parent
reporter

Parental
reporter

TKO

Empty

Empty

hDVL3 WT hDVL3 RS

ns

dDVL2 WT dDVL2 RS



Supplemental Figure 5. Representative western blot depicting expression levels of Ai)

WT and RS hDVL1, Ai) WT and RS hDVL3, and Aiii) WT and RS (bulldog) dDVL2 in Dvl
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Concluding remarks

While our understanding of the mechanisms driving certain Wnt pathways has advanced
over the years, there is still much to learn about non-canonical Wnt pathways. In particular,
Whnt5a-Ror signaling has long been associated with distinct tissue morphogenesis defects but
has remained understudied at the molecular and cellular levels. In this dissertation, | expand
upon our knowledge of Wnt5a-Ror signaling mechanisms by further defining the molecular
events and cellular outcomes that occur during physiological signaling and provide insight into
how these normal processes are disrupted by RS-causing mutations. Here, | demonstrate
critical roles for both Pdzrn3, as a regulatory effector of the Wnt5a-Ror signaling pathway, as

well as Dvls, as mediators of signal transduction for Wnt5a-Ror and Wnt/B-catenin signaling.

In Chapter 2, | discussed the identification and characterization of the E3 ubiquitin ligase
Pdzrn3 as a downstream regulatory target of Wnt5a-Ror signaling. In a broader context, there
are several features shared by Pdzrn3 and the other major effector of Wnt5a-Ror signaling,
Kif26b. Both effectors are highly expressed in mouse embryonic fibroblasts (MEFs), a tissue
type that undergoes robust Wnt5a-Ror signaling, and Wnt5a-Ror signaling regulates Kif26b and
Pdzrn3 abundance through the ubiquitin proteasome system (UPS), which indicates that
regulated proteolysis is a major mechanism by which Wnt5a-Ror signaling regulates
downstream effectors. Additionally, Wnt5a-Ror signaling relies on Kif26b and Pdzrn3 to affect
cell migration in similar ways. Independent of Wnt5a, both Kif26b and Pdzrn3 act as
promigratory factors [1-4]; however, when Wnt5a is present, cell migration is reduced,
suggesting that Wnt5a-Ror signaling tunes the levels of Kif26b and Pdzrn3 to modulate cell
migration. Finally, neither Kif26b nor Pdzrn3 knockout mice phenocopy Wnt5a-Ror signaling.
Kif26b knockout embryos have been shown to be perinatal lethal and display kidney defects,

whereas Pdzrn3 knockout embryos are embryonic lethal around E11.5 exhibit vascular defects
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in the placenta. The tissue specific defects observed in Kif26b and Pdzrn3 knockout embryos
suggest the potential existence of multiple tissue specific effectors that collectively carry out the
many biological functions of the pathway and/or potential compensatory effects driven by

closely related homologs, which may also be regulated by Wnt5a-Ror signaling.

Beyond their promigratory roles, the molecular functions of Pdzrn3 and Kif26b remain
elusive. While the signaling cascade regulating their degradation is reasonably similar, the
substrates on which Pdzrn3 and Kif26b act as well as any adapter proteins they may work in
tandem with are unknown. The answers to these questions will help further define wild-type

signaling mechanisms of Wnt5a-Ror signaling.

In Chapter 3, | developed a new platform in which Dvl function and activity as a mediator
of multiple Wnt signaling pathways can be analyzed in detail. Perhaps the longest standing
question surrounding Dvl function has been how Dvls direct signals to one Wnt pathway or
another. With this platform, | begin to answer this question, by establishing the domains and key
phosphorylation sites that are common to Dvl activity in both pathways (such as the C-terminus,
which regulates Dvl activity itself) as well as unique to one or another (such as the C-terminal
CK1 phosphorylation sites specific to Wnt5a-Ror signaling but not Wnt/B-catenin signaling). This

fundamental knowledge will help interpret the changes in function driven by RS mutations.

My initial assessment of the effects of RS DVL variant impacts on downstream signaling
pathways strongly indicate that both decreases in signaling (as observed with RS-hDVL1 and
RS-dDVL2) as well as increases (as observed with RS-hDVL3) can result in the similar
phenotypic outcomes. In many ways, this harkens back to the quintessential Wnt5a KO
phenotype, which can arise from both loss of function and overexpression of Wnt5a in mice [5-
7]. Collectively, these findings suggests that Wnt signaling pathways operate within an optimal

range to properly orchestrate developmental processes.
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While these studies focused on analyzing Dvl as the major intersection between Wnt5a-
Ror and Wnt/B-catenin signaling, my MaxP dual reporter system could be used to interrogate
additional molecular players involved in multiple Wnt signaling pathways. More specifically,
Frizzled receptors are another signaling component utilized in Wnt5a-Ror and Wnt/B-catenin
signaling pathways that have growing connections to RS. Thus, this MaxP dual reporter cell
platform will enable further molecular dissection of the pathway and augment our understanding
of the mechanistic features common to multiple Wnt pathways. Overall, this dissertation
establishes fundamental knowledge regarding Wnt5a-Ror signaling mechanisms in both normal
physiological and pathological contexts, paving the way for even more detailed interrogation and

potential development of therapeutics in the future.
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Appendix

Whole genome variant association across 100 dogs identifies a frame shift mutation in
DISHEVELLED 2 which contributes to Robinow-like syndrome in Bulldogs and related

screw tail dog breeds
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Abstract

Domestic dog breeds exhibit remarkable morphological variations that result from centuries of
artificial selection and breeding. Identifying the genetic changes that contribute to these
variations could provide critical insights into the molecular basis of tissue and organismal
morphogenesis. Bulldogs, French Bulldogs and Boston Terriers share many morphological and
disease-predisposition traits, including brachycephalic skull morphology, widely set eyes and
short stature. Unlike other brachycephalic dogs, these breeds also exhibit vertebral
malformations that result in a truncated, kinked tail (screw tail). Whole genome sequencing of
100 dogs from 21 breeds identified 12.4 million bi-allelic variants that met inclusion criteria.
Whole Genome Association of these variants with the breed defining phenotype of screw tail

was performed using 10 cases and 84 controls and identified a frameshift mutation in the WNT

pathway gene DISHEVELLED 2 (DVL2) (Chr5: 32195043_32 195044del, p = 4.37 X 10_37) as
the most strongly associated variant in the canine genome. This DVL2 variant was fixed in
Bulldogs and French Bulldogs and had a high allele frequency (0.94) in Boston Terriers. The
DVL2 variant segregated with thoracic and caudal vertebral column malformations in a
recessive manner with incomplete and variable penetrance for thoracic vertebral malformations
between different breeds. Importantly, analogous frameshift mutations in the human DVL1 and
DVL3 genes cause Robinow syndrome, a congenital disorder characterized by similar
craniofacial, limb and vertebral malformations. Analysis of the canine DVL2 variant protein
showed that its ability to undergo WNT- induced phosphorylation is reduced, suggesting that

altered WNT signaling may contribute to the Robinow-like syndrome in the screwtail breeds.
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Author summary

Some dog breeds are characterized by extreme morphological differences from their ancestor,
the wolf. One group of three breeds (Bulldog, French Bulldog, and Boston Terrier) is
characterized by a wide head, short muzzle, widely spaced eyes, small size and abnormalities
of the vertebral bones of the back and tail. These breeds are referred to as the screw tail breeds
since the characteristic that is unique and easy to see in these breeds is their shortened and
kinked tails. These breed have become increasingly popular as pet dogs, although they have
health issues associated with their morphology. We analyzed the genome sequences of 100
dogs, including 10 screw tail dogs, and identified all the genetic differences between those
dogs. We then compared these differences to identify changes in the DNA sequences
associated with screw tail. The mutation and the affected gene identified are very similar to the
types of mutations that have been shown to be responsible for a rare human disorder with
similar clinical abnormalities, called Robinow syndrome. We demonstrate that the dog mutation
makes an altered protein that affects an important cell-cell communication system crucial for

tissue development.
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Introduction

Morphological differences have been one of the primary drivers of dog breed formation
since wolf domestication and subsequent selection to create dog breeds [1]. In many cases, the
morphological traits are also genetically linked to disease-predisposition traits [2—6]. Therefore,
it is of great interest to determine the breed specific genetic variations, as this knowledge could
provide insights into not only the evolution of dog breeds, but also the mechanisms of tissue

morphogenesis and disease pathogenesis.

Some subsets of dog breeds share distinctive morphologies. A shortened and kinked
tail— which is referred to as a “screw tail’—is one of the distinctive morphological traits that
characterizes Bulldogs, French Bulldogs and Boston Terriers, which were historically developed
from the Bulldog breed and, thus, closely related [7]. These breeds also share a craniofacial
morphological phenotype referred to as brachycephaly, which includes both profound
shortening of the muzzle and widening of the skull. Possibly due to the width of their heads,
these three breeds have the highest rate of cesarean section among dog breeds [8]. The three
breeds are also all relatively short in stature being less than 17 inches tall at the shoulder. In
addition to morphological features, certain diseases are found at a high prevalence across all 3
breeds such as vertebral malformations [9-13], cleft lip and cleft palate [14—16], congenital

heart disease [17, 18, 19], and glioma [5, 20, 21].

Molecular characterization of the cause of short tails in dogs demonstrated that a
synonymous mutation in the T box transcription factor gene confers a short tail (bob tail)
phenotype in the Pembroke Welsh Corgi breed [22]. Although this mutation is common across a
wide range of dog breeds, it is not responsible for the short tail seen in Bulldogs and Boston
Terriers [23]. Screw tail is distinguishable from the short tail phenotypes in other breeds due to

presence of vertebral malformations and fusion of the caudal vertebrae in addition to absence of

129



caudal vertebrae. Additional conformational sequelae of vertebral malformation in screw tail
breeds includes kyphosis, lordosis or scoliosis most commonly affecting the thoracic vertebral
column, and typically resulting from wedge, hemi-vertebrae and butterfly vertebrae [24, 25].
Although vertebral malformations affecting thoracic vertebrae in screw tail breeds are common,
they are rarely directly associated with clinical signs [9]. However, it may increase their risk of
developing other diseases such as intervertebral disc disease, to which the French Bulldog and

Boston Terrier are predisposed [6, 26].

Brachycephalic skull morphology has been previously investigated in dogs and has a
complex etiology. Multiple different chromosomal regions are associated and may differ
between breeds. In a Genome Wide Association (GWAS) for skull shape across dog breeds,
significant associations were identified on CFA (Canis familiaris) 1, CFA5, CFA24, CFA30 and
CFA32 for brachycephaly. A missense mutation (p.F452L) in the bone morphogenetic protein 3
(BMP3) gene was identified as the skull modifying locus on CFA 32. This allele is fixed in
Bulldogs and French Bulldogs and has an allele frequency of 0.99 in Boston Terriers [27]. The
mutations underlying the associations on CFA5, CFA24 and CFA30 have not been reported. A
second group mapped proportional snout length in a GWAS across dog breeds using size as a
covariate and identified both the CFA1 and CFAS5 loci; however underlying causative mutations
were not defined [28]. Recently, a LINE-1 insertion in the SPARC-related modular calcium
binding 2 (SMOC?2) gene was identified as the causative mutation underlying the significant

associations to brachycephalic head morphology on CFA 1 [29].

In humans, a rare genetic disorder called Robinow syndrome shares phenotypic
similarities with the screw tail breeds. Robinow syndrome is characterized by mesomelic-limbed
dwarfism and abnormalities of the head, face, genitalia, and vertebral column [30]. Patients with
Robinow syndrome have hypertelorism with a broad nasal root and broad forehead and fusion

of thoracic vertebrae with frequent hemivertebrae [31]. Mutations in genes from WNT pathways,
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including ROR2, FZD2, WNTS5A, DVL1, and DVL3, have all been found to cause Robinow
syndrome in humans [30, 32—-34]. WNT pathways control embryonic morphogenesis by
regulating crucial developmental processes including cell-fate determination, proliferation, and

morphogenetic cell/tissue movement [35—40].

Since the development of SNP genotyping arrays for dogs, the standard approach to
mutation identification has been GWAS followed by Sanger or whole genome sequencing to
identify causative variants [41]. Compared to other species, long linkage disequilibrium (LD)
within the domestic dog allows successful associations with few samples and few SNPs [42].
However the long LD within dogs also presents challenges for mutation identification. In this
paper, we bpass the use of SNP genotyping arrays and utilize variant calls from whole genome
paired end sequences from 100 canine samples of 21 breeds to perform whole genome variant
association in the screw tail breeds. We report the identification of a frameshift mutation in the
DISHEVELLED 2 (DVL2) gene that segregates with the breed defining phenotype of screw tail
and vertebral malformations. The frameshift mutation preserves the majority of the DVL2 protein
but replaces the last 49 amino acids in the C-terminus with a novel 26-amino acid sequence.
Through biochemical analysis of the bulldog DVL2 variant protein in cultured cells, we further
demonstrate that the mutant protein has a reduced capacity to undergo WNT-dependent
phosphorylation, suggesting that aspects of WNT signaling might be compromised. Our data
suggest that the bulldog-related breeds share similar genetic, morphological and pathological

origins with human Robinow syndrome.
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Materials and methods

Ethics statement

The following application was reviewed and approved by the UC Davis IACUC on January 19,
2018. Title: Canine DNA collection from privately owned animals. Principal Investigator: Danika
L. Bannasch (Protocol # 20356) Institution: University of California, Davis. Active protocols are
reviewed annually. This institution is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care, International (AAALAC). This institution has an Animal
Welfare Assurance on file with the Office of Laboratory Animal Welfare (OLAW). The Assurance
Number is A3433-01. The IACUC is constituted in accordance with U.S. Public Health Service

(PHS) Animal Welfare Policy and includes a member of the public and a non-scientist.

Canine samples

Buccal swabs or blood samples were collected from privately owned dogs through the William
R. Pritchard Veterinary Medical Teaching Hospital at UC Davis. Owners specified the breed of
each dog. Samples used for whole genome sequencing included 96 dogs from 21 pure breeds

and 4 dogs from mixed breeds (S2 Table).

Phenotype

Images of screw tail breeds were obtained during the course of necessary veterinary
procedures and 3D computed tomography reconstructions were perfomed on selected images.
The American Kennel Club breed standards were used as a guide to describe typical dogs of
each breed. Vertebral column phenotypes defined as a) thoracic vertebral malformation and b)
caudal malformation (“screw tail”) were based on assessment of imaging (radiographs,

computed tomography or magnetic resonance imaging) by a board certified veterinary
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radiologist and a board certified veterinary neurologist. Cases were considered affected if there
was evidence of thoracic vertebral malformations characterized by the presence of wedged
vertebrae, hemi-vertebrae or butterfly vertebrae, or the presence of similar malformations as
well as shortening and vertebral fusions affecting the caudal vertebrae. Inclusion required the
availability of imaging for all thoracic vertebrae in lateral and dorso-ventral /ventro-dorsal planes
for thoracic vertebrae, and imaging of a minimum of 6 caudal vertebrae. Phenotyping of 4 cases
for the presence of caudal malformation (“screw tail”) was based on visual and physical

examination by a veterinarian.

DNA extraction and whole genome sequencing

Genomic DNA was extracted using the Qiagen kit (QIAGEN, Valencia, CA). 96 biological
samples (including 6 trios) were subjected to next generation sequencing using lllumina paired
end cycles. The whole genome sequencing of 4 Pug samples was publically available by Tgen
company (https://www.tgen.org/). The metadata table contains details about the sequencing

libraries and coverage (S2 Table).

Variant calling

Adaptors and low quality sequences were removed using the Trimmomatic software (V 0.36)
[71]. Adaptor trimming was done using recommended parameters of simple matching (threshold
of 10) and palindromic matching (threshold of 30 and minimum adapter length of 1). High quality
reads were aligned to the dog reference genome CanFam3 [72] using the BWA-MEM algorithm
of the BWA software package (v0.7.7) [73]. Duplicate reads were excluded using the Picard tool
MarkDuplicates (v2.2.4) (http://broadinstitute.github.io/ picard). Variant calling was performed
with the GATK HaplotypeCaller (v3.5) [74] using joint genotyping across all sequenced samples.

Known variants from the Ensembl variation database (release 82) [75] and canine annotation of
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Broad institute (https://www.broadinstitute.org/ftp/
pub/vgb/dog/trackHub/canFama3/variation/final.Broad.SNPs.vcf.gz) were used for variant
annotation. Candidate variants were filtered using the following thresholds: QualByDepth (QD) <
2.0, FisherStrand (FS) > 60.0, StrandOddsRatio (SOR) > 4.0, ReadPosRankSum < -8.0, and
depth of coverage (DP) > 3105 for both SNPs and indels, RMSMappingQuality (MQ) < 40.0,
MQRankSum < -12.5 for SNPs, and InbreedingCoeff < -0.8 for indels. After quality filtration and
exclusion of variants of uncharacterized chromosomes, 13,591,986 SNPs and 7,126,341 indels

passed our filters.

Including indels in the PLINK analysis

The PLINK software for GWAS is designed to deal with SNPs for association studies[76]. To
allow PLINK to deal with indels as well, we developed a script which changed the bi-allelic
indels into SNPs. Here, we excluded multi-allelic variants then replaced multi-character alleles
by a single character (A or T) chosen to maintain allelic variation between reference and

alternatives (https://github.com/dib-lab/dogSeq).

Identity by state (IBS) distance

An IBS matrix was calculated to document the breed-based population stratification and
examine the similarities between the breeds used. A subset of autosomal and X chromosome
variants genotyped in >95% of samples with MAF > 5% was selected and then subjected to
linkage disequilibrium based pruning using a threshold of variance inflation factor (VIF) equals
2. Pruning recursively removed SNPs within a sliding window of 50 SNPs, with a window step
size of 5 SNPs producing 645,697 variants for IBS calculation. The distance matrix was
constructed using the ‘—distance 1-ibs’ function of PLINK 1.9 and plotted as a dendrogram

using the ‘ape’ package in R. The “—mendel” option in PLINK 1.9 was used to calculate the rate
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of Mendelian errors per meiosis in the sequenced trios using the pruned subset of variants. The

average rate of Mendel errors was used as an index for the genotyping accuracy.
Genome wide association using variants identified by whole genome sequence

Among the 100 dogs sequenced, there were 6 trios whose offspring were excluded from further
analysis. All variants were subjected to mild filtration to exclude those failing to genotype in
more than 10% of all sequenced samples as well as those with MAF of less than 1%. Following
this, we used PLINKv1.9 to perform a case/control association analysis (S3 Table). Statistical
probabilities were adjusted for genomic inflation using the Genomic Control (GC) approach GC
correction is based on the assumption that most of variants are not associated with the trait of
interest and thus the chi-square values of statistical tests should have a mean of one. Genomic
inflation increases this mean and to correct for this, all test statistics values are divided by the
mean of the test statistics to restore the expected distribution [77]. Bonferroni correction for
multiple testing was performed using pruned variants as an index for independently tested
haplotypes to obtain a list of candidate loci [78]. Pruning was done as described above for IBS
calculations but after excluding the offspring of the 6 trios. All variants belonging to the same
haplotype are dependent and should have similar association probabilities. Correction of
multiple testing should be applied to the “independent” statistical trials. In our experiment,

correcting for all tested variants did not prevent the detection of the causative variant (p = 4.37

X 10737 uncorrected) even with a threshold of 0.01 after Bonferroni correction. Fixed variants in
affected breeds that were approaching absence from unaffected breeds were selected as those

with more than 90% allelic differences between cases and controls.

Variant effect annotation
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The Variant Effect Predictor (VEPv85) tool from Ensembl [79] was used to annotate possible
effects of all detected variants. Variant annotation was done using the NCBI dog genome

annotation (last modified on 9/18/15)[80].

Genotyping

Primers were designed using Primer3 [81]. Primers to amplify the DVL2 mutation produced a
297 base pair product (Forward Primer: CGGCTAGCTGTCAGTTCTGG; Reverse Primer:
CAGTGAGTCTGAGCCCTCCA). PCR products were sequenced using the Big Dye termination
kit on an ABI 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA). Segregation
analysis was evaluated by Fisher’'s exact test. Sequences were evaluated using Chromas
(Technelysium, South Brisbane, QLD, Australia). The sequences were aligned to the Boxer dog
reference sequence (CanFam 3.1) using BLAT (UCSC Genome Browser). Primers described by
Marchant et al. [29] were used to evaluate the SMOC2 mutation status for 152 dogs. PCR

products sizes were visualized via gel electrophoresis.

RNA extraction and cDNA Sequencing

All primers were designed using Primer 3 (Forward Primer: CCACGAGCTGTCATCCTACA;
Reverse Primer: CAACTGACAGGGCAGACAGA) [81]. RNA was isolated from skeletal muscle
and spleen using Qiagen QlAamp Blood Mini Kit tissue protocols (QIAGEN, Valencia, CA). RNA
was reverse transcribed into cDNA using Qiagen QuantiTect Reverse Transcription Kit. DVL2
and RPS5 [82] cDNA was PCR amplified from skeletal muscle tissue from one Bulldog and one
Labrador Retriever. RPS5 was amplified in skeletal muscle to ensure equivalent amounts of
cDNA were produced. The PCR products were sequenced on an ABI 3500 Genetic Analyzer
and analyzed using Chromas (Technelysium, South Brisbane, QLD, Australia). The sequences

were aligned to the reference Boxer dog genome (Can Fam 3.1), using BLAT (UCSC Genome
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Browser), to confirm sequences matched DVL2. Semiquantitative RT PCR was performed by
PCR amplification (Forward Primer: CGAGCTGTCATCCTACACCT, Reverse primer:
TGACGAGCCTCTGGAAGG) of cDNA from Spleen from two different dogs of each genotype
(homozygous mutant and wildtype for DVL2c.2044delC). Reduced PCR cycle number (to 28)
were used to estimate the transcript differences. PCR products were visualized on agarose

gels.

DVL2 gene cloning

Due to extremely high GC-content, attempts to clone the canine DVL2 open reading frame
(ORF) were unsuccessful. We therefore commercially synthesized the wild type and the bulldog
variant of DVL2 and subcloned them into a modified pENTR-2B vector containing an N-terminal
Myc tag (MT) using the Fsel and Ascl restriction sites. The ORFs were verified by Sanger
sequencing. To generate lentiviral transfer vectors, the pENTR-2B-MT constructs were
recombined with the pLEX_307 vector (a gift from David Root; Addgene plasmid #41392) using
LR clonase (Thermo Fisher Scientific, Hanover Park, IL). Transgene expression from pLEX 307

is driven by the EF1 promoter.

Generation of stable NIH/3T3 cell lines

Lentiviruses were generated in HEK293T cells via co-transfection of lentiviral vectors with the
following third generation packaging plasmids: pMD2.G (Addgene plasmid # 12259), pRSV-rev
(Addgene plasmid #: 12253) and pMDLg/pRRE (Addgene plasmid #: 12251) [83]. 0.75mL of
viral supernatant was used to infect NIH/3T3 cells plated at 20% confluency in 24-well plates.

Puromycin selection (0.002mg/mL) was carried out for 4 days.

Western blotting
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To block synthesis and production of endogenous Whnt proteins, the porcupine inhibitor Wnt-
C59 (100nM final concentration) was added to cells 24 hours prior to lysis. For WNT stimulation,
cells were incubated for 6 hours with Wnt5a (R&D, catalog #645WN010, 200ng/mL final
concentration) or Wnt3a (R&D, catalog #1324-WN-002 100ng/mL final concentration). For
casein kinase 1 inhibitor treatment, cells were pre-treated with D4476 (APEXBIO catalog
#A3342, 100nM final concentration) for 1h prior to WNT5A or WNT3A treatment. D4476 was
maintained in the culture during the 6-hr WNT stimulation period. Cells were washed in 1X cold
PBS and lysed in 200uL RIPA buffer supplemented with HaltTM Protease Inhibitor Cocktail
(100X) (Prod # 186127, Thermo Fisher Scientific). BCA analyses were conducted to determine
the absolute concentrations of protein in lysate samples. For phosphatase treatment, 17.3ug of
protein from cell lysates were treated with 7 U of CIP (NEB, catalog #M0290S; final
concentration of 350U/mL) at 37C for 30 minutes. Lysates subjected to mock treatment were
incubated at the same temperature and duration without enzyme. Protein concentrations were
normalized and lysates were mixed with 1/3 the volume of 4X LDS sample buffer (NP0008,
Thermo Fisher Scientific) supplemented with 2-mercaptoethanol (4.25% final concentration).
Lysates were heated at 95 C for 5 minutes before SDS-PAGE and western blots were

generated.

For detecting exogenous DVL2, a commercially purchased monoclonal anti-c-Myc anti- body
(clone 9E10, Thermo Fisher Scientific, catalog #9801) was used as the primary antibody at a
dilution ratio of 1/1000, and a goat anti-rabbit IgG polyclonal antibody (conjugated to IRDye
800CW; catalog # 926-32211, Li-cor Biosciences, Lincoln, NE) was used as the secondary
antibody at a dilution ratio of 1/30,000. For detecting a-tubulin, the DM1A mouse monoclonal
antibody (catalog # SC-32292, Santa Cruz Biotechnology, Dallas, TX) was used as the primary
antibody at a dilution ratio of 1/1000, and a goat anti-mouse IgG polyclonal antibody (conjugated

to the IRDye 800CW; catalog # 926-32210, Li-cor Biosciences) was used at a dilution ratio of
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1/30,000). Imaging of the western blots was performed using the Odyssey infrared imaging
system (Li-cor Biosciences) according to the manufacturer’s instructions. Non-saturated protein

bands were quantified using Odyssey software, with a gamma level of 1.
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Results

Phenotype

Bulldogs, French Bulldogs and Boston Terriers are the only American Kennel Club
recognized dog breeds characterized by a screw tail (Fig 1A). The ‘screw tail’ is caused by a
variety of malformed and fused vertebrae and lack of approximately 8 to 15 caudal vertebrae,
which normally form the canine tail (Fig 1B 4). In addition to deformities of the caudal vertebrae,
these breeds may also have variable morphological deformities of vertebrae along the vertebral
column including hemivertebrae, wedge vertebrae, butterfly vertebrae and fused vertebrae (Fig
1B 1-3). Based on breed standards, the three breeds share physical characteristics including
short stature, head shape and include eyes to be as wide apart as possible (hypertelorism) and
for them to have a broad muzzle (Fig 1A and S1 Table). These breeds are considered
brachycephalic meaning that they have a short muzzle length. The degree of brachycephaly in
the three screw tail breeds is more prominent than in some other brachycephalic breeds due to
an even shorter and broadened maxilla, broadened frontal bone, and an increased curvature to
the zygomatic bone creating a wider and more extreme orbit as compared to, for example, the
Boxer breed (Fig 1C). Due to the similarity in phenotype and historical relationships between
these breeds, we hypothesized that they would share a mutation responsible for their

morphology.

Variant calling and calculation of identity by state distance

To identify variants responsible for the screw tail phenotype, we used paired end whole
genome sequence data generated from 100 dogs from 21 breeds followed by association
analysis of all biallelic variants identified. There were 6 trios included in the dataset. The twenty-

one breeds included 5 Bulldogs, 3 French Bulldogs and two Boston Terriers. The remainder of
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the dogs did not have screw tails; however, two of the breeds were brachycephalic (Boxer and

Pug). A complete list of breeds is available in S2 Table.

The variant calling pipeline identified 15,353,085 SNPs and 8,514,447 indels within the
100 canine genomes. After quality filtration and exclusion of variants of uncharacterized
chromosomes, 13,591,986 SNPs and 7,126,341 indels passed our filters. The average rates of
Mendelian errors per meiosis were calculated to be 4.1% in the six dog trios. A dendrogram was
constructed to examine the historical relatedness of the breeds. Clustering of dogs by their
breed and the relatedness in the case of the trios confirms the sensitivity of the technique to
detect genetic relatedness (S1 Fig). The dendrogram highlights a common origin of all screw tail
breeds (Bulldogs, French Bulldogs and Boston Terriers) and shows the bifurcation from Boxer

dogs and Pugs, the other two brachycephalic breeds (Fig 2A and S1 Fig).

Whole genome variant association

A whole genome association analysis was performed using the 10 dogs of the screw tail
breeds compared to 84 dogs belonging to 21 pure and 4 mixed breeds (related dogs were
removed). The association analysis started with 20,342,844 biallelic variants identified through
the whole genome sequence (excluding 375,483 multi-allelic loci) with a total genotyping rate of
~93.6%. 3,023,667 variants were removed due to missing genotype data and 4,852,941
variants were removed for low minor allele frequency. Association testing was performed using
the remaining 12,461,460 variants. Genomic inflation was high (estimated lambda = 3.2761)
due to the expected population stratification. To minimize false positive associations caused by
genomic inflation, a simple genomic control approach was used instead of other modeling
approaches that correct for relatedness to avoid the exclusion of variants that were identical by

descent.
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Since there is relatively long linkage disequilibrium in dogs, statistical thresholds were
further corrected for multiple testing of 587,159 variants representing common haplotypes in the

tested population. After adjustment, a PBonferroni of 0.05 is equivalent to a p = 3.99 X 10722

and PBonferroni of 0.01 is equivalent to a p = 1.96 x 10724 (Fig 2B, Fig 2C). A list of all the

significantly associated variants is shown in S3 Table. The most associated variant was CFAS:

32195043_32195044del, p =4.37 X 10737 (uncorrected); however there were many associated

regions (Fig 2C). This variant remained significantly associated at a PBonferroni of 0.01

corrected for all 12,461,460 variants as well (p = 1.5 x 10728),

In addition to being highly associated, we predicted that variants responsible for breed
defining characteristics would have a high allele frequency in affected breeds and an extremely
low allele frequency in unaffected breeds. We therefore selected variants with more than 90%
allelic difference between cases and controls. Long regions of fixed candidate variants were
then selected for further analysis and included CFA5, CFA26 and CFA 32 (Fig 2D). There were
two additional significant loci on CFA 25 and 29 that were not evaluated further since they were
less significant and did not show long regions of homozygosity to support Identical by descent
inheritance [43]. The two peaks on CFA 26 (6772912-10171935) and CFA 32 (4533724
6620950) were previously reported to be associated in these breeds with canine glioma and
brachycephaly respectively [5, 27]. The highest association was to the region on CFA 5, which
also had a long region of homozygosity (5:29243555-34607475). The single most significantly
associated variant found was a frame shift mutation in the Dishevelled 2 (DVL2) gene
(9.-32195043_32195044del). The mutation was homozygous in all cases and absent from
controls except a single Labrador retriever that was called as heterozygous in the absence of
supporting read coverage (S3 Table). This dog was later confirmed by Sanger sequencing to be

wild-type at this location.
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DVL2 mutation

The single base deletion found on CFA 5(g.32195043 32195044del) that was

homozygous in the three screw tail breeds (5 Bulldogs, 3 French Bulldogs and 2 Boston

Terriers) was located within the 15th and penultimate exon of the canine DVL2 gene. DVL2
cDNA was sequenced from the skeletal muscle of a dog with a normal tail and a screw tail
Bulldog (Fig 3A) to confirm the presence of the mutation in the mRNA in the Bulldog sample
(DVL2c.2044delC). In orde to determine if there was a difference in transcript level between
animals with the DVL2c¢.2044delC mutation and without semiquantitative RT PCR was
performed. Mutant transcript levels were comparable to wildtype (S2 Fig). This deletion is
predicted to lead to a frameshift mutation, causing a premature stop codon that truncates the
translated protein by 23 amino acids (p.Pro684LeufsX26). In addition, 26 altered amino acids
are predicted to be present in the highly conserved C-terminus of the mutant protein (Fig 3B, Fig
3C). The location of the truncation of the protein is remarkably similar to the effect of mutations
within the other Dishevelled family members, DVL1 and DVL3, that lead to Robinow syndrome
in people. Alteration of the amino acid sequence in the highly conserved C-terminal region as
well as truncation of 21 to 50 amino acids also occurs in the human Robinow DVL mutations

(Fig 3D and S4 Table).

To confirm the association of the DVL2c.2044delC mutation with the screw tail
phenotype, 667 dogs, from 49 breeds, were genotyped for the DVL2 mutation (Table 1). 177
dogs were from the screw tail breeds including 33 Bulldogs, 79 French Bulldogs and 65 Boston
Terriers. All were homozygous for the mutant allele except 6 of the Boston Terriers (4
heterozygous, 2 wildtype). In addition, we identified dogs from several other breeds, including
Pit bulls, Staffordshire Bull Terrier, Shih Tzu and mixed breeds, that are heterozygous or

homozygous for the DLV2 mutation. The Pug breed has sometimes been classified with the
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screw tail breeds due to its curled tail; however, the tail is full length and does not have caudal
vertebral malformations (S3 Fig). 29 Pugs tested were wild-type for the DVL2 mutation.
Likewise, the Pug dogs do not share the high MAF with the screw tail breeds around the DVL2
mutation (S4 Fig). Three hundred and eighty five dogs from 43 other breeds were also tested

and were all wild- type (S5 Table).

Segregation and penetrance

In order to determine the penetrance of vertebral malformations, dogs homozygous for
the DVL2 variant from the screw tail breeds were evaluated for thoracic and caudal vertebral
malformations (Table 2). The penetrance of the thoracic malformations varied between the three
breeds from 45-100%, while the caudal vertebral malformations were 100% penetrant. Since
the DVL2 variant is virtually homozygous in these breeds, it was important to evaluate
segregation of the variant with phenotype. In order to confirm the association of the DVL2
mutation with the vertebral column malformations, additional dogs were identified that had
radiographs or imaging available and segregated the DVL2 mutation. Segregation of the caudal
vertebral column malformations and genotype at DVL2 was consistent with a fully penetrant
recessive mode of inheritance in Boston Terriers, Shih Tzus, Pit Bulls and mixed breeds (Table
3). Segregation of the thoracic vertebral malformations was consistent with a recessive mode of
inheritance with variable penetrance between breeds. In order to evaluate the molecular
contribution to brachycephalic skull shape, the DVL2 mutant breeds were genotyped for the
previously identified brachycephaly associated Line insertion affecting SMOC 2 splicing.
Bulldogs and French Bulldogs were homozygous for the variant and the Boston Terriers had an
allele frequency of 90.3% (S6 Table). Similar allele frequency for the BMP3 missense mutation
was also reported for these three breeds indicating that they are homozygous or have a high

allele frequency for three mutations that affect head shape [27].
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WNT-dependent phosphorylation of the DVL2 mutant protein is reduced

Based on the significant changes to the DVL2 C-terminus caused by the frameshift
mutation, we hypothesized that the expression and/or biochemical properties of the mutant
variant DVL2 might be altered. To test this hypothesis, we synthesized full-length cDNA of both
the wild-type and mutant variant dog DVL2 gene, N-terminally tagged them with the MYC
epitope, and expressed them via lentiviral vectors in NIH/3T3 cells. We chose to use NIH/3T3
cells because they have been used previously to study WNT pathways and DVL regulation [44,
45]. Western analysis of lysates from cell lines expressing a wild-type or mutant variant of DVL2
showed that both proteins were expressed at similar levels (Fig 4A), suggesting that the mutant
protein is properly synthesized and its novel C-terminus does not affect the stability of the DVL2

protein.

It has been previously established that Wnt stimulation results in the phosphorylation of
DVL2, which can be observed on western blots as gel motility shifts and is often used as an
indicator of pathway activity [46—49]. To compare the capacity of wild-type and mutant variant
DVL2 to respond to WNT signals, we stimulated cells expressing these proteins with purified,
recombinant WNT5A or WNT3A and analyzed the extent of DVL2 gel mobility shifts on western
blots. We observed prominent DVL2 gel motility shifts in cells expressing the wild-type DVL2
protein after WNTS5A or WNT3A treatment (Fig 4A). However, DVL2 gel motility shifts were
reduced in cells expressing the mutant protein, suggesting that phosphorylation of the mutant
variant DVL2 may be impaired. To demonstrate that the gel motility shifts observed were indeed
due to phosphorylation, we treated cell lysates with calf intestinal phosphatase (CIP) to remove
any potential phosphate groups. CIP treatment resulted in loss of the slower migrating DVL2
bands and an increased amount of unphosphorylated DVL2 in all conditions (Fig 4B). These
results indicate that Wnt-dependent phosphorylation of the mutant variant DVL2 protein is

reduced compared to wild-type DVL2.
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Additional studies conducted in human and mouse cells have demonstrated that WNT-
dependent phosphorylation of DVL2 is dependent on casein kinase 1 (CK1) [50, 51]. To assess
if this mechanism also drives phosphorylation of the canine DVL2 protein, we pretreated cells
with D4476, a small molecule inhibitor of CK1, and then stimulated with either WNT5A or
WNT3A. D4476 treatment resulted in the loss DVL2 phosphorylation in all conditions, thereby
demonstrating that CK1 also mediates Wnt-dependent phosphorylation of the canine DVL2
protein (Fig 4C). Collectively, these results demonstrate that the canine mutant variant DVL2
protein exhibits reduced WNT- and CK1-dependent phosphorylation and further suggest that
reduced WNT signaling may contribute to the Robinow-like phenotype of bulldogs and

associated screw tail breeds.
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Discussion

Whole genome sequence data from 100 dogs was utilized to interrogate the molecular
cause of the breed defining trait screw tail. Using over 12 million bi-allelelic variants and
comparing 10 cases to 84 controls, a frame shift mutation in the DVL2 gene was found to be the
most strongly associated of all variants. The mutation leads to a 23 amino acid truncation of the
protein in the last exon within the highly conserved C-terminal domain. Analogous truncations in
the same regions of human DVL1 and DVL3 proteins result in Robinow syndrome in humans.
This shared genetic signature, taken together with the similar anatomical changes, strongly
suggests that the bulldog-related breeds share common pathological origins with human
Robinow syndrome. DVL2 is part of an evolutionarily conserved cytoplasmic scaffolding protein
family that also includes DVL1 and DVL3 in vertebrates [52, 53]. The three mammalian DVL
homologs display significant sequence identity to each other [54, 55] as well as across species
[56, 57]. Our results suggest that the mutant variant DVL2 protein likely has reduced capabilities
to mediate WNT signaling. Although DVL proteins are key players in a variety of WNT
pathways, the Robinow-like phenotypes of bulldogs and human patients coupled with mouse
developmental expression patterns lead us to believe that the frameshift mutations in DVL2 in
screw tail dog breeds primarily affect a noncanonical branch of WNT signaling, the WNT5A-
ROR pathway. In addition to the bulldog DVL2 frameshift mutation, human mutations causing
Robinow syndrome have been identified in WNT5A, ROR2, FZD2, DVL1, and DVL3, which are
all major components of the WNT5A-ROR pathway [32, 33, 58—-61]. Further, WNT5A and ROR2
are highly expressed in the facial primordia, limb buds, and vertebrae of mice, all areas of the
body that are affected in Robinow syndrome patients and bulldogs; additionally, Wnt5a and
Ror2 knockout mice exhibit Robinow-like features, including truncated limbs and broad, flat
faces [44, 46]. Collectively, this suggests that screw tail dog breeds and Robinow syndrome

patients at least partly share similar underlying pathophysiology.
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In both bulldogs and human patients, frameshift mutations in the penultimate or ultimate
exon of DVL proteins result in the substitution of the highly conserved C-terminus region of the
proteins with a new stretch of amino acids. Given that the frameshift mutation leaves most of the
protein intact, it remains plausible that the more N-terminal modular domains of DVL2 can still
function in other Wnt pathways, such as canonical WNT/beta-catenin signaling, which primarily
uses the DIX domain, and planar cell polarity, which primarily uses the DEP domain [53].
Beyond these modular domains, however, few roles have been assigned to the DVL2 C-
terminus; work by Bernatik et al has shown that human DVL3 C-terminus contains some CK1
phosphorylation sites that are conserved in DVL2 and would be lost by the frameshift mutation
[62]. This correlates with our observations that the mutant DVL2 variant exhibits reduced CK1-
dependent phosphorylation in response to WNT stimulation and is consistent with a recessive
mode of inheritance. Given the importance of DVL2 in WNT5A-ROR signaling and the potential
roles that these pathways play in defining the unique phenotypical and pathological
characteristics of the screw tail bulldog breeds, additional follow up studies are required to
define the molecular mechanism(s) by which the DVL2 variant protein affects downstream WNT

signaling activity during development.

In addition to the DvI2 frameshift mutation, the three Bulldog related breeds harbor other
mutations in developmentally important genes that could affect their craniofacial morphology.
For example, these breeds also carry a missense mutation in BMP3 and a Line 1 insertion that
affects splicing of the SMOC?2 gene [27, 29]. The absence of homozygosity for these mutant
alleles in breeds fixed for the brachycephalic head phenotype indicates that this is a complex
trait influenced by multiple loci. Screw tail breeds are distinguished from some of the other
brachycephalic dogs by additional shortening and broadening of the muzzle, broadening of the
skull, and hypertelorism suggesting the presence of more variants affecting their skull

morphology (Fig 1A, S1 Table and [27, 63]). We did not undertake the evaluation of head
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morphology in this work since recruiting pet dogs for head CT that is not medically warranted is
ethically challenging since it requires general anesthesia and carries a risk to dogs with
brachycephalic head conformation. However, previous across breed genome wide associations
for head morphology identified this locus on CFA 5 [27, 28]. Boyko et al used breed-based
averages for a large number of linear measurements followed by QTL mapping [28].
Schoenebeck et al performed principal component analysis of geometric morphometry of
museum specimen skulls from breeds followed by GWAS using DNA samples from the same
breeds [27]. Both groups identified the same highly associated SNP (CFA5:32359028) within
160 Kb of the DVL2 mutation as having a significant contribution to skull shape in dogs. A third
study on canine skull morphology that was based on individual measurements taken from skull
CTs did not identify the CFA 5 locus; however, the screw tail breeds only made up ~2% of the
sample sets used in this across breed study to identify QTLs that affect head morphology [29].
Since the study was designed to capture common loci across many breeds it is not surprising
that the DVL2 locus would not be identified. Based on our allele frequency measures, the

mutation is rare across breeds and virtually homozygous in affected breeds.

Additional, as yet undiscovered, deleterious variants could be present in these breeds
that affect their skull shape considering the extremely strong selection based on head
phenotype applied to these breeds by dog breeders. Normal development of the skull requires
coordinated development of cranial sutures, skull base synchondroses and brain, and it is likely
that genetic abnormalities may affect both suture and synchondrosis development directly, or
indirectly due to secondary effects [64, 65]. WNT signaling has been shown to regulate cranial
base development and growth, and abnormalities in WNT signaling have been implicated in
cranial synostosis in humans, most commonly with brachycephaly-associated coronal
synostosis [66— 68]. Given the apparent polygenic pathogenesis of brachycephaly in dog

breeds, and the essentially fixed nature of the DVL2 mutant allele in the Bulldog and Boston
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breeds, assigning specific skull morphometric sequelae to the DVL2 mutation is challenging.
The cranial dysmorphology seen in Robinow patients and the more extreme nature of the
brachycephaly in the DVL mutant dog breeds is, however, highly suggestive of DVL2’s
involvement in the brachycephalic phenotype. A more detailed study of skull morphology,
particularly in animals segregating the various associated genes isnecessary to define specific

gene contributions to the brachycephalic phenotype in dogs.

Although caudal vertebral malformations appear to be a consistent finding within DVL2
mutant dog breeds, thoracic vertebral malformations are more variable in their presence and
severity. Similar findings are observed in mouse models and human patients with WNT pathway
abnormalities where penetrance of vertebral anomalies is variable. Even in highly inbred Dv/2
knockout mice, only 90% were reported to have vertebral anomalies [69], and hemivertebrae
and associated scoliosis/kyphosis are seen variably in >75% and <25% of cases with recessive
and dominant forms of Robinow syndrome respectively [70]. In addition to vertebral
abnormalities, DvI2 knockout mice exhibit 50% perinatal lethality due to cardiac defects, 25%
have tail kinks and 4% have tail truncations [69]. Based on the presence of protein product
found in MYC tagged experiments, we propose that the canine DVL2 mutation is not a null
mutation but rather a hypomorphic mutation with respect to vertebral malformations. This is also
consistent with the more severe phenotype seen in DVL2 knockout mice. The possibility exists
that there are different effects in different developmental pathways or tissues, and possibly,
polygenic effects due to the presence of many segregating mutations that are already known to

affect size and skull shape in domestic dogs.

The ability to perform whole genome association in dogs allowed the elimination of the
fine structure mapping step in causative variant identification. This whole genome variant
association approach successfully replicated two previously identified loci that were known to be

fixed within the screw tails breeds namely the BMP3 missense mutation (CFA32) associated
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with head morphology and the glioma susceptibility locus (CFA26) [5, 27]. This approach is
particularly tractable in the dog where deleterious variants are shared within and across breeds
and only a single causative variant is expected. However, it should be noted that only SNPs and
small insertion deletions were identified in this analysis, and there are many examples of
disease causing variants that would not have been identified using this approach [6, 29]. As
whole genome sequencing costs continue to decrease and our abilities to call variants
improves, whole genome variant association provides an efficient method to define disease

causing variants.
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Figures

Fig 1. Phenotype of screw tail breeds. (A) Photographs of typical representatives of breeds:
1. Boxer (brachycephalic and normal but docked tail), 2. Bulldog (brachycephalic and screw
tail), 3. French Bulldog (brachycephalic and screw tail), and 4. Boston Terrier (brachycephalic
and screw tail) (photographs courtesy of Nestle Purina PetCare).(B) 3D computed tomography
reconstructions of 1) Boxer thoracic vertebrae, ventrodorsal view, 2) French Bulldog thoraco-
lumbar vertebrae, ventrodorsal 3) French Bulldog thoraco-lumbar vertebrae lateral view.
Pronounced kyphosis of the French Bulldog vertebral column is associated with multiple
vertebral abnormalities including shortened vertebrae, hemivertebrae and butterfly vertebrae. 4)
Lateral vertebral column radiograph of a Bulldog demonstrating the breed typical "screw tail"
associated with multiple caudal vertebral malformations and truncation. (C) Computed
tomography images of canine skulls showing the variation of skull morphologies: 1) German
Shepherd (dolichocephalic), 2) Boxer 3) Bulldog 4) French Bulldog 5) Boston Terrier 6) Pug.

White scale bar is 2 cm for each orientation.
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Fig 2. Across breed genome-wide association for screw tail. (A) Hierarchical clustering of
Identity by state distance of screw tail breeds. (B) QQ plot of-log 10 of p values before (Unadj)
and after genomic (GC) and statistical correction (BONF). (C) and (D) Manhattan plots with—log
10 of p values on y axis and chromosome on the x axis with horizontal blue and red lines
indicating p values of 0.05 and 0.01 after correction showing all tested genotypes (C) or 90%

allelic difference (D).
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Fig 3. Dishevelled 2 mutation, location within the protein and amino acid alignment with
comparison to Robinow Syndrome. (A) Electropherograms of the single base pair deletion
within the cDNA of DVL2. (B) Schematic representation of Dishevelled protein domains.
Approximate locations of known mutations are marked by vertical grey bars within their
respective Dishevelled gene (h—human; c—canine). The number of reported clinical mutations in
that region, in their respective gene, is in parentheses. (C) Human wild type DVL1, DVL2, and
DVL3 C-terminus protein sequences (192, 221, and 216 amino acids respectively) aligned with
canine wild type DVL2 (221 amino acids). Colors of amino acids indicate their respective
physiochemical property: red—small, hydrophobic; blue—acidic; magenta—basic; green— hydroxyl,
sulfhydryl, amine. The location of the Dishevelled frameshift mutations (specific amino acid) are
boxed in black. The highly conserved C-terminus is boxed in blue. (D) Altered amino acid
sequence of human Robinow syndrome mutations in DVL1 and DVL3 and the canine DVL2
mutation identified in this work. Truncated amino acids marked by black dashes. Highly

conserved region is indicated in the wild type sequence by a blue box.
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Fig 4. WNT-dependent phosphorylation of the DVL2 mutant protein is reduced. (A)
Lysates from NIH/3T3 stable cell lines expressing the dog, Myc-tagged wild-type (Wt) or mutant
variant (Mut) DVL2, which is 23 aa shorter than wild-type exogenous DVL2, were analyzed by
western blotting using an anti-c-Myc antibody. To assess the ability of the wild-type and mutant
proteins to respond to WNT stimulation, cells were treated with WNT5A or WNT3A for 6 hours.
Both treatments resulted in increased gel mobility shifts of the wild-type DVL2 protein, indicative
of increased phosphorylation; this effect was reduced on the mutant DVL2 protein. (B) To
confirm that the DVL2 gel mobility shifts observed in (A) were due to phosphorylation, cell
lysates were subjected to mock treatment (30 min incubation at 37 C), or calf intestinal
phosphatase (CIP) treatment (30 min incubation at 37 C in the presence of CIP) before
separation by SDS-PAGE. The DVL2 gel mobility shifts above wild-type and mutant proteins
were lost after CIP treatment, confirming that they are caused by phosphorylation. (C) To test
whether the DVL2 gel mobility shifts observed in (A) were driven by casein kinase 1 (CK1), cells
were treated with D4476, a CK1 inhibitor, for 1 hour prior to and concurrently during the Wnt
stimulation for 6 hours. The DVL2 gel mobility shifts were lost after D4476 treatment, further
indicating that they are caused by CK1-dependent phosphorylation. a-tubulin was used for

loading controls. Cell lysates were normalized by BCA assays for total protein.
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Table 1. Genotypes of DVL2 (DVL2c.2044delC) variant across breeds.

Breed +/+ +/dvI2 dvi2/dvi2

Boston Terrier 2 4 59
French Bulldog 0 0 79
Bulldog 0 0 33

Pit Bull 18 9 6

Mixed Breed 11 2 0

Shih Tzu 27 1 0
Staffordshire Bull Terrier 0 1 0
Pug 29 0 0

43 other Breeds 385 0 0
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Table 2. Penetrance of Vertebral Malformations within dogs homozygous for

DVL2c.2044delC.

Thoracic Vertebral Malformation Caudal Vertebral Malformation

Breed Present Absent

Penetrance Present Absent Penetrance
Boston Terrier 20 24 45.5 12 0 100
French Bulldog 47 4 92.1 42 0 100
Bulldog 7 0 100 3 0 100
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Table 3. Segregation Analysis of the DVL2 (DVL2c.2044delC) Variant with Vertebral

Phenotype.
Thoracic Vertebral Caudal Vertebral Malformation
Malformation
Breed Genotype Yes No Yes No
Boston Terrier +/+ 0 2 0 1
avi2/+ 0 2 0 2
dvi2/ dvi2 20 24 12 0
Shih Tzu +/+ 0 17 0 8
davi2/+ 0 1 0 1
Pit Bull and Mixes +/+ 0 14 0 7
dvi2/+ 0 0 3
dvi2/ dvi2 0 2 4 0
Fisher’s exact test p=15X10" p=45X10""
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