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Whnt5a-Ror signaling is a conserved pathway that regulates mor-
phogenetic processes during vertebrate development [R. T. Moon
et al., Development 119, 97-111 (1993); I. Oishi et al., Genes Cells 8,
645-654 (2003)], but its downstream signaling events remain poorly
understood. Through a large-scale proteomic screen in mouse em-
bryonic fibroblasts, we identified the E3 ubiquitin ligase Pdzrn3 as a
regulatory target of the Wnt5a-Ror pathway. Upon pathway acti-
vation, Pdzrn3 is degraded in a p-catenin-independent, ubiquitin-
proteasome system-dependent manner. We developed a flow
cytometry-based reporter to monitor Pdzrn3 abundance and de-
lineated a signaling cascade involving Frizzled, Dishevelled, Casein
kinase 1, and Glycogen synthase kinase 3 that regulates Pdzrn3
stability. Epistatically, Pdzrn3 is regulated independently of Kif26b,
another Wnt5a-Ror effector. Wnt5a-dependent degradation of Pdzrn3
requires phosphorylation of three conserved amino acids within its
C-terminal LNX3H domain [M. Flynn, O. Saha, P. Young, BMC Evol.
Biol. 11, 235 (2011)], which acts as a bona fide Wnt5a-responsive ele-
ment. Importantly, this phospho-dependent degradation is essential
for Wnt5a-Ror modulation of cell migration. Collectively, this work
establishes a Wnt5a-Ror cell morphogenetic cascade involving
Pdzrn3 phosphorylation and degradation.

Wnt5a | Pdzrn3 | Ror1 | Ror2

mbryonic 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 Wnt
ligands, a diverse and highly conserved family of glycoproteins
that signal in many spatiotemporal contexts, including tissue spec-
ification and tissue morphogenesis, in addition to tissue homeo-
stasis in adult organisms (1-3). Thus, Wnts play unique and critical
roles in both developing and adult organisms.

Traditionally, Wnt pathways have been classified as either ca-
nonical or noncanonical. Canonical Wnt signaling utilizes B-catenin
as a transcriptional coactivator to regulate cell fate and prolifer-
ation, and its mechanism of action and biological functions are rela-
tively well understood. In contrast, noncanonical Wnt signaling, which
regulates tissue morphogenetic processes in a p-catenin-independent
manner, remains poorly characterized (1-6). Numerous studies
in a variety of model organisms have demonstrated that alterations
to the expression of Wnt5a, the prototypic noncanonical Wnt li-
gand, can cause drastic morphogenesis defects, such as body axis
truncations, shortened limbs and tails, and craniofacial malforma-
tions (7-9). These phenotypic abnormalities closely mirror those of
Rorl and Ror2 double-knockout (dKO) mice, further underscoring
the growing evidence that Ror receptors mediate Wnt5a signals to
orchestrate tissue morphogenetic events (10, 11).

Importantly, the phenotypic characteristics observed in Wnt5a
and Rorl; 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, in-
cluding WNT5A, ROR2, FRIZZLED?2 (FZD?2), DISHEVELLEDI
(DVL1), and DISHEVELLED3 (DVL3) (12-18). Furthermore,
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bulldogs and other closely related dog breeds possess a mutation
in DISHEVELLED? (DVL2) that is highly analogous to the human
Robinow syndrome mutations in DVLI and DVL3, and these
breeds exhibit skeletal and craniofacial features that are reminis-
cent of human Robinow syndrome (19). Collectively, these recent
findings strongly support the idea that Wnt5a-Ror signaling is
conserved and critical to tissue morphogenesis in a variety of ver-
tebrates. 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 noncanonical pathways,
the biochemical nature of their regulation, and variability in the
methods used to measure signaling (4).

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 ge-
netically ablated Rorl and Ror2 receptors in primary mouse em-
bryonic 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
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downstream component of Wnt5a-Ror signaling that is degraded
upon Wnt5a-Ror pathway activation (20).

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 con-
ducted 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 noncanonical Wnt signaling pre-
viously based on its interactions with Dv13 and shown to function
as a promigratory factor in several morphogenetic contexts, in-
cluding synaptic growth and maturation, vascular morphogenesis,
and neuronal positioning (21-23). However, how noncanonical
Whnt 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 p-catenin but dependent
on the ubiquitin-proteasome system (UPS). This regulation is
mediated by a signaling cascade involving Frizzled (Fzd), Dish-
evelled (Dvl), Casein kinase 1 (CK1), and Glycogen synthase ki-
nase 3 (GSK3), which is remarkably similar to the cascade that
regulates Kif26b. Despite these similarities, we find that WntSa-
induced degradation of Pdzrn3 is not dependent on Kif26b and
vice versa. Furthermore, 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. Finally, 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 noncanonical Wnt signaling can
be attained.

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 signal-
ing, we conducted a large-scale proteomic screen in which primary
embryonic day (E) 12.5 Wnt5a KO MEFs (8, 11, 20) were acutely
stimulated with purified recombinant Wnt5a (rWnt5a) for 0, 1,
or 6 h, 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 (Fig. 14; see
Dataset S1 for full list) (24). Two independent replicates of
Wnt5a KO MEF cultures were analyzed for rigor and repro-
ducibility. 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 < 0.05 across the two replicates.

Based on these criteria, our top candidate was Pdzrn3, an E3
ubiquitin ligase that exhibited significant changes in both steady-
state protein abundance and phosphorylation state after rWnt5a
stimulation. Although 1 h of rWnt5a stimulation did not yield any
detectable changes, after 6 h of rWnt5a stimulation we observed
that Pdzrn3 abundance was significantly down-regulated by 1.72-
fold (P = 0.013) (Fig. 1 B, C, and F and SI Appendix, Table S1).
Additionally, we identified multiple phospho-tryptic peptides de-
rived from two different regions of Pdzrn3 that exhibited significant
changes after rWnt5a stimulation (Fig. 1 D and E). A phospho-
tryptic peptide containing S843 and S845 (dotted line in Fig. 1G)
and another one containing T955, T956, and S962 (dashed line in
Fig. 1G) both showed an initial increase at 1 h, followed by a de-
crease at 6 h. Similarly, a third phospho-tryptic peptide containing
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S775 (dotted dashed line in Fig. 1G), though not a “hit” based on
its significance value (P = 0.076), also exhibited a similar pattern
of change. Finally, a phospho-tryptic peptide containing S845 (solid
line in Fig. 1G) decreased gradually after 1 h and more extensively
after 6 h. Importantly, all phospho-tryptic peptides decreased by
6 h to a similar extent as that of the nonphosphorylated tryptic
peptide (Fig. 1F). This overall pattern thus raised the hypothesis
that Wnt5a signaling first induces the phosphorylation of Pdzrn3
at 1 h, followed by down-regulation of Pdzrn3 protein abundance
at 6 h, 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
(SI Appendix, Table S1). At both the 1-h and 6-h timepoints, a
phospho-tryptic peptide from Kif26b was scored as a “hit” (1.70-
and 2.03-fold decrease, respectively). At the 6-h timepoint, a
phospho-tryptic peptide from CK1 isoform y-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 h
of rWnt5a stimulation. The identification of these previously de-
scribed Wnt5a signaling targets further validates the selectivity and
sensitivity of the proteomic screening approach. Other hits of in-
terest include Irf2bpl, another E3 ubiquitin ligase, which has been
shown to reduce canonical Wnt signaling in gastric cancer (25), as
well as several proteins with connections to the cytoskeleton, such
as Cttnbp2nl (26), Jmy (27-29), Cit (30), Svil (31, 32), Ppfibp1 (33),
Marcks (34, 35), Caldl (36-38), and Map2 (39, 40) or tisse mor-
phogenesis, including Fam193a and Nhsl (41, 42).

To independently confirm that Pdzrn3 abundance is indeed
regulated by WntSa signals, we generated rabbit polyclonal an-
tibodies against Pdzrn3 and used Western blotting to analyze the
steady-state cellular levels of Pdzrn3 after rWnt5a stimulation.
Consistent with our proteomic screening results, we observed that
the abundance of Pdzrn3 significantly decreased after 6 h of rtWnt5a
stimulation (Fig. 2.4 and B). This change parallels other previously
described responses of WntSa-Ror signaling, including increased
phosphorylation of Rorl, Ror2, and DvI2, and decreased Kif26b
abundance (Fig. 2 4 and B) (11, 20).

To test whether Ror receptors are required for Wnt5a sig-
naling to Pdzrn3, we utilized conditional Ror receptor family KO
MEFs derived from E12.5 RorI"":Ror2™":CAG-CreER embryos.
These MEFs undergo robust autocrine/paracrine Wnt5a-Ror
signaling without exogenous Wnt5a (11). We treated cells with
4-hydroxytamoxifen (4OHT) to induce CreER-mediated deletion
of the Ror™" and Ror2™" alleles. We observed that loss of Ror
receptor expression significantly increased Pdzrn3 levels, which
correlated with decreased Dvl2 phosphorylation and increased in
Kif26b abundance (Fig. 2 C and D). 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 Wnt5a KO MEFs with
rWnt5a for 1 or 6 h and analyzed the levels of Pdzrn3 mRNA by
reverse-transcription quantitative PCR (RT-qgPCR). Unlike Pdzrn3
protein, Pdzm3 transcripts did not change significantly after 1 or
6 h of rWnt5a stimulation (Fig. 2E). Thus, Wnt5a-Ror signaling
regulates Pdzrn3 protein abundance through a posttranscriptional
mechanism. Overall, these experiments establish that regulation of
Pdzrn3 protein abundance is a physiological response of Wnt5a-
Ror signaling.

A Noncanonical Wnt Signaling Cascade Involving Fzd, Dvl, CK1, GSK3,
and the UPS Regulates 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 cells (referred to as WRP reporter cells, for
Wnt5a-Ror-Pdzrn3). Consistent with our observations in primary
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Fig. 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 Wnt5a KO E12.5 mouse embryos and stimulated with rWwnt5a (0.1 ug/mL) for 0, 1, or 6 h. 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 (0.1 pg/mL) after 1 h (B) or 6 h (C). The abundance of a tryptic peptide from Pdzrn3 (orange dots)
changed strongly after 6 h of rwnt5a stimulation. (D and E) Volcano plots showing changes in the abundance of detected phospho-tryptic peptides after 1 h
(D) or 6 h (E) of rwnt5a stimulation (0.1 pg/mL). Five phosphosites from Pdzrn3 (S843, S845, T955, T956, and $962) 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 h or 6 h of rWnt5a stimulation. A sixth phospho-tryptic peptide site
(S775) in did not pass the initial filter (P = 0.076), but also showed clear changes with rWnt5a stimulation. Underlined letters in (G) indicate phosphorylated
serines or threonines within the detected peptide. Error bars represent + SEM calculated from two technical replicates.
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Fig. 2. Validation of Pdzrn3 as a downstream regulatory target of Wnt5a-Ror
signaling. (A) Western blot showing down-regulation of Pdzrn3 steady-state
levels in response to rWnt5a stimulation. Primary Wnt5a KO MEF cultures were
stimulated with rWnt5a (0.2 pg/mL) for 0, 1, or 6 h, and membranes were
blotted with antibodies against Kif26b, Pdzrn3, Ror1, Ror2, DvI2, and Tubulin.
P-Ror1, P-Ror2, and P-DvI2 indicate the phoshphorylated versions of these
proteins. (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, Dvl2, and Tubulin. (D) Quantification of C. (E) Plot showing the
effect of Wnt5a stimulation on Pdzrn3 transcript levels. Primary Wnt5a KO
MEFs were stimulated with rWnt5a (0.2 pg/mL) for 0, 1, or 6 h, and the
relative abundance of Pdzrn3 mRNA was determined by RT-gPCR. Error
bars represent + SEM. ***P < 0.001; n.s., not significant.

Wnt5a KO MEFs, treating WRP reporter cells with rWnt5a for 6 h,
under conditions in which endogenous Wnt signaling was inhibited
with the small-molecule PORCN inhibitor Wnt-C59, resulted in a
significant down-regulation of GFP-Pdzrn3 reporter signal, thereby
demonstrating the fidelity of this reporter assay (Fig. 34). Moreover,
we established that a saturable dose-dependent relationship exists
between rWnt5a concentrations and GFP-Pdzrn3 down-regulation,
with a calculated ECsj of 77.1 ng/mL, which is similar to other Wnt-
induced responses (Fig. 3B) (11, 43-47).

We next used WRP reporter cells to investigate the biochemical
nature of Pdzrn3 down-regulation. We pharmacologically tested
the role of the UPS in Pdzrn3 down-regulation 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 (20). We treated WRP cells with a panel of
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small-molecule inhibitors that block different components of the
UPS: epoxomicin, which targets the proteasome (48); PYR-41, which
targets the ubiquitin-activating enzyme E1 (49); and MLN4924,
which targets Cullin E3 ligases (50). Each of these drugs significantly
inhibited Wnt5a-dependent Pdzrm3 down-regulation (Fig. 3C), in-
dicating that the UPS and the Cullin family of E3 ligases are re-
quired for Wnt5a-dependent degradation of Pdzrn3.

To test whether Wnt5a-Ror—dependent Pdzrn3 degradation oc-
curs via noncanonical Wnt signaling mechanisms independent of
the Wnt/B-catenin pathway, we treated WRP reporter cells with
Dkk-1 and IWR-1-endo, which block canonical Wnt/p-catenin
signaling at the receptor and destruction complex level, respectively
(51-53). We observed that neither inhibitor blocked Wnt5a-
induced degradation of GFP-Pdzrn3, indicating that this regula-
tion occurs independently of the canonical Wnt pathway (Fig. 3D).
Similarly, we observed that the prototypic canonical Wnt ligand,
rWnt3a, can also drive degradation of Pdzrn3, but this regulation
likely occurs through a noncanonical mechanism as it is also insen-
sitive to Dkk1-1 and IWR-1 treatment (SI Appendix, Fig. S1). This
finding is similar to what we previously reported for Kif26b and
suggests that Wnt3a can signal noncanonically in some contexts or,
alternatively, that r'Wnt3a can exhibit promiscuous activity within our
experimental setting (20). Furthermore, we noted that both inhibi-
tors, in the absence of either rWnt5a 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 WntSa-Ror-Pdzrn3 signaling is a bona fide non-
canonical Wnt pathway.

We next investigated if other established Wnt signaling me-
diators 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 (12-18). We overex-
pressed mouse Fzdl, 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 eptitope tag
as a negative control did not decrease WRP reporter fluorescence
(Fig. 3 E and F). These findings suggest that Fzd and DVL family
proteins function downstream of WntSa to regulate Pdzrn3
degradation.

Beyond Fzd and DVL proteins, several kinases are known to
be involved in both canonical and noncanonical Wnt signaling;
specifically, GSK3 and CK1 have been reported to phosphorylate
Ror receptors (54, 55), and DvI2 and Dvl3 (43, 56), respectively.
To address whether these phosphorylation events are required
for Wnt5a-dependent regulation of Pdzrn3, we treated WRP re-
porter cells with small-molecule inhibitors targeting CK1 (D4476) or
GSK3 (CHIR99021). Both treatments significantly reduced Wnt5a-
induced GFP-Pdzrn3 degradation (Fig. 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
(20, 57). Because Pdzrn3 and Kif26b are both regulated by the
Wnt5a-Ror-Dvl axis, we sought to define the epistatic relation-
ship between Pdzrn3 and Kif26b (i.e., whether these two proteins
function 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) (ST Appendix, Fig. S2), which we previously showed is
also a target of Wnt5a-Ror signaling (57), 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 reexpression of
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Kif26b (Fig. 3H). In the converse experiment, we again used
CRISPR/Cas9 to generate cells lacking Pdzrn3 and its homolog
Lnx4 (Pdzrn3/4 dKO cells) (SI Appendix, Fig. S2), which is struc-
turally similar to Pdzrn3 (see, for example, Fig. 54). We observed
that rWnt5a-induced GFP-Kif26b degradation still largely occurred
(Fig. 3I). However, loss of Pdzrn3 and Lnx4 did slightly reduce
GFP-Kif26b degradation, which was alleviated upon reexpression
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 Wnt5a-Driven Cell Migration. We next
sought to define the structural elements within Pdzrn3 required for
its degradation and explore the possible role of phosphorylation in
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this regulation. Pdzrn3 is a cytosolic protein that contains an
N-terminal RING domain that confers its putative E3 ligase ac-
tivity, two internal PDZ domains that mediate protein—protein in-
teractions, a C-terminal LNX3 homology (LNX3H) domain with
no described function, and a C-terminus PDZ domain binding motif
(Fig. 44) (22, 58). The six phosphorylation sites identified in our
phosphoproteomic analysis cluster into two groups: group 1 phos-
phorylation 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 lo-
cated within the LNX3H domain itself. Interestingly, while phos-
phorylation of group 1 sites showed only a slight increase at 1 h and
then decreased after 6 h (compare Fig. 1F with dot-dashed, dotted,
and solid lines in Fig. 1G), phosphorylation of group 2 sites in-
creased significantly after 1 h of rWnt5a stimulation, prior to Pdzrn3
degradation, and then decreased after 6 h of rWnt5a stimulation
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(compare Fig. 1F with dashed line in Fig. 1G), which raised the
hypothesis that phosphorylation of these sites, particularly those
in group 2, may be required for WntSa-regulation of Pdzrn3
degradation.

To test this hypothesis, we systematically generated phospho-
inhibitory 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 rWntSa-induced Pdzrn3 degradation, mutation of
group 2 sites strongly abolished GFP-Pdzrn3 degradation (Fig. 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 signifi-
cantly reduced rWnt5a-induced GFP-Pdzrn3 degradation (Fig. 4C).
To further test whether phosphorylation of these three residues
is sufficient to mimic Wnt5a-induced Pdzrn3 degradation, we

Pdzrn3 phosphorylation sites

generated a triple phosphomimetic mutant (T or 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 WT Pdzrn3 upon rWnt5a stimulation,
and no further degradation was induced by rWnt5 stimulation
(Fig. 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 demon-
strated that Wnt5a-Ror signaling can modulate cell migration
through regulation of Kif26b abundance (20), we wondered if
Wnt5a-Ror regulation of effector abundance might be a general
paradigm through which Pdzrn3 is similarly controlled. This possi-
bility seemed particularly salient given that others have demon-
strated that Pdzrn3 can function as a promigratory factor in cell
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morphogenetic events (22, 23). Thus, we hypothesized that Pdzrn3
abundance might ultimately serve to regulate cell migration.

To evaluate our hypothesis, we used real-time single-cell track-
ing to first assess the role of Pdzrn3 itself on cell migration. We
took advantage of the Pdzrn3/4 dKO cells, which provided a plat-
form in which we could directly compare the function and regulation
of WT Pdzrn3 (Pdzrn3 WT cells) to the group 2 phosphoinhibitory
site mutant Pdzrn3 (Pdzrn3 phosphoinhibitory cells) without po-
tential influence from the structural homolog Lnx4. First, we ob-
served that cells expressing WT Pdzrn3 cells migrated significantly
greater distances than Pdzrn3/4 dKO cells (Fig. 4 E and F), thereby
confirming that Pdzrn3 functions as a promigratory factor (22, 23).
Interestingly, we noticed that Pdzrn3 phosphoinhibitory cells mi-
grated 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 r'Wnt5a stimulation
had no effect on the distance traveled by Pdzrn3/4 dKO cells, it
strongly reduced the distance traveled by WT Pdzrn3 cells (Fig. 4 G
and H). Importantly, this Wnt5a effect on cell migration was com-
pletely abolished in Pdzrn3 phosphoinhibitory cells. Together, these
results establish that phosphorylation-dependent degradation of
Pdzrn3 is required for Wnt5Sa 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 li-
gases (Fig. 5A4). 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 addi-
tionally possess a C-terminal LNX3H domain and a C-terminus
PDZ domain binding motif (22, 58). Notably, the LNX3H domains
of Lnx4 and Lnx5 also contain the group 2 phosphorylation sites
found in Pdzrn3 (Fig. 5B). Based on our finding that these sites
regulate WntSa-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
rWntSa 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 (Fig. 5C).
Curiously, GFP-Lnx5 did not degrade after rWnt5a stimulation
(Fig. 5C). We therefore conclude that, like Pdzrm3, 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.

To further test the idea that the LNX3H domain might act as a
WhntSa-responsive domain, we generated truncation mutants of
GFP-Pdzrn3 and GFP-Lnx4 lacking this domain. We observed that
rWnt5a-induced degradation was completely abolished in these
mutant cells (Fig. 5 D and E). In addition, the steady-state fluores-
cence of unstimulated reporter cells was also substantially reduced
(Fig. 5 D and E). These observations suggest that the LNX3H do-
main of Pdzrn3 and Lnx4 acts not only as a WntSa-responsive do-
main but may do so by regulating overall protein stability, possibly by
inhibiting the N-terminal RING domain to prevent autoubiqutina-
tion and degradation. While the mechanism by which the LNX3H
domain responds to Wnt5a signals remains unknown and is beyond
the scope of this study, our finding defines the LNX3H domain as a
bona fide WntSa-responsive domain that regulates Pdzrn3 and Lnx4
stability.
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Discussion

In this study, we conducted a whole proteome-scale mass spec-
trometry screen in primary Wnt5a KO 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 Wnt5a-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 deg-
radation of Pdzrn3. We observed that Kif26b is not required for
WntSa-mediated Pdzrn3 degradation nor is Pdzrn3 required for
Kif26b degradation, although there is some potential cross-talk
between the two effectors (Fig. 5F). Importantly, we determined
that the Wnt5a-Ror-Pdzrn3 signaling axis serves to modulate cell
migration. Wnt5a-induced Pdzrn3 phosphorylation at three resi-
dues on its C-terminal LNXH3 domain is required for its subse-
quent 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 WntSa-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
autoubiquitination 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 described in other components of Wnt signaling, in-
cluding Axin and Dvl (59-61). Conceivably, the equilibrium be-
tween 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 noncanonical
Wnat 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
Wnat signaling (e.g., p-catenin, adenomatous polyposis coli, and
Axin) are regulated by proteasomal degradation (53, 62, 63). The
present work, together with other recent studies, establishes that
multiple effectors of noncanonical Wnt pathways—including Pdzrn3,
Kif26a, Kif26b, and Syndecan4—are also subject to regulation by the
ubiquitin-proteasome pathway (20, 57, 64). 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 noncanonical
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 noncanonical Wnt signaling. One par-
ticularly notable study focuses on the role of Pdzrn3 in vascular
morphogenesis during embryonic development (22). Here, Sewduth
et al. (22) identified a binding interaction between Pdzrn3 and Dvl3
via a yeast two-hybrid screen and subsequent coimmunoprecipita-
tion, 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 human umbilical vein
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Fig. 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 mass spectrometry 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 < 0.05, ***P < 0.001. n.s., not significant.

endothelial cells in vitro. Importantly, our findings further build
upon this model by demonstrating that Wnt5a-Ror signaling mod-
ulates cell migration through Pdzrn3 by triggering its phosphoryla-
tion and subsequent degradation. Our study, in conjunction with
existing Pdzrn3 literature, indicates that changes in Pdzrn3 abun-
dance results in noncanonical 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. (21) reported
that PDZRN3 regulates MuSK (muscle-specific kinase) receptor
expression levels at the surface of myotubes adjacent to the neu-
romuscular junction through ubiquitination, leading to their en-
docytosis from the cell surface and down-regulation of signaling.
Given the high degree of homolog between MuSK and ROR1/
ROR?2 receptors (65-67), it is possible that Pdzrn3 may similarly
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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 effec-
tors to exert appropriate biological outcomes. Pdzrn3 and Kif26b
are regulated by highly similar signaling cascades that utilize known
‘Wht signaling components, including Ror receptors, Dvl scaffolding
proteins, and GSK3, culminating in UPS-dependent degradation of
both effectors. Furthermore, both Pdzrn3 and Kif26b perform re-
lated functions at the cell behavioral level. Here, we describe the
mechanism by which Wnt5a-Ror signaling utilizes Pdzrn3 phos-
phorylation and degradation to modulate NIH/3T3 cell migration.
This paradigm is remarkably similar to the one we reported previ-
ously, wherein Wnt5a-mediated Kif26b degradation also results in
decreases in cell migration as assayed via wound closure in scratch
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assays (20). 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 Rorl; Ror2 double mutants. Kif26b mutant mice display kidney
agenesis/hypoplasia and primordial germ cell migration phenotypes
(20, 68), while Pdzrn3 mutants display the vascular defects de-
scribed 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 may be compensatory effects driven by closely
related homologs (e.g., Lnx4 and Kif26a). These different phe-
notypic outcomes necessitate the evaluation of a Pdzrn3; Kif26b;
double-mutant mice in addition to further identification of po-
tential 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 sig-
naling to develop a 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 interro-
gate 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 mole-
cules that target Wnt5a-Ror—driven developmental disorders and
cancers.
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