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Abstract

The receptor tyrosine kinase ROR2 mediates noncanonical WNT5A signaling to orchestrate tissue
morphogenetic processes, and dysfunction of the pathway causes Robinow syndrome,
Brachydactyly B and metastatic diseases. The domain(s) and mechanisms required for ROR2
function, however, remain unclear. We solved the crystal structure of the extracellular cysteine-
rich (CRD) and Kringle (Kr) domains of ROR2 and found that, unlike other CRDs, the ROR2 CRD
lacks the signature hydrophobic pocket that binds lipids/lipid-modified proteins, such as WNTs,
suggesting a novel mechanism of receptor action. Functionally, we showed that the ROR2 CRD,
but not other domains, is required and minimally sufficient to promote WNT5A signaling, and
Robinow mutations in the CRD and the adjacent Kr alter ROR2 function. Moreover, we
demonstrated that the activity of the ROR2 CRD requires Frizzled receptors. Thus, ROR2 acts via
its CRD to potentiate the function of a receptor supercomplex that includes Frizzleds to transduce

WNTB5A signals.
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Introduction

ROR proteins make up an important branch of the receptor tyrosine kinase (RTK) superfamily,
conserved from sponges to humans. Originally identified as orphan receptors based on sequence
homology to other RTKs (hence the name Receptor tyrosine kinase-like Orphan Receptor), work
over the past two decades has elucidated a critical role of the ROR RTK family in mediating
noncanonical WNT5A signaling (Oishi et al., 2003, Mikels and Nusse, 2006, Ho et al., 2012, Green
et al., 2008). Unlike canonical WNTSs, which signal through B-catenin-dependent transcription to
regulate cell proliferation and tissue fate, WNT5A signals noncanonically through B-catenin-
independent mechanisms to induce cytoskeletal rearrangements and tissue morphogenetic
changes (Veeman et al., 2003, Moon et al., 1993). The pathway is also of clinical significance, as
mutations in WNT5A, the ROR family member ROR2, and the downstream signal transducers
DISHEVELLED 1 (DVL1) and DVL3 have been reported to cause Robinow syndrome (RS), a
congenital disorder characterized by systemic tissue shortening defects, including dwarfism,
mesomelic limb shortening, brachydactyly, genitourinary defects, cleft palate and other
craniofacial dysmorphisms (Person et al., 2010, Afzal et al., 2000, van Bokhoven et al., 2000, Bunn
et al., 2015, White et al., 2015, White et al., 2016). A distinct cohort of ROR2 missense mutations
cause brachydactyly type B (BDB) (Oldridge et al., 2000, Schwabe et al., 2000). Moreover,
elevated expression of ROR1 or ROR2 correlates with increased cancer metastatic potentials, and
several anti-ROR therapies are currently in various stages of development (Rebagay et al., 2012).
The etiological mechanisms of these mutations, however, remain largely uncharacterized. Thus,
a greater understanding of ROR receptor function is important from both basic science and

medical perspectives.
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ROR receptors are type-l transmembrane proteins with a single-pass transmembrane
(TM) helix linking extracellular and intracellular regions. The extracellular region of vertebrate
ROR proteins contains an immunoglobulin (Ig) domain, a Frizzled-like cysteine rich domain (CRD)
and a Kringle domain (Kr). The intracellular region includes a tyrosine kinase domain (Tk), a
proline-rich domain (PRD), and two serine/threonine-rich domains (S/TRD 1 and 2) (Minami et
al., 2010, Green et al., 2008). The specific requirement of these domains in WNT5A signaling
remains controversial. Early genetic studies in C. elegans showed that only the CRD and the TM
helix are essential for the function of the nematode ROR homolog Cam-1 in cell migration, which
raised the possibility that Cam-1 may not act as a typical RTK and may instead regulate the spatial
distribution of WNT ligands (Kim and Forrester, 2003). Experiments in vertebrate systems,
however, largely suggest that ROR proteins act as bone fide signaling receptors and that this
function requires other domains of ROR proteins, including the intracellular domains (DeChiara
et al., 2000, Mikels et al., 2009). However, due to the historical lack of tractable assays to directly
measure ROR activity, the precise requirement of vertebrate ROR proteins in noncanonical
WNT5A signaling has not been systematically examined.

The CRD is of broader interest because it is not only conserved within the ROR family but
also among other important receptor classes where the domain mediates ligand and/or co-factor
binding through a signature hydrophobic groove or pocket (Bazan and de Sauvage, 2009). For
instance, the CRD of the classical WNT receptor Frizzled interacts with the palmitoleate moiety
of WNT ligands directly through this groove (Janda et al., 2012). Free fatty acids have also been
observed to interact in the same fashion (Nile et al., 2017). Moreover, the CRD of the Hedgehog

signal transducer and GPCR Smoothened (Smo) binds cholesterol through an analogous
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hydrophobic pocket (Byrne et al., 2016). Because the CRD of ROR2 was previously implicated in
WNT5A binding (Oishi et al., 2003), and shares a high degree of amino acid sequence similarity
with the Frizzed CRD (Xu and Nusse, 1998, Saldanha et al., 1998), it is assumed that it possesses
a similar hydrophobic groove via which it interacts with WNT5A. However, this hypothesis
remains untested, as both the requirement of ROR2 CRD in WNT5A signaling and its atomic
structure have not been determined.

In this study, we determined the crystal structure of the ROR2 CRD and Kr domains.
Remarkably, we found that the two domains share an extended interface and that the ROR2 CRD
lacks the characteristic hydrophobic groove/pocket for interacting with lipids. The latter
observation suggests that the ROR2 CRD cannot mediate high-affinity interaction with the
palmitoleate group of WNT5A. To further probe the requirement of the ROR2 CRD in WNT5A
signaling, we developed a functional complementation assay in ROR1/ROR2 double knockout
mouse embryonic fibroblasts (MEFs) and showed that the ROR2 CRD is required and minimally
sufficient to mediate WNT5A-ROR signaling. Moreover, we used this assay paradigm to
demonstrate that several Robinow patient mutations in the CRD and Kr domains compromise
WNT5A-ROR signaling and offered structural insights into their possible underlying molecular
defects. Lastly, using a highly specific monoclonal antibody that blocks Frizzled receptor activity,
we established that the Frizzled family is required for the ability of the ROR2-CRD to mediate
WNT5A signaling. Collectively, the study provides structural and functional insights into ROR2
function, and supports a model in which ROR2 functions through its CRD to promote Frizzled-

dependent WNT5A signaling.
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99  Results
100  The structure of the ROR2 CRD and Kr domains
101 To determine the structure of the ROR2 CRD, we expressed a range of constructs
102 comprising the full-length human ROR2 extracellular region (Fig. 1A). Analysis of construct
103  secretion revealed that deletion of the Kr domain severely impacted the yield of ROR2 constructs
104  (Fig. S1A), and therefore the full extracellular region (ECD) and CRD-Kr were selected for large-
105  scale expression and purification (Fig. S1B and C).
106 We determined a crystal structure of the ROR2 CRD-Kr tandem domain construct at a
107  resolution of 2.7 A via a platinum single-wavelength anomalous dispersion experiment coupled
108  with molecular-replacement (MR-SAD) (Table S1, Fig. S1D-F; see experimental procedures for
109  details). The CRD comprises 5 a-helices (a1l-5) and a single B-sheet (strands B1 and B2), while the
110  Kr domain presents a characteristic lack of secondary structure, displaying a single B-sheet
111  (strands B3 and B4) (Fig .1B, left-hand panel). The CRD is stabilized by 5 disulfide bonds: one
112 located between B1 and a loop extending from helix a2 (I), a second linking a2 and the loop
113 preceding longest helix al (I1), a third between helix a2 and the loop between helices a3/4 (l11),
114  afourth between long loops following helices a2 and a3 (1V), and the fifth between helix a3 itself
115  and the loop extending from a5 (V). The Kr domain is stabilized by 3 disulfide bonds, the first of
116  which (VI) is formed between the very N-terminus and the C-terminus of the domain. Two
117  additional disulfide bonds (VIl and VIII) are found within the core of the Kr domain.
118 Overall, the CRD and Kr domains form an associated structural unit (Fig. 1B, right-hand
119  panel). A contact interface is observed between the two domains and is dominated by van der

120  Waals interactions, with a single hydrogen bond present (Fig. 1C). The domains share a small
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121  interfacial area of 354 A2, with a reasonable shape complementarity score (0.7) (Lawrence and
122 Colman, 1993). Kr domains are generally observed to constitute protein-protein interfaces within
123 multi-domain proteins (Deguchi et al., 1997, Ultsch et al., 1998, Zebisch et al., 2016), suggesting
124 that the ROR2 Kr domain acts to stabilize the CRD (Fig. S1A).

125 The full-length ROR2 ECD is monomeric in solution at concentrations as high as 48 uM
126  (Fig. S1B and C), indicating that the CRD does not mediate dimerization as has been suggested
127  for other related Frizzled-type CRDs (Dann et al., 2001). The CRD-Kr structural unit arrangement
128  observed in the crystal structure is conserved in solution, confirmed by small-angle X-ray
129  scattering (SAXS) experiments (Fig. S2A-D), with the N-terminal Ig domain connected by a flexible
130  linker (Fig. S2C). Structurally, the ROR2 CRD is evolutionarily related to other Frizzled-type
131  ‘groove-containing” CRDs (Nachtergaele et al., 2013), such as MuSK and Fz8 (Fig. 1D and Table
132 S2) (Stiegler et al., 2009, Dann et al., 2001, Janda et al., 2012), as well as the cholesterol-binding
133  Hedgehog signal transducer Smo (Byrne et al., 2016). These are structurally distinct to the
134 ‘pocket-type’ CRDs such as NPC1 and RFBP, which bury their physiological ligands in deep cavities
135  (Bazan and de Sauvage, 2009).

136

137  Structural analysis of ROR2 CRD function

138  The Frizzled-type CRDs from both Fz8 and Smo exhibit shallow hydrophobic grooves for the
139  binding of palmitoleate or cholesterol, respectively (Janda et al., 2012, Byrne et al., 2016) (Fig. 2).
140  One general characteristic differentiating this sub-family of CRDs from the ‘pocket-type’ sub-
141  family is that these grooves are structurally conserved when ligand-free (Fig. 2A and B), with

142 minimal structural rearrangements upon ligand binding (Dann et al., 2001, Janda et al., 2012,
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143 Nachtergaele et al., 2013, Byrne et al., 2016). Despite structural conservation with other Frizzled-
144  type receptors, the ROR2 CRD does not contain a visible hydrophobic groove pre-formed for
145  ligand recognition (Fig. 2D). A structure-based sequence alignment shows that the ROR2 CRD has
146  evolved an additional helical insertion (a5) relative to the FZD8 CRD (Fig. 2E). Structural
147  superposition of the ROR2 CRD with the Fz8:Wnt-palmitoleate binary complex (Janda et al., 2012)
148  shows that this helical insertion blocks exposure of any possible palmitoleate-binding groove (Fig.
149  2F and G). This observation is therefore incompatible with a direct binding event occurring
150  between the ROR2 CRD and the WNT5A palmitoleate moiety, suggesting that the high affinity
151  ‘site 1” WNT5A interaction must occur either via a different site on the CRD or through a separate
152 co-receptor(s), or require structural rearrangements as-yet not observed for groove-containing

153 Fz-CRDs.

154

155  Functional requirement of the ROR2 CRD in WNT5A signaling

156  We next examined the requirement of the ROR2 CRD, as well as that of other ROR2 domains, in
157  WNT5A signaling. We first developed a central rescue paradigm that allowed us to exogenously
158  express various ROR2 mutant proteins in ROR1/ROR2 double knockout (ROR DKO) mouse
159  embryonic fibroblasts (MEFs) and assess their ability to restore WNT5A signaling (Fig. 3A). We
160 isolated E12.5 primary MEFs from ROR1/ROR2 double conditional mutant embryos for these
161  experiments, as we previously showed that MEFs from this embryonic age are highly responsive
162  to WNT5A-ROR signaling (Susman et al., 2017). To enable long-term genetic manipulations, we
163  immortalized the MEFs (called iMEFs) via Cas9/CRISPR-mediated ablation of the Tp53 gene (Dirac

164  and Bernards, 2003). We then treated the iMEFs with 4-hydroxy-tamoxifen, which activates the
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165  genetically encoded Cre-ER protein, to induce deletion of the ROR1 and ROR2 genes. To allow
166  quantitative measurement of WNT5A-ROR signaling, we further engineered a GFP-Pdzrn3
167  degradationreporter construct into the iMEFs. We previously reported that activation of WNT5A-
168  RORsignaling induces the proteasomal degradation of downstream effector protein Pdzrn3, and
169  that this regulation could be recapitulated using the GFP-Pdzrn3 reporter in live cells via flow
170  cytometry (Konopelski, 2021). Lastly, to compare the activities of wildtype (WT) ROR2 versus its
171  mutant derivatives, we developed a lentivirus-based gene replacement strategy that allowed the
172 expression of ROR2 “rescue” constructs at near-endogenous levels (See Materials and Methods
173 for details). WNT5A dose-response analysis comparing ROR DKO reporter cells versus WT ROR2
174  rescued cells showed that re-expression of WT ROR2 promoted WNT5A signaling across all
175  WNT5A doses tested (Fig. 3B). Notably, ROR DKO reporter cells without any ROR2 rescue still
176  retained some basal WNT5A signaling activity, which remains dose-dependent with respect to
177  WNT5A concentration (Fig. 3B). This observation indicates that, while ROR receptors play an
178  impotent role in promoting WNT5A signaling, additional receptor(s) exist in these cells to
179  transmit the WNT5A signal.

180 To systematically identify the domain(s) of ROR2 required for WNT5A signaling, we used
181  our structural information to generate a series of ROR2 domain truncation mutants (Fig. 3C) and
182  assessed their ability to restore WNT5A signaling in our iMEF signaling rescue assay (Fig. 3E).
183  Immunoblotting confirmed that the mutant proteins were expressed at comparable levels as WT
184  ROR2 (Fig. 3D). WNT5A stimulation experiments showed that ROR2 mutants lacking the CRD
185  (ACRD and ACRD-Kr) failed to restore WNT5A-induced degradation of the GFP-Pdzrn3 reporter

186  (Fig. 3E), establishing that the CRD is essential for WNT5A signaling. Surprisingly, all other
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187  mutants in the series, including one lacking almost the entire intracellular region, still retain
188  significant signaling capability, indicating that only the CRD is indispensible for the core function
189  of ROR2 in promoting WNT5A signaling (Fig. 3E).

190 We next assessed the sufficiency of the ROR2 CRD in mediating WNT5A signaling. We
191  engineered a chimeric construct (mini-ROR2) in which the isolated ROR2 CRD is fused to a generic
192 transmembrane helix from CD45 (Chin et al.,, 2005), followed by a small, intracellular
193  juxamembrane fragment (Fig. 3C). Expression of mini-ROR2 in the ROR DKO iMEF reporter cells
194  was sufficient to partially rescue WNT5A signaling (Fig. 3E). This experiment, taken together with
195  the truncation analysis, established that the ROR2-CRD is required and minimally sufficient to
196  support the function of ROR2 in WNT5A signaling.

197

198  Co-requirement of Frizzled receptors in WNT5A-ROR signaling

199  Based on the observations that ROR DKO iMEFs still retain some signaling activity (Fig. 3B), and
200  that ROR lacking the intracellular region can still function (Fig 3E), we postulated that ROR
201  proteins cannot by themselves function as the signaling receptors for WNT5A; instead, they most
202  likely facilitate the signaling function of another receptor(s). Members of the Frizzled family are
203  likely candidates, as they are known to interact with WNT5A directly (Sato et al., 2010, Oishi et
204  al., 2003) and have been implicated in aspects of WNT5A/ROR signaling (Grumolato et al., 2010,
205  Oishi et al., 2003), and overexpression of Frizzleds can mimic the effect of WNT5A on Pdzrn3
206  degradation (Konopelski, 2021). To directly test the requirement of Frizzleds in WNT5A signaling,
207  we treated our iMEF reporter cells with a synthetic monoclonal antibody, F2.A, that binds the

208  CRD of many Frizzled family members and inhibits its ability to interact with WNTs (Pavlovic et
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209  al., 2018). Indeed, this treatment completely blocked WNT5A-dependent degradation of the GFP-
210 Pdzrn3 reporter in either ROR DKO iMEFs or ROR DKO iMEFs rescued with WT ROR2 (Fig. 3F).
211  Thus, Frizzled receptors are required for WNT5A to signal the degradation of Pdzrn3, likely as
212 part of a co-receptor complex with RORs (Fig. 3G).

213

214  Robinow syndrome mutations in the ROR2 CRD and Kr domains compromise WNT5A signaling
215  Of all the ROR2 domains, the CRD and Kr domains are most frequently mutated in Robinow
216  syndrome patients (Tufan et al., 2005, Afzal et al., 2000, Tamhankar et al., 2014, Mehawej et al.,
217  2012). Our structural and functional data suggest that these mutations would disrupt the
218  function of ROR2 in WNT5A signaling. To test this hypothesis, we expressed and characterized
219  five substitution mutations from Robinow patients that map to the CRD (C182Y, R184C, R189W,
220  C223Y, R272C) and two that map to the Kr domain (G326A and R366W), using the ROR DKO iMEF
221  rescue system. Western blot analysis showed that all seven mutant proteins were expressed at
222 comparable levels as WT ROR2 (Fig. 4A). In WNT5A signaling assays, we found that three of the
223  five CRD mutations (C182Y, R184C and C223Y) and both Kr mutations (G326A and R366W)
224 exhibited significantly reduced signaling capabilities (Fig. 4B). These results indicate that
225  disruption of ROR2 CRD/Kr function by these mutations is the likely molecular cause of Robinow
226  syndrome.

227 Further insights into the pathogenic mechanisms of Robinow mutations were obtained
228  from our structural analysis. C182Y and C223Y disrupt conserved cysteines in the CRD. Since our
229  structure showed that all 10 cysteines in the CRD are involved in disulfide bond formation (Fig.

230  1B), these mutations likely cause Robinow syndrome by destabilizing the core structure of the

10
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231  CRD (Fig. 4C, 4D and 4E). Two other mutations in the CRD (R184C and R272C) involve amino acid
232 substitution to cysteines. Since both of these residues are solvent exposed (Fig. 4C, 4D and 4E),
233 they may form cryptic intramolecular disulfide bonds that disrupt the protein fold, or
234 alternatively form intermolecular disulfide bonds that cause inappropriate dimerization or
235  oligomerization that results in protein aggregation. R189W and R272C did not show obvious
236  functional deficit in our assay system. As the severity of Robinow syndrome can vary among
237  individual patients and mutations, it is possible that more subtle defects are not detected by our
238  system, or that they are involved in other aspects of ROR2 regulation beyond Pdzrn3 degradation.
239 Interestingly, the most detrimental mutations in the series (G326A and R366W) both map
240  to the Kr domain at locations near the CRD-Kr interface (Fig. 4C and 4F). G326 in particular is
241  situated near the linker between the CRD and Kr (Fig. 4C and 4C), and therefore, substitution at
242 this position may open up the space between the two domains and expose hydrophobic residues
243 to promote protein aggregation. Likewise, R366W may disrupt the overall fold of Kr, or disrupt
244 the interface between the CRD and Kr to destabilize the CRD-Kr structural unit (Fig. 4C and 4C).
245  Together, these functional and structural analyses provide crucial insights into the molecular
246  mechanisms of Robinow pathogenesis.

247

248  Discussion

249  In this study, we used an integrated approach of structural biology, genetics and pharmacology
250  to better understand the mechanism of WNT5A signal reception at the cell surface. We made
251  several key observations that substantially advance our current understanding of WNT5A

252 receptor function.

11
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253 First, by solving the crystal structure of the ROR2 CRD, we made the surprising finding
254 that this domain lacks the characteristic hydrophobic groove that binds the acyl moiety of WNTs
255  andis thus incompatible with high affinity interaction with WNT ligands. Our experimental data
256  agree with the modeling work by Janda and Garcia, who also predicted that the ROR2 CRD might
257  not possess the hydrophobic groove to accommodate the lipid modification of WNTs (Janda and
258  Garcia, 2015). This also agrees with the published crystal structure of MuSK, which is related to
259  ROR2 and also lacks the hydrophobic groove in its CRD (Stiegler et al., 2009). The occlusion of the
260  lipid/small molecule-binding site in ROR2 is unexpected and of general interst because this site
261  was previously shown to play an important role not only for Wnt-Frizzled binding and Frizzled
262  dimerization during canonical WNT signaling, but also for SMO function during Hedgehog
263  signaling (Janda et al., 2012, Byrne et al., 2016, Nachtergaele et al., 2013, Nile et al., 2017). As
264  there is clear evidence that the mammalian WNT5A is lipididated (Mikels and Nusse, 2006), our
265  data raised the question of which co-receptor(s) in the pathway, if not ROR, is responsible for
266  high-affinity WNT5A binding and signal transduction across the membrane. Though the exact
267  identity of this co-receptor remains to be determined, our work points to the Frizzled receptor
268  family, as blocking Frizzled function using a highly-specific and validated antibody blocked
269  WNT5A signaling. We therefore favor a model in which WNT5A interacts with Frizzled with high
270  affinity to transduce its signal across the plasma membrane, either by itself or in conjunction with
271  another yet unidentified protein. However, this model does not rule out the possible presence
272 of a low-affinity WNT5A binding site in the ROR2 CRD, analogous to the low affinity “site 2”
273  observed in the WNT8-FZ8 complex (Janda et al., 2012). The ROR2 CRD could possibly sensitize

274  WNT5A signaling by stabilizing the binding interaction between WNT5A and Frizzled via the

12
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275  formation of a Frizzled:WNT:ROR2 super-complex (Fig. 3G). In this scenario, the WNT5A
276  palmitoleate modification engages the Frizzled groove as previously described (‘site 1’)(Janda et
277 al., 2012), whilst ROR2 binds at site 2 to recruit intracellular effectors of noncanonical WNT
278  signaling. It is also possible that ROR2 acts by inducing an allosteric change in the structure of
279  Frizzled to enhance Frizzled function or promotes Frizzled dimerization that in turn increases
280  Frizzled’s affinity for WNT5A (Carron et al., 2003, Nile et al., 2017).

281 Second, we observed that ROR2 mutants lacking the intracellular domain (AICD and mini-
282  ROR2) can still support WNT5A signaling. This is inline with the idea that ROR2 itself is unlikely to
283  be the signal-transmitting receptor for WNT5A. This idea is further supported by our observation
284  thatsome residual signaling activity persists in cells lacking both ROR1 and ROR2 when stimulated
285  with exogenously added WNT5A; we also show that this residual signaling activity is Frizzled-
286  dependent. Collectively, these findings firmly established a co-requirement for both ROR and
287  Frizzled activities in noncanonical WNT5A signal transduction. This model is also consistent with
288  previous in vivo work showing that ROR1/ROR2 double knockout mice phenocopy the
289  characteristic tissue truncation phenotypes of WNT5A KO mice, and that human mutations in
290  WNT5A, ROR2 and FZD2 can all cause Robinow syndrome with similar structural abnormalities
291 (Nagasaki et al., 2018, White et al., 2018, Person et al., 2010, Afzal et al., 2000). Though several
292 previous co-immunoprecipitation experiments have shown binding interactions between
293  WNT5A and ROR2 (Oishi et al., 2003, Mikels and Nusse, 2006), between WNT5A and Frizzled
294 family members (Sato et al., 2010), and between Frizzled and ROR proteins (Oishi et al., 2003), it
295  remains unclear whether any of these biochemical interactions are direct. In light of our present

296  work, it is crucial to further define these interactions quantitatively in future studies and to
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297  understand their functions in the context of a co-receptor supercomplex. Nonetheless, our
298  results showing that ROR2 acts through its CRD to sensitize the function of Frizzleds or a Frizzled-
299  containing receptor complex during WNT5A-ROR signaling form the foundation for future
300  studies.

301 Lastly, our work provided new insights into the molecular mechanisms of Robinow
302  pathogenesis. Using the gene replacement strategy in iMEFs, we were able to directly assay the
303  function of Robinow syndrome mutant variants under highly physiological conditions. We found
304  that nearly all of the mutants tested exhibited defects in mediating WNT5A signaling, and that
305  mutating the cysteines required for disulfide bonds in the CRD is not tolerated. Furthermore, by
306 combining these functional data with our structural analysis, we can classify the mutations based
307  ontheirlocations on the CRD-Kr structure and infer potential underlying mechanisms of signaling
308  perturbation. We envision that the experimental approach described in this study will serve as
309 an important model for interrogating other mutations in the pathway that cause Robinow
310  syndrome, brachydactyly type B and cancer metastasis, and more generally as a paradigm for
311  modeling genetic disorders.

312

313

314

315
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Supplementary Table 1. Data collection and refinement statistics for ROR2 CRD-Kr

ROR2 CRD-Kr ROR2 CRD-Kr ROR2-CRD-Kr
(Native) (Pt-SAD) (S-SAD)
Data collection
Beamline DLS-103 DLS-103 DLS-123
Space group P3,;21 P3,21 P3,21
Unit-cell parameters
a, b, c(A) 109.6, 109.6, 45.0 106.1, 106.1, 42.2 113.6,113.6,45.1
a, 6, y(°) 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0

No. of crystals / data
sets

1/1

2/2

1/1

Wavelength (A)

0.9763

1.0500

1.7711

Resolution (A)

54.80-2.70 (2.75-
2.70)

53.00-3.00 (3.10-
3.00)

56.80-2.95 (3.03-
2.95)

No. of unique 8699 (443) 5599 (397) 7171 (519)
reflections
Completeness (%) 99.4 (100.0) 99.9 (99.5) 98.6 (96.5)
Multiplicity 9.9 (8.7) 28.1(24.3) 184.7 (38.7)
(I/o(1)) 16.3(1.0) 23.5(6.4) 25.0(1.6)
Rmerge (%) 7.8 (>100) 14.7 (59.6) 44.2 (>100)
Rpim (%) 2.6 (8.3) 3.0(12.3) 3.2(33.5)
CCip2 1.0 (0.5) 1.0(0.8) 1.0(0.9)
Refinement
No. reflections (test | 8688 (430) -
set)
Rwork/Rfree 24.2 /256 -
No. atoms

Protein 1670 -

Ligand 10 -
Mean B factor (A?)

Protein 112.0 -

Ligand 137.1 -
RMSD bond lengths | 0.008 -
(A)
RMSD bond angles 0.91 -
(A)
Ramachandran plot
(%)

Favoured 96.1 -

Allowed 3.4 -

Outliers 0.5 -
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319  Datain parenthesis refer to highest resolution shell unless otherwise stated. RMSD: Root Mean
320  Square Derivative.
321
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322 Supplementary Table 2. Evolutionary analysis of CRD structures.
323
Protei Fz8 | Smo | Fz8 | sFRP | MuSK | NPC1 | RFBP FRa JUN FRB
n PAM | (5.7 | (1Y | 3 | (3HKL (not | (4LRH | O | (4KM
(4FOA D) ) (11X ) (3GKI1) in ) (SEJ Z)
) ) PDB) N)
ROR2 1.19% | 1.30 | 1.30 | 1.28 2.43
0 c 0.88 1.94 2.40 2.50 2.38
81 78 83 83 50
39.62 | 35.8 | 37.1 | 36.5 110 74 >8 >4 15.1 >1
b 7 9 3 62.08 | 27.99 | 17.20 | 15.39 0 15.57
Fz8- 1.0071 0.16 | 0.42 1.30 2.17 2.54 2.76 2:51 2.44
PAM 83 117 | 106 78 61 40 44 44 43
(4FOA 43.6 | 102. | 79.0 13.3
38.33 | 21.36 | 13.35 | 12.16 14.14
) 4 54 1 1
Smo 109110411 56 | 232 | 268 | 262 | 25% | 2.49
(5L7D 84 80 44
) 431 | 44.6 78 54 46 46 12.4 48
8. O 40.84 | 19.01 | 11.24 | 13.73 7' 15.65
F28 0.45 1.35 2.14 2.50 2.66 2.38 2.53
(110Y) 108 45
78.0 76 62 45 43 154 43
7' 36.13 | 22.27 | 15.00 | 13.41 0 14.34
z;::;? 1.36 241 2.31 2.59 2;;9 2.47
79 60 45 47 13.8 46
36.65 | 17.28 | 17.60 | 14.13 7' 15.62
?::f‘('t 2.14 | 225 | 2.30 2;)6 2.13
) 67 55 55 19.2 53
22.48 | 20.03 | 15.14 1' 23.24
:\;I;cKli) 1.73 1.95 1é714 1.74
82 89 363 90
35.46 | 31.57 7' 30.58
RFBP 0.68 | 0.85 | 0.66
(not 160 138 157
in 104.0 | 80.3 | 105.3
PDB) 6 0 9
FRa 0.42 | 0.16
(4LRH 161 194
) 125. | 176.0
21 5
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JUNO 0.46
(SEJN) 157
120.8
3

324

325  “PDB accession codes displayed in parenthesis; BRMSD values were calculated for equivalent Ca
326  atom positions using the program SHP (Riffel et al., 2002; Stuart et al., 1979); “Number of
327  equivalent Ca positions used in calculation of RMSD values with SHP; PSummed structural
328  correlation (total probability) values calculated via SHP. The phylogenetic tree for CRDs analyzed
329  (Fig. 1C) was assembled using PHYLIP (Felsenstein, 1989). These summed structural correlation
330  values were used to construct a distance matrix. FzZ8-PAM — Frizzled 8-palmitoleate complex
331 (Jandaetal., 2012), Smo — Smoothened (Byrne et al., 2016), Fz8 — Frizzled 8 (Dann et al., 2001),
332  sFRP3 - secreted Frizzled-related protein 3 (Dann et al., 2001), MuSK — muscle-specific kinase
333  (Stiegler et al., 2009), NPC1 — Niemann-Pick C1 protein (Kwon et al., 2009), RFBP — riboflavin-
334  binding protein (Monaco, 1997), FRa — folate receptor a (Chen et al., 2013), FRB —folate receptor
335 B (Wibowo et al., 2013), JUNO — folate receptor 6 (Han et al., 2016). Fz7 — Frizzled 7, Fz7-C24 —
336  Frizzled 7-C24 fatty acid complex (Nile et al, 2017).

337

338
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339  Methods

340 Protein expression and purification. Constructs of Human ROR2 (Genbank ID: 19743898)
341  comprising the ECD (residues 34-403), Ig-CRD (60-307), CRD-Kr (171-396) and CRD (171-307)
342  were cloned into the pHLsec vector in frame with a C-terminal Hisg-tag (Aricescu et al., 2006).
343 ROR2 constructs were expressed by transient transfection in HEK293T cells with the addition of
344  glycosylation inhibitor kifunensine (Chang et al., 2007). Proteins were isolated from dialyzed
345  conditioned medium via immobilized metal-affinity chromatography and further purified via size
346  exclusion chromatography (SEC) in a buffer containing 10 mM HEPES pH 7.5, 150 mM NaCl.

347

348  Crystallization and data collection. Prior to crystallization trials, ROR2 CRD-Kr was concentrated

349  via ultrafiltration to a final concentration of 25 mg mLL and deglycosylated using a catalytic
350  quantities of endoglycosidase F1 (Chang et al., 2007) (0.2 uL/50 uL protein solution). Nanolitre-
351  scale crystallization trials were performed using a Cartesian Technologies robot (100 nL protein
352 plus 100 nL reservoir solution) in 96-well Greiner plates (Walter et al., 2005). ROR2 CRD-Kr
353 crystallized in 0.1 M HEPES pH 7.5, 1.5 M LiSOs at a temperature of 25°C. Diffraction data were
354  collected at a temperature of 100 K with crystals mounted within a liquid N2 cryo-stream. Crystals
355  were treated with 20% (v/v) glycerol supplemented with reservoir solution and flash-cooled in
356  liquid N2 prior to data collection. For Pt-SAD experiments, ROR2 CRD-Kr crystals were soaked in
357 0.1 M HEPES pH 7.5, 1.5 M LiSO4 saturated with KPtClg for 1 hour at 25°C prior to cryoprotection
358  and harvesting. Data were collected using the rotation method. Diffraction data were scaled and
359  merged using the XIA2 suite (Evans, 2006, Kabsch, 1988, Winter, 2010).

360

19


https://doi.org/10.1101/2021.07.26.453829
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.26.453829; this version posted July 26, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

361  Structure solution. Initial phases for ROR2 CRD-Kr were obtained using Phenix Autosol with Pt-
362  SAD data (Terwilliger et al., 2009). Four strong Pt sites were identified from substructure solution,
363 and automated model building of the resultant electron density map was performed using the
364  program Buccaneer (Cowtan, 2006). This produced an interpretable model for the CRD (residues
365 174-307), but phases were not of a high enough quality to properly trace the Kringle domain
366  (residues 308-396). Subsequently, the CRD model generated was utilised as a molecular
367 replacement search model in Phaser (McCoy et al., 2007) against higher resolution native data.
368  This solution was fixed and a second search using a homology model for the Kringle domain
369 (generated via Swiss-Model) was performed (Waterhouse et al., 2018). This strategy resulted
370  higher scores in Phaser (LLG = 424, TFZ = 18.9) than searching for the CRD alone (LLG =94, TFZ =
371  9.2),indicative of an improved solution. The model for the ROR2 CRD-Kr was manually built using
372  COOT (Emsley and Cowtan, 2004) and refined to completion using AutoBUSTER (Smart et al.,
373 2012).

374

375  Structure analysis. Stereochemistry was assessed using the MolProbity server (Davis et al., 2007).
376  Superpositions were calculated using Pymol (Schrodinger, 2015), which was also used to create
377  ray-traced protein structure images for figures. Residues involved in interactions were identified
378  using both the PDBsum and Pisa servers (Krissinel and Henrick, 2007; Laskowski, 2001). The
379  solvent accessible radius was set to 1.4 A for the representation of all protein surfaces.
380  Evolutionary structural analysis of CRDs was performed with SHP (Riffel et al., 2002; Stuart et al.,

381  1979) and PHYLIP (Felsenstein, 1989) to assemble a phylogenetic tree. The structure-based
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382  sequence alignment of ROR2 were generated using UCSF Chimera (Pettersen et al., 2004) and
383  prepared for presentation using ALINE (Okabayashi et al., 1991).

384

385  SEC-MALS. 100 pL protein samples were injected onto an S200 10/30 column (GE Healthcare)
386  equilibrated in a running buffer of 10 mM HEPES pH 7.5, 150 mM NacCl. For analysis of ROR2
387  oligomeric state, ROR2 ECD was injected at a concentration of 48 uM. A Wyatt Dawn HELEOS-II
388  multi-angle light scattering (MALS) detector and Wyatt Optilab rEX refractive index monitor
389  recorded both the refractive index and light scattering once separated via SEC. ASTRA software
390 (Wyatt Technology) was utilized in data analysis.

391

392  Small-angle X-ray scattering (SAXS).

393  SAXS experiments were carried out on beamline B21, Diamond Light Source, UK at 25°C, over a
394  momentum transfer (q) range of 0.01 A™! < q < 0.45 A%, where q = 47 sin(B)/A, and 20 is the
395  scattering angle. The ROR2 ECD was injected at onto an inline Shodex KW-402.5 SEC column at a
396  concentration of 8 mg/mL, in a running buffer of 10 mM Tris pH 7.5, 150 mM NaCl, 1mM KNOs.
397 Data were collected with a beam energy of 12.4 keV using a Pilatus P3-2M detector. Data
398  processing and reduction was performed using the program Scatter. Missing residues were
399  added using Modeller (Eswar et al., 2003) and all-atom ensembles generated using Allosmod
400 (Weinkam et al., 2012). In each case 50 independent ensembles of 100 models were created.
401  Calculation and fitting of theoretical scattering curves to collected data was performed by FoXS
402  (Schneidman-Duhovny et al., 2010). This procedure was automated via the use of Allosmod-FoXS

403  (Guttman et al., 2013). Flexible models and were then generated using MultiFoXS (Schneidman-
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404  Duhovny et al., 2016), as well as relative populations contributing to the overall scatter. This
405  process produced 10000 conformations from the best-scoring model output from Allosmod,
406  followed by scoring multi-state models fit to experimental scattering data as described above.
407

408  Mice

409  Rorl/2 double conditional KO mice were generated as previously described (Ho et al., 2012).
410

411  Celllines

412  HEK293T (CRL-3216, ATCC, Manassas, VA) cells were purchased and not re-authenticated. All cell
413  lines were cultured at 37 degree C and 5% CO2 in Dulbecco’s 324 Modified Eagles Medium
414  (MT15017CV, Corning) supplemented with 1x glutamine (25-005-Cl, Corning), 1x 325 penicillin-
415  streptomycin (30-002-Cl, Corning) and 10% fetal bovine serum (16000069, Thermo Fisher
416  Scientific).

417 For the derivation for iMEF reporter cells, primary Ror1”f; Ror2/f; ER-cre MEFs were
418  isolated directly from E12.5 mouse embryos as described (Susman et al., 2017). Passage 1 or 2
419  cultures were then immortalized by electroporating with Cas9/CRISPR constructs targeting the
420  Tp53 genes using the Neon Transfection System (Thermo Fisher). Transformants were then
421  serially passaged for 3-5 generations, or until cells from the untransfected control group have
422  died off. For 4-hydroxytamoxifen (H7904; Sigma-Aldrich) treatments, cells were treated with
423  0.25 puM of 4-hydroxytamoxifen the first day and then 0.1 uM of 4-hydroxytamoxifen on the
424  subsequent 3 days. The 4-hydroxyltamoxifen containing media were replenished daily. To

425  introduce the GFP-Pdzrn3 degradation reporter, a PB (PiggyBac)-GFP-Pdzrn3 plasmid, along with
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426  a Super PiggyBac Transposase-expressing plasmid, were electroporated into Ror1”; Ror2?f; ER-
427  creiMEFs and then cultured for 7 days. GFP-positive cells were sorted (MoFlo Astrios Cell Sorter,
428  Beckman Coulter, 488nm laser) to collect the weakly fluorescent (~lowest 1/3 on the FL scale)
429  cells.

430

431  DNA constructs

432 Full-length mouse Ror2 was amplified from MEF cDNA and subsequently cloned into a modified
433  pENTR-2B vector using Fsel and Ascl sites. Ror2 truncation mutants, Mini-Ror2 and Robinow
434 syndrome mutants were generated through Gibson assembly. Open reading frames in pENTR-2B
435  constructs were then transferred into pLEX_307 (a gift from David Root; Plasmid 41392,
436  Addgene) or a modified pLEX_307 lentiviral vector (short EF1 pLEX_307) in which the intron in
437  the EF1 promoter has been moved, using the Gateway LR Clonase Il enzyme mix (11791020,
438  Thermo Fisher). The open-reading frames in all constructs were verified by Sanger sequencing.
439

440  Lentiviral protein overexpression

441  Lentiviruses were packaged and produced in HEK293T cells by co-transfection of the lentiviral
442  vectors with the following packaging plasmids: pRSV-REV, pMD-2-G and pMD-Lg1-pRRE (gifts
443  from Thomas Vierbuchen). 0.1ml or 0.45ml of the viral supernatants was used to infect Ror1/;
444  Ror2™f; ER-cre iMEFs iMEFs seeded at 50% confluency in 12-well plates (per well) for ~16 hrs.
445  Following removal of the virus-containing media, cells were cultured for 24 hrs. Infected cells

446  were then selected with puromycin (0.002 mg/ml) for 3 days. Cells from the viral titer that killed
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447  a large proportion of cells (60-90%) were expanded and used for FACS; this ensured that the
448  multiplicity of infection (MOI) is ~1 for all cell lines used in the experiments.

449

450  Antibodies

451  Antibodies against Rorl, Ror2, and Kif26b were described previously (Ho et al., 2012, Susman et
452 al., 2017). The following antibodies were purchased: rabbit anti-DvI2 (3216, Cell Signaling);
453  mouse anti-a-tubulin (clone 371 DM1A, ab7291, Abcam); mouse anti-Flag (M2, F1804, Sigma-
454  Aldrich). Antibodies against Pdzrn3 were described previously (Konopelski, 2021).

455

456  Western blotting

457  Protein lysates for SDS-PAGE and western blotting were prepared in 1x - 2x Laemmli sample
458  buffer or LDS sample buffer (NPO0O7, Life Technologies). All protein lysates were heated at 95C
459  for 10min before SDS-PAGE and western blotting. Quantitative western blotting was performed
460  using the Sapphire gel Imager (Azure BioSystems) according to the manufacturer’s instructions.
461  Non-saturated protein bands were quantified by using Sapphire gel Imager with the gamma level
462  setatl.

463

464  Recombinant proteins and inhibitors

465  The following recombinant proteins and drugs were purchased: human/mouse WNT5A (654-WN-
466 010, R&D Systems); Wnt-C59 (C7641-2s; Cellagen Technology); 4-hydroxytamoxifen (H7904;
467  Sigma-Aldrich). The F2.A anti-Frizzled antibody was previously described (Pavlovic et al., 2018)

468
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469  Flow cytometry-based WNT5A signaling assay

470  Immortalized MEF cells expressing the GFP-Pdzrn3 reporter were plated at a density of
471  0.08 million/well in a poly-D-lysine-coated 48-well plate. 12 hr after plating, the cells were
472  incubated with 10 nM Wnt-C59 and allowed to reach confluency. 72 hr after plating, cells were
473  stimulated with either WNT5A proteins or an equivalent volume of the control buffer (PBS with
474  0.1% BSA and 0.5% (w/v) CHAPS) in the presence of 10 nM Wnt-C59 for 6 hr. Cells were then
475  harvested, resuspended in PBS + 0.5% FBS and analyzed using a flow cytometer (FACScan with a
476 500 nm laser, Becton Dickinson). Raw data were acquired with CellQuest (Becton Dickinson) and
477  processed in FlowJoX (FLOWJO). Processing entailed gating out dead cells, calculation of median
478  fluorescence, percent change of medians, and overlay of histograms. For WNT5A dose-response
479  experiments (Fig. 3B and 3F), cells were treated with the indicated concentrations of WNT5A for
480 16 hr. For mutant analysis (Fig. 3E and 4B), cells were treated with 200nM WNT5A for 6 hr. For
481  anti-Frizzled antibody treatment, the F2.A antibody was added to the cells 2 hrs before the start
482  of WNT5A stimulation and maintained throughout the experiment.

483
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669

670  Figure Legends

671  Figure 1. Structure of the ROR2 CRD and Kringle domains. A) Domain layout of ROR2 and
672  constructs used in this study. B) Cartoon representation of the ROR2 CRD-Kr structural unit
673  coloured in a rainbow representation (N terminus: blue, C terminus:red), with secondary
674  structural elements indicated and disulfide bonds numbered using Roman numerals. The right
675  panel shows a 2-domain representation of ROR2, with the CRD in salmon and the Kringle domain
676  in blue. C) Close-up view on the ROR2 CRD-Kr interface rotated 90° relative to B. Interface
677  residues are shown in stick representation and colour-coded as in B, right panel. A single
678  hydrogen bond is displayed as a dashed line. D) Structural phylogenetic analysis of CRDs, adapted
679  from (Nachtergaele et al., 2013) to include ROR2.

680

681  Figure 2. Comparison of the ROR2 CRD to other Fz-type CRDs. A-D) CRDs are shown as surface
682  representation and coloured according hydrophobicity (green: hydrophobic to
683  white:hydrophilic). Displayed structures: A) Fz8-PAM (palmitoleate) complex (PDB 4F0A) (Janda
684 etal., 2012), B) Fz-apo (PDB 11JY) (Dann et al., 2001), C) Smoothened-CLR (cholesterol) complex

685  (PDB5L7D) (Byrne et al., 2016) and D) ROR2 (from this study). E-F) Structural comparison of the
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686 CRDs from ROR2 (salmon) and Fz8 (green). A structure-based sequence alignment (E)
687  corresponding structural superposition (F) are shown. Regions of Wnt8 observed to interact with
688  Fz8 are displayed in purple. G) Analysis of the “Site 1”-interacting region. The Wnt8 lipid thumb
689  is shown in purple, with the covalently-attached palmitoleate moiety (PAM) as white sticks. The
690 lipid-binding groove of Fz8 is displayed as a transparent green surface. A dashed arrow indicates
691  the required movement of ROR2 helix a5 in order to prevent a steric clash with the Wnt8 lipid
692  thumb.

693

694  Figure S1. ROR2 purification, characterization and structure solution. A) Western blot analysis
695  of the secretion of soluble ROR2 constructs from HEK293T cells. Deletion of the Kringle domain
696  impairs secretion. B) SEC-MALS analysis of the ROR2 ECD at 2 mg mL™ (48 uM). The ROR2 ECD
697  elutes as a monomeric species with a molecular weight of 45.4 kDa. C) Purity assessment by SDS-
698  PAGE of ROR2 ECD construct purified via IMAC and SEC. D) Structure solution of ROR2 Fz-Kr using
699  MR-SAD. Pt-soaked crystals enabled the determination of a model for the Fz-CRD using Phenix
700  Autosol (yellow, left). The Kringle domain could not be built without an MR search using an
701  ensemble of homology models generated using Rosetta. The final structure was refined using
702  AutoBUSTER (salmon/blue, right). E) Identification of sulfur sites in ROR2 Fz-Kr using long-
703  wavelength data collection at 123. A total of 8 disulfide bonds (I-VIIl) could be resolved, as well as
704 4 methionine side chains (Met-1 to Met-4) and 2 sulphate ions. F) Disulfide bond VI is in a flexible
705  region between the two domains, but is accounted for in the anomalous map. Anomalous
706  difference density is contoured at 30 (yellow) and 2Fo-Fc density at 1o (blue).

707
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708  Figure S2. SAXS solution structure of the ROR2 ECD. A) Experimental scattering curve (black) and
709  calculated scattering from models (blue), shown to a maximum momentum transfer of 0.35 AL,
710 A fitting residual between the experimental and calculated scattering patterns is displayed. B)
711  Full-length models of the ROR2 ECD and their relative populations contributing to the model
712 scattering curve, as calculated by Multi-FOXS. C) Experimental (black) and calculated (blue)
713 Guinier region. The shaded area indicates the region used for Rg analysis. The calculated radius
714  of gyration (Rg and molecular weight derived from the volume of correlation metric V. (MW\yc)
715  are displayed. D) Normalised pair distance distribution (P(r)) function and derived maximum
716  intra-particle distance distribution function (Dmax).

717

718  Figure 3. Requirement of the ROR2 CRD and Frizzleds in WNT5A signaling

719  A) Workflow of the ROR2 central rescue paradigm. Primary MEF cultures generated from E12.5
720  ROR1*f; ROR2¥; Cre-ER mouse embryos were immortalized by CRISPR/Cas9-mediated deletion
721  of the Tp53 gene. A WNT5A-ROR signaling reporter (GFP-Pdzrn3) was stably inserted in the
722  immortalized MEFs (iMEFs) via lentiviral transduction. ROR1/ROR2 conditional mutant iMEFs
723  were then treated with 4-OHT to activate the Cre-ER recombinase and delete the ROR1 and ROR2
724  genes. To test the function of mutant ROR2 variants, WT or mutant ROR2 proteins were re-
725  expressed in ROR1/ROR2 double KO (ROR DKO) iMEFs via lentiviral transduction. B) Dose-
726  response curves showing WNT5A-ROR signaling activity, as assayed by GFP-Pdzrn3 degradation,
727  as a function of WNT5A concentration in ROR DKO iMEFs or ROR DKO iMEFs re-expressing WT
728  ROR2. Each datapoint was calculated from the median fluorescence (after WNT5A stimulation —

729  before WNT5A stimulation/before WNT5A stimulation) of the GFP-Pdzrn3 reporter from 20,000
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730 - 30,000 cells. C) Schematic of ROR2 truncation mutants and the mini-ROR2 construct. D)
731  Western blot showing expression of the endogenous ROR2 in the ROR double conditional KO
732 iMEFs (Lane 1), the abolition of ROR2 expression in ROR DKO iMEFs (Lane 2), the re-expression
733 of WT (Lane 3) and mutant ROR2 variants (Lanes 4-9). The WT or mutant ROR2 bands are marked
734  with asterisks for clarity. Tubulin was used as the loading control. E) Quantification of the effects
735 of ROR2 mutant variants in rescuing WNT5A-ROR signaling, as assayed by GFP-Pdzrn3
736  degradation. Error bars represent + SEM calculated from three technical replicates. t-test
737  (unpaired) was performed to determine statistical significance for mutants vs. WT ROR2 rescue.
738  F) Effects of the anti-Frizzled antibody F2.A on WNT5A signaling, as assayed by GFP-Pdzrn3
739  degradation in ROR DKO iMEFs or ROR DKO iMEFs re-expressing WT ROR2, over a range of
740  WNT5A doses. Each datapoint was calculated from the median fluorescence (after WNT5A
741  stimulation — before WNT5A stimulation/before WNT5A stimulation) of the GFP-Pdzrn3 reporter
742 from 20,000 — 30,000 cells. G) Model of ROR2 CRD and Frizzled action in WNT5A-ROR signaling.
743

744 Figure 4. Analysis of Robinow syndrome mutations in the ROR2 CRD and Kr

745  A) Western blot showing expression of WT ROR2 and Robinow syndrome ROR2 mutants in the
746  ROR DKO iMEF reporter cells. B) Quantification of the effects of Robinow syndrome ROR2

747  mutants in rescuing WNT5A-ROR signaling, as assayed by GFP-Pdzrn3 degradation. Error bars
748  represent + SEM calculated from three technical replicates. t-test (unpaired) was performed to
749  determine statistical significance for mutants vs. WT ROR2 rescue. C) Structure of the ROR2

750  CRD-Kr tandem domains showing the location of the Robinow syndrome mutations. D) Close-

33


https://doi.org/10.1101/2021.07.26.453829
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.26.453829; this version posted July 26, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

751  up view of C223 and R272. E) Close-up view of C182, R184 and R189. F) Close-up view of G326

752  and R366.
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