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Abstract 32 

 33 

Eph receptor tyrosine kinases participate in a variety of normal and pathogenic processes during 34 

development and throughout adulthood. This versatility is likely facilitated by the ability of Eph 35 

receptors to signal through diverse cellular signalling pathways: primarily by controlling 36 

cytoskeletal dynamics, but also by regulating cellular growth, proliferation, and survival. Despite 37 

many proteins linked to these signalling pathways interacting with Eph receptors, the specific 38 

mechanisms behind such links and their coordination remain to be elucidated. In a proteomics 39 

screen for novel EPHB2 multi-effector proteins, we identified human MYC binding protein 2 40 

(MYCBP2 or PAM or Phr1). MYCBP2 is a large signalling hub involved in diverse processes 41 

such as neuronal connectivity, synaptic growth, cell division, neuronal survival, and protein 42 

ubiquitination. Our biochemical experiments demonstrate that the formation of a complex 43 

containing EPHB2 and MYCBP2 is facilitated by FBXO45, a protein known to select substrates 44 

for MYCBP2 ubiquitin ligase activity. Formation of the MYCBP2-EPHB2 complex does not 45 

require EPHB2 tyrosine kinase activity and is destabilised by binding of ephrin-B ligands, 46 

suggesting that the MYCBP2-EPHB2 association is a prelude to EPHB2 signalling. 47 

Paradoxically, the loss of MYCBP2 results in increased ubiquitination of EPHB2 and a decrease 48 

of its protein levels suggesting that MYCBP2 stabilises EPHB2. Commensurate with this effect, 49 

our cellular experiments reveal that MYCBP2 is essential for efficient EPHB2 signalling 50 

responses in cell lines and primary neurons. Finally, our genetic studies in C. elegans provide in 51 

vivo evidence that the ephrin receptor VAB-1 displays genetic interactions with known MYCBP2 52 

binding proteins. Together, our results align with the similarity of neurodevelopmental 53 

phenotypes caused by MYCBP2 and EPHB2 loss of function, and couple EPHB2 to a signaling 54 

effector that controls diverse cellular functions.          55 

 56 
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Introduction  58 

 59 

Eph receptor tyrosine kinases and their membrane-tethered ligands, the ephrins, elicit short 60 

distance cell-cell signals that regulate many biological processes. Ephrin-Eph signalling primarily 61 

impacts the cytoskeleton with the immobilization of highly dynamic axonal growth cones being a 62 

classic example. Other processes that involve changes in transcription, growth, and survival 63 

such as angiogenesis, synaptic plasticity, stem cell fate, tumorigenesis and neurodegeneration 64 

also involve the Eph/ephrin system. Many proteins are postulated to couple Eph receptors to 65 

different intracellular effectors, but the molecular logic of this diversity remains fragmented 66 

(Kania and Klein, 2016;Bush, 2022).  67 

 68 

 EphB subfamily members preferentially bind transmembrane ephrin-Bs and although 69 

both molecules participate in bidirectional signalling, ephrin-B activation of EphB signalling 70 

cascades is more thoroughly studied (Gale et al., 1996;Mellitzer et al., 1999). To elicit robust 71 

Eph receptor forward signalling, ephrins multimerise in signalling clusters by intercalating with 72 

Ephs on a signal-recipient cell with array size correlating with signal amplitude (Kullander et al., 73 

2001;Schaupp et al., 2014). Signalling initiation involves the activation of the receptor tyrosine 74 

kinase and phosphorylation of tyrosines proximal to the EphB transmembrane domain (Soskis 75 

et al., 2012;Binns et al., 2000). Eph-evoked cytoskeletal effects such as cell contraction and 76 

growth cone collapse result from changes in small GTPase activity modulated by EphB Guanine 77 

nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) (Margolis et al., 78 

2010;Shi et al., 2007). Eph signalling has also been linked to fundamental cellular pathways 79 

such as the Ras-MAPK pathway, mTOR-regulated protein synthesis, cell division and survival  80 

(Bush and Soriano, 2010;Nie et al., 2010;Fawal et al., 2018;Genander et al., 2009;Depaepe et 81 

al., 2005). Eph forward signalling eventually leads to their internalisation and either recycling or 82 

degradation via endosome/lysosome and ubiquitination/proteasome pathways (Zimmer et al., 83 

2003;Okumura et al., 2017). While identification of a growing number of proteins interacting with 84 

Eph receptors has moved the field forward, we have yet to clarify the question of how Eph 85 

receptors activate various fundamental cellular processes, often within the same cell type. 86 

 87 

 Myc-binding protein 2 (MYCBP2), also known as Protein Associated with Myc (PAM)  88 

and Highwire, RPM-1, or Phr1 in different species, is a large signalling hub that regulates 89 

cytoskeletal dynamics, neuronal development, and axonal degeneration (Guo et al., 1998;Grill 90 

et al., 2016;Virdee, 2022). It has an atypical RING ubiquitin ligase activity that inhibits the 91 

p38/MAP and JNK kinase pathways thereby regulating cytoskeletal dynamics underlying axonal 92 

development and synaptic growth (Nakata et al., 2005;Collins et al., 2006;Pao et al., 2018;Wan 93 

et al., 2000;Lewcock et al., 2007;Borgen et al., 2017). MYCBP2 further regulates the Tuberin 94 

Sclerosis Complex linked to cell growth (Han et al., 2012), initiation of autophagy via ULK 95 

(Crawley et al., 2019) and NMNAT2-regulated neuronal survival and axonal degeneration 96 

(Babetto et al., 2013;Xiong et al., 2012). Biochemical mapping has shown that human MYCBP2 97 
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and its C. elegans ortholog RPM-1 rely upon the FBD1 domain to bind the F-box protein FBXO45 98 

that acts as a ubiquitination substrate selector (Desbois et al., 2018;Sharma et al., 2014). 99 

Intriguingly, the neurodevelopmental phenotypes caused by MYCBP2 and EPHB2 loss of 100 

function are similar, raising the possibility that these two molecules could function in the same 101 

pathway (Henkemeyer et al., 1996;Lewcock et al., 2007;Dalva et al., 2000). Nonetheless, a 102 

biochemical or genetic interaction between MYCBP2 and EPHB2 has not been demonstrated in 103 

any system. 104 

 105 

To shed light on how EphB receptors fulfil their multitude of functions, we used mass 106 

spectrometry (MS)-based proteomics to identify multi-effector proteins that bind EPHB2. One of 107 

our proteomic hits was MYCBP2, which we demonstrated forms a complex with EPHB2 using a 108 

combination of biochemical and cellular assays. Furthermore, we show that this interaction is 109 

required for efficient EPHB2 signalling in cell lines and primary neurons. Consistent with these 110 

findings, we observed in vivo genetic interactions in C. elegans between the Eph receptor, VAB-111 

1, and known RPM-1 binding proteins. Our collective results indicate that the relationship 112 

between EPHB2 and MYCBP2 does not appear to involve the ubiquitin ligase activity of 113 

MYCBP2, and raise the possibility that MYCBP2 links EPHB2 to diverse fundamental cellular 114 

functions.  115 

 116 

  117 
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Results 118 

 119 

Proteomics identifies MYCBP2 as a putative EPHB2-interacting protein  120 

 121 

To understand the molecular logic underlying EPHB2 signalling diversity, we performed affinity 122 

purification coupled to MS (AP-MS) in order to identify EPHB2-interacting proteins, and 123 

prioritised those known to be signalling hubs. We used a stable HeLa cell line with tetracycline-124 

inducible expression of BirA-linked EPHB2-FLAG, that we previously used to study EPHB2 125 

signalling (Lahaie et al., 2019). To identify ephrin ligand-dependent EPHB2 protein complexes, 126 

we stimulated EPHB2-FLAG-overexpressing cells with pre-clustered Fc control or ephrinB2-Fc 127 

(eB2-Fc). We then harvested and lysed the cells, performed anti-FLAG immunoprecipitation, 128 

and used mass spectrometry to identify EPHB2 protein complexes (Fig. 1A).  129 

 130 

To identify EPHB2-specific interactions and remove background contaminants, we 131 

performed Significance Analysis of INTeractome (SAINTexpress analysis (Teo et al., 2014)) 132 

using our EPHB2-related controls (Lahaie et al., 2019). To better visualize the changes in 133 

putative EPHB2 binding partners, we compared the average spectral counts of the identified 134 

proteins using ProHits-viz tool (Knight et al., 2017). Comparison of Fc and ephrin-B2-treated 135 

samples did not yield any significant differences. Since we applied the ligand and collected the 136 

samples on a time scale comparable to known EphB signalling dynamics, this limitation could 137 

be potentially due to autoactivation of Eph receptors when they are overexpressed, obscuring 138 

some ligand-dependent effects (Lackmann et al., 1998). However, the resulting scatter plot 139 

confirmed the presence of several known EPHB2 interactors, such as FYN and YES1 Src 140 

kinases and members of the Eph receptor family (Fig. 1B) (Banerjee et al., 2022). One of the 141 

most prominent, novel hits was the E3 ubiquitin ligase and signalling hub protein MYCBP2, and 142 

its binding partner FBXO45. FBXO45 was previously identified as a putative EPHB2 interacting 143 

protein in large-scale, cell-based interactome studies (Huttlin et al., 2021;Salokas et al., 2022). 144 

 145 

 146 

Biochemical validation of MYCBP2 binding to EPHB2 147 

 148 

To confirm that MYCBP2 can indeed form a molecular complex with EPHB2, we tested 149 

whether endogenous MYCBP2 co-immunoprecipitates (co-IP) with FLAG-tagged EPHB2 in HEK 150 

293T cells. Based on differences in EPHB2 and EPHA3 interactomes, we reasoned that EPHA3 151 

may serve as a negative control for the EPHB2-MYCBP2 association (Huttlin et al., 2021). We 152 

found that MYCBP2 coprecipitated with affinity-purified EPHB2-FLAG, but not EPHA3 (Fig. 1C). 153 

This confirmed MYCBP2 binding to EPHB2 and suggested MYCPB2 displays EPH receptor 154 

subtype specificity. Importantly, the EPHB2-MYCBP2 interaction was reduced by 24.5% and 53% 155 

following ephrin-B1 and ephrin-B2 treatment respectively in HeLa EPHB2 cells, suggesting the 156 

involvement of MYCBP2 in ephrin-B:EPHB2 signalling (Fig. 1D, E, eB1-Fc, p=0.1365; eB2-Fc, 157 
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p=0.0002). To test this interaction in vivo, we performed co-IP using dissociated rat cortical 158 

neurons, which further confirmed MCYBP2 association with EPHB2 (Fig. 1F).  159 

 160 

We next asked whether the kinase activity of EPHB2 is required for the formation of the 161 

EPHB2-MYCBP2 complex. To test this, we expressed GFP-tagged wild type (WT) EPHB2 or 162 

EPHB2 with a kinase-dead mutation (KD) in HeLa cells. We found that MYCBP2 showed 163 

comparable coprecipitation with WT and KD EPHB2 (Fig. 1G). Thus, EPHB2 kinase activity is 164 

not required for the formation of MYCBP2 - EPHB2 complexes, suggesting that MYCBP2 165 

association with EPHB2 may be a prelude to ephrin-B-evoked EPHB2 signalling. 166 

 167 

 168 

FBXO45 enhances the association between MYCBP2 and EPHB2 169 

 170 

Our proteomics screen for EPHB2 interactors also identified FBXO45, the F-box protein that 171 

forms a ubiquitin ligase complex with MYCBP2 (Sharma et al., 2014;Saiga et al., 2009).  Thus, 172 

we initially reasoned that FBXO45 might perform a similar role in the formation of the MYCBP2-173 

EPHB2 complex. We first tested whether FBXO45 binds to EPHB2 by co-expressing MYC-174 

tagged FBXO45 with EPHB2-FLAG or EPHA3-FLAG in HEK293T cells. Co-IP revealed that 175 

FBXO45 can associate with EPHB2 but not EPHA3, suggesting that EPHB2, FBXO45 and 176 

MYCBP2 could form a ternary complex (Fig. 2A). To test this idea, we co-expressed EPHB2-177 

FLAG and GFP-MYCBP2 in the presence or absence of MYC-FBXO45 and examined co-IP 178 

efficiency between EPHB2 and MYCBP2. Interestingly, FBXO45 enhanced the interaction 179 

between EPHB2 and MYCBP2 (Fig. 2B, C, p=0.0068). Together, these data suggest that EPHB2 180 

can form a complex with both MYCBP2 and FBXO45, and that FBXO45 increases the efficiency 181 

of MYCBP2-EPHB2 interaction. 182 

 183 

 184 

Biochemical mapping of EPHB2-MYCBP2 interaction 185 

 186 

To identify the MYCBP2 protein domain(s) required for the formation of the ternary complex with 187 

EPHB2 and FBXO45, we co-expressed EPHB2-FLAG and three GFP-MYCBP2 fragments in 188 

HEK293T cells. Co-IP revealed that the central region of MYCBP2 was sufficient for binding with 189 

EPHB2 (Fig. 2D, E). In addition, co-expression of MYC-FBXO45 demonstrated that the 190 

association of the central domain of MYCBP2 with EPHB2 is enhanced by FBOX45 and is 191 

consistent with the presence of an FBXO45 binding site within this MYCBP2 fragment (Fig. 2E) 192 

(Sharma et al., 2014). 193 

 194 

To identify the domains of EPHB2 required for the formation of the tripartite complex, we 195 

took advantage of the observation that EPHA3 does not readily form a complex with MYCBP2 196 

or FBXO45. Thus, we performed domain swapping experiments between EPHB2 and EPHA3 197 
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reasoning that placing EPHA3-specific sequences in EPHB2 would inhibit the formation of the 198 

tripartite complex. We constructed a series of FLAG-EPHB2/EPHA3 chimeras and determined 199 

whether they bound MYCBP2 in the presence of FBXO45 (Fig. 2F). Co-IP revealed that the 200 

ability of a particular chimera to associate with MYCBP2 was correlated with its association with 201 

FBXO45, in line with the MYCBP2-FBXO45 complex interacting with EPHB2. Surprisingly, we 202 

found that EPHB2-EPHA3 chimeras with an EPHA3 identity of intracellular juxtamembrane, 203 

kinase, SAM or PDZ binding domains retained the ability to associate with FBXO45 and 204 

MYCBP2, suggesting that the formation of the tripartite complex is driven by the extracellular 205 

domain and/or the transmembrane domain of EPHB2 (Fig. 2G). However, these results are also 206 

consistent with the possibility that the EPHB2 identity of the extracellular fragments could alter 207 

the conformation of the intracellular domains of EPHA3 identity, allowing the interaction with 208 

FBXO45-MYCBP2 to occur. To exclude this possibility, we created EPHB2 mutants lacking the 209 

intracellular or extracellular domains and tested their ability to complex with MYCBP2 and 210 

FBXO45 by co-IP (Fig. 2H). In these experiments only the deletion mutant lacking the 211 

intracellular domain retained its ability to form the tripartite complex. Collectively, these results 212 

argue that the combination of extracellular and transmembrane domains of EPHB2 are 213 

necessary and sufficient for formation of the MYCBP2–FBXO45–EPHB2 complex (Fig. 2I). 214 

Since EPHB2 is a transmembrane protein and MYCBP2 is localised in the cytosol. these 215 

experiments suggest that the interaction between the extracellular domain of EPHB2 and 216 

MYCBP2 might be indirect and mediated by other unknown transmembrane proteins.     217 

 218 

 219 

MYCBP2 is required for EPHB2-mediated cellular responses 220 

 221 

Given the decrease in MYCBP2–EPHB2 association evoked by ephrin-B treatment (Fig. 1D, E), 222 

we next sought to determine whether MYCBP2 fulfils a specific function in ephrin-B:EPHB2 223 

forward signalling. Thus, we infected EPHB2-FLAG HeLa cells using lentivirus containing 224 

CRISPR sgRNA targeting the MYCBP2 exon 6, and pooled MYCBP2CRISPR cells after puromycin 225 

selection (Fig. 3A). Using EPHB2-FLAG HeLa cells carrying a stably integrated empty 226 

expression vector (CTRLCRISPR) as controls, we found that MYCBP2CRISPR led to a reduction in 227 

endogenous MYCBP2 protein levels (Fig. 3B).  228 

 229 

To study the role of MYCBP2 in EphB signalling, we took advantage of an experimental 230 

paradigm in which exposure to ephrin-B2 evokes cytoskeletal contraction of HeLa cells 231 

expressing EPHB2 (Lahaie et al., 2019). Thus, following induction of EPHB2 expression, 232 

MYCBP2CRISPR and CTRLCRISPR cells were stimulated with pre-clustered Fc control or ephrin-B2 233 

for 15 minutes and scored as collapsed or uncollapsed. While the proportion of collapsed cells 234 

for the two cell lines treated with Fc was similar (CTRLCRISPR, 5.4%; MYCBP2CRISPR, 5.2%; 235 

p=0.9903), ephrin-B2 treatment resulted in the collapse of 19.9% of CTRLCRISPR cells but only 236 

12.1% of MYCBP2CRISPR cells (n=9 coverslips; Fig. 3C, D; p<0.0001). Moreover, when compared 237 
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to the Fc conditions, MYCBP2CRISPR cells exhibited a less drastic change in collapse rate upon 238 

ephrin-B2 treatment (Fig. 3C, D; eB2 vs Fc: CTRLCRISPR, p<0.0001; MYCBP2CRISPR, p=0.0003). 239 

In addition, time-lapse imaging of MYCBP2CRISPR and CTRLCRISPR cells transiently transfected 240 

with an EPHB2-GFP expression plasmid revealed a similar attenuation of ephrin-B2-induced 241 

cellular contraction (Fig. 3E, F; p=0.0268). These data argue that MYCBP2 regulates a short-242 

term cellular response evoked by ephrin-B2:EPHB2 signalling.  243 

 244 

To study longer-term cellular responses evoked by ephrin-B2:EPHB2 signalling, we 245 

turned to a stripe assay in which the preference of CTRLCRISPR and MYCBP2CRISPR cells for 246 

immobilized ephrin-B2 or Fc was measured. To do this, cells of either line were deposited over 247 

alternating stripes of ephrin-B2 or Fc, and stripe preference was scored for individual cells after 248 

overnight incubation. While only 33.2% of CTRLCRISPR cells resided on ephrin-B2 stripes, this 249 

proportion was significantly increased to 47.4% for MYCBP2CRISPR cells, suggesting the loss of 250 

MYCBP2 function led to a decreased repulsion from ephrin-B2 stripes (Fig. 3G, H; n=5 and 7 251 

carpets respectively, p=0.0109). When cells were plated on Fc:Fc stripes, CTRLCRISPR  and 252 

MYCBP2CRISPR cells exhibited no preference over cy3-conjugated Fc stripes (49.18% vs 51.88%, 253 

p=0.5386, images not shown). Native HeLa cells only respond to ephrin-B2 once they are made 254 

to express EphB2. Thus, our data suggest that MYCBP2 is required for EPHB2-mediated cellular 255 

responses in HeLa cells.  256 

 257 

 258 

Loss of MYCBP2 decreases cellular levels of EPHB2 protein  259 

 260 

The association of EPHB2 with MYCBP2 and its substrate recognition protein FBXO45 suggests 261 

that the MYCBP2 ubiquitin ligase complex could target EPHB2 for degradation, a mechanism 262 

frequently deployed to terminate transmembrane receptor signalling (Foot et al., 2017). However, 263 

the results of our cellular assays contradicted this model, and rather suggested that loss of 264 

MYCBP2 function decreased EPHB2 signalling. To further evaluate these two scenarios, we first 265 

compared EPHB2 protein levels in HeLa MYCBP2CRISPR cells and CTRLCRISPR cells by using 266 

tetracycline to induce the EPHB2 overexpression. We found that  MYCBP2 loss reduced EPHB2 267 

protein levels (Fig. 4A). To further confirm this, instead of inducing EPHB2 overexpression with 268 

tetracycline, we transfected EPHB2-FLAG plasmid into both CTRLCRISPR and MYCBP2CRISPR 269 

cells and examined EPHB2-FLAG levels after two days. As shown in Fig. 4B, C, levels of 270 

EPHB2-FLAG were significantly lowered by 26.1% in HeLa MYCBP2CRISPR cells compared to 271 

CTRLCRISPR cells (p=0.0046). We further investigated whether MYCBP2 affects EPHB2 protein 272 

turnover when cycloheximide is added to prevent new protein synthesis. EPHB2-FLAG 273 

expression was induced by tetracycline for 12 hours followed by protein synthesis inhibition with 274 

cycloheximide. We found that EPHB2 half-life was reduced in HeLa cells lacking MYCBP2 275 

compared to control (Fig. 4D, E; 8h treatment, p=0.0474).  276 

 277 
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 Ephrin ligand treatment eventually results in Eph receptor degradation, a process 278 

associated with signalling termination. We therefore asked whether ligand-mediated EPHB2 279 

receptor degradation depends on MYCBP2. We induced EPHB2 expression in CTRLCRISPR and 280 

MYCBP2CRISPR cells, and exposed them to ephrin-B2 for a different length of time. Western 281 

blotting revealed that 4-8 hours stimulation with ephrin-B2 reduced EPHB2 levels in CTRLCRISPR 282 

cells, but this effect was more drastic in MYCBP2CRISPR cells (Fig. 4F, G). Taken together, our 283 

results are not consistent with MYCBP2 ubiquitinating EPHB2 and causing its degradation. 284 

Unexpectedly, our data indicate that MYCBP2 stabilizes EPHB2 in HeLa cells under both naïve 285 

and ligand-challenged conditions.  286 

 287 

 288 

Loss of MYCBP2 enhances ligand-induced EPHB2 receptor ubiquitination 289 

 290 

Ubiquitination of receptor tyrosine kinases, including Eph receptors, can herald their degradation 291 

via the proteasome and thus termination of signalling (Haglund and Dikic, 2012;Sabet et al., 292 

2015). This model is not supported by our results, which suggest that MYCBP2 is required for 293 

EPHB2 protein maintenance. Nonetheless, we investigated whether EPHB2 receptor 294 

ubiquitination is altered in HeLa cells depleted of MYCBP2. HeLa CTRLCRISPR and 295 

MYCBP2CRISPR cells were transfected with HA-tagged ubiquitin, EPHB2 expression was induced 296 

with tetracycline, and cells were treated with ephrin-B2 for 30min. We observed that EPHB2 297 

receptor ubiquitination was not significantly increased in CTRLCRISPR cells after this short-term 298 

ligand treatment (Fig. 4H, I CTRLCRISPR, p=0.1349). In contrast, EPHB2 ubiquitination was 299 

significantly increased in MYCBP2CRISPR cells (Fig. 4H, I MYCBP2CRISPR, p=0.0195). This effect 300 

argues against the concept that EPHB2 is a MYCBP2 ubiquitination substrate, and suggests 301 

that in the absence of MYCBP2 degradation of the EPHB2 receptor is enhanced due to 302 

increased ubiquitination.  303 

 304 

 305 

A potential involvement of the lysosomal pathway in EPHB2 degradation caused by the 306 

loss of MYCBP2  307 

 308 

EPHB2 can be degraded by either a proteasomal or lysosomal pathway depending on the 309 

cellular context  (Cissé et al., 2011;Litterst et al., 2007;Fasen et al., 2008). Thus, we wanted to 310 

shed light on how EPHB2 is degraded and understand why EPHB2 degradation is enhanced by 311 

MYCBP2 loss of function. To do so, we induced EPHB2 expression in CTRLCRISPR and 312 

MYCBP2CRISPR cells and applied the S26 proteasome inhibitor MG132, or the lysosomal 313 

inhibitors BafilomycinA1 or Chloroquine. We found that MG132 did not have significant effects 314 

on EPHB2 levels in both cell types (Fig. 4J, K). However, we found that BafilomycinaA1 (BafA1) 315 

significantly increased EPHB2 protein levels in both HeLa CTRLCRISPR cells and MYCBP2CRISPR 316 

cells by 19% and 40%, respectively (Fig. 4J, K). We also observed a trend towards increased 317 
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EPHB2 levels with Chloroquine (CoQ) treatment in CTRLCRISPR (14%) and MYCBP2CRISPR (35%), 318 

further suggesting a role for lysosomal degradation (Fig. 4J, K). Although the difference in 319 

percentage increase between CTRLCRISPR cells and MYCBP2CRISPR cells is not significant, this 320 

trend raises the possibility that the loss of MYCBP2 promotes EPHB2 receptor degradation 321 

through the lysosomal pathway.  322 

 323 

 324 

Regulation of Eph receptor levels by MYCBP2 325 

 326 

The above experiments raise the question of whether MYCBP2 is a general regulator of Eph 327 

receptor stability. Since EPHA3 does not form a complex with MYCBP2, and EphA receptor 328 

levels are controlled by the proteasomal pathway (Sharfe et al., 2003;Walker-Daniels et al., 329 

2002), we hypothesized that MYCBP2 might regulate the levels of the entire EphB receptor class. 330 

To test this, we co-transfected plasmids encoding GFP-tagged EPHB1 and HA-tagged EPHB3 331 

into HeLa CTRLCRISPR and MYCBP2CRISPR cells. Compared to CTRLCRISPR cells, EPHB1 and 332 

EPHB3 levels were reduced by 57.1% and 12.5% respectively in MYCBP2CRISPR cells (Fig. 4L, 333 

M, EPHB1, p=0.0588; EPHB3, p=0.4253). Although not statistically significantly, there is an 334 

apparent trend towards a decrease in EPHB1 levels. On the other hand, FLAG-EPHA3 levels 335 

were similar in CTRLCRISPR and MYCBP2CRISPR cells (Fig. 4N, O, p=0.5369). Taken together, 336 

these data suggest that MYCBP2 may stabilize other EphB subclass receptors. 337 

 338 

 339 

Loss of MYCBP2 attenuates the magnitude of EPHB2 cellular signalling  340 

 341 

EPHB2 receptor activation evokes signal transduction events such as tyrosine phosphorylation 342 

of EPHB2, activation of EPHB2 tyrosine kinase function and phosphorylation of the ERK1/2 343 

downstream effector (Poliakov et al., 2008). We therefore measured EPHB2 and ERK1/2 344 

phosphorylation in CTRLCRISPR and MYCBP2CRISPR cells for up to 8 hours after ephrin-B2 345 

application (Fig. 5A). P-EPHB2 (pY20) and p-ERK1/2 signals were normalised to GAPDH and 346 

ERK1/2, respectively. In HeLa CTRLCRISPR cells, pTyr-EPHB2 response reached a plateau after 347 

1-2 h treatment and remained up 8 hours post-stimulation (Fig. 5A-C). On the contrary, ephrin-348 

B2-evoked phosphorylation of EPHB2 was reduced in MYCBP2CRISPR cells with quantitative 349 

results showing a significant reduction by 8 hours of treatment (Fig. 5A, C; 8h p=0.0331). We 350 

were also able to detect significantly lower p-ERK1/2 levels in MYCBP2CRISPR cells relative to 351 

CTRLCRISPR cells, although activation of ERK1/2 by ephrin-B2 was variable (Fig. 5D. 4h, 352 

p=0.0494; 8h, p=0.0078; n=6). We again noted significantly enhanced EPHB2 degradation in 353 

MYCBP2CRISPR cells (Fig. 5E; 8h, p=0.0437). This decrease was also observed when 354 

CTRLCRISPR and MYCBP2CRISPR cells were treated with ephrin-B1 (data not shown).   355 

 356 
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Next, we asked whether the decrease in ligand-evoked EPHB1/2 and ERK1/2 activation 357 

in MYCBP2CRISPR cells reflects a requirement for MYCBP2 in the EPHB2 signalling cascade per 358 

se, or whether it is explained by decreased EPHB2 protein levels caused by MYCBP2 loss. We 359 

thus normalised p-EPHB2 and p-ERK1/2 signal to the levels of EPHB2 protein at all time points, 360 

which revealed that kinetics and magnitude of EPHB2 and ERK1/2 phosphorylation are similar 361 

between CTRLCRISPR and MYCBP2CRISPR cells (Fig. 5F, G). Although these data argue against 362 

a direct role of MYCBP2 in the early events of EPHB2 signalling, they nevertheless indicate that 363 

MYCBP2 loss results in marked attenuation of EPHB2 activation and its downstream pERK1/2 364 

signalling in line with decreased cellular responses to ephrin-B2. 365 

 366 

 367 

Exogenous Fbxo45 binding domain of MYCBP2 disrupts the EPHB2-MYCBP2 interaction 368 

 369 

Previous studies showed that FBXO45 binds to the FBD1 domain of MYCBP2, and exogenous 370 

FBD1 overexpression can disrupt the FBXO45-MYCBP2 association (Sharma et al., 2014). We 371 

thus tested whether FBD1 overexpression can interfere with the formation of the EPHB2-372 

MYCBP2 complex (Fig. 6A). Indeed, the expression of GFP-FBD1 wild-type (WT) in HEK cells 373 

expressing EPHB2-FLAG and MYC-FBXO45 reduced binding between EPHB2 and MYCBP2 374 

(Fig. 6B). This effect was not observed with a GFP-FBD1 mutant (mut) fragment that harbours 375 

three point mutations that inhibit binding to FBXO45. Reduction of the EPHB2-MYCBP2 376 

interaction was also observed in cells that were not overexpressing FBXO45 (Fig. 6C). Thus, 377 

exogenous FBD1 can specifically disrupt the EPHB2-MYCBP2 association. This suggests that 378 

FBXO45 binding to MYCBP2 may facilitate for formation of the MYCBP2-EPHB2 complex. 379 

 380 

 381 

FBD1 expression impairs EPHB2-mediated neuronal responses  382 

 383 

To determine whether the EPHB2-MYCBP2 interaction is required for EPHB2 function, we 384 

disrupted binding via FBD1 ectopic expression in cell lines or primary neurons, and studied 385 

cellular responses to ephrin-B treatment. We introduced GFP-FBD1 mut or GFP-FBD1 WT into 386 

HeLa cells with inducible EPHB2 expression and cultured these cells on ephrin-B2 and Fc stripes. 387 

Following overnight culture, only 19.2% of cells expressing GFP-FBD1 mut resided on ephrin-388 

B2 stripes. In contrast, 28.6% of cells expressing GFP-FBD1 WT were found on ephrin-B2 389 

stripes indicating that FBD1 expression can dampen ephrin-B2:EPHB2 mediated cell repulsion 390 

(Fig. 6D, E; p=0.0107). In contrast, cells expressing GFP-FBD1 mut or GFP-FBD1 WT displayed 391 

no preference for either one of Fc:Fc control stripes (49.63% vs 49.85%, p=0.9560, images not 392 

shown).  393 

 394 

Since EPHB2 is expressed in the embryonic chicken spinal cord, we performed in ovo 395 

electroporation to introduce plasmids encoding GFP-FBD1 mut or GFP-FBD1 WT into the spinal 396 
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cords of 2.5-day old embryonic chickens (Hamburger-Hamilton; (HH) Stage 15-17; (Hamburger 397 

and Hamilton, 1951;Luria et al., 2008)). Two days later spinal cords were dissected, divided into 398 

explants, cultured overnight on alternating stripes containing ephrin-B2 or Fc, and axonal GFP 399 

signal present over ephrin-B2 versus Fc stripes was determined. When explants expressed 400 

GFP-FBD1 mut (negative control), we observed 26.5% of axonal GFP signal resided on ephrin-401 

B2 stripes (Fig. 7A, B). In contrast, we found a significant increase of 32.2% of neurites 402 

expressing FBD1 WT on ephrin-B2 stripes (Fig. 7A, B; p=0.0410). Thus, FBD1 expression 403 

impairs long-term repulsive responses to ephrinB2-EPHB2 signalling in spinal explants.  404 

 405 

To study short-term neuronal responses to ephrin-Bs, we turned to mouse hippocampal 406 

neurons and a growth cone collapse assay (Srivastava et al., 2013). Here, we electroporated 407 

GFP-FBD1 mut or GFP-FBD1 WT expression plasmids into dissociated hippocampal neurons 408 

and treated them with pre-clustered Fc or ephrin-B1 for one hour (Fig. 7C). Neurons expressing 409 

GFP-FBD1 mut showed 22.7% growth cone collapse with Fc treatment, while ephrin-B1 410 

treatment elicited significant increases to 35.9% collapse (Fig. 7C, D, p=0.0006). In contrast, 411 

ephrin-B1 failed to significantly induce growth cone collapse in neurons expressing GFP-FBD1 412 

WT: with only 31% growth cones being collapsed by ephrin-B1, compared to 25.3% being 413 

collapsed by Fc treatment (Fig. 7D; p=0.1341). Together, these data indicate that impairing 414 

MYCBP2 function via FBD1 expression disrupts ephrin:B-EPHB2 signalling in axonal guidance.  415 

 416 

 417 

Genetic interactions between the C. elegans Eph receptor and the MYCBP2 signalling 418 

network   419 

 420 

Next, we sought to test genetic interactions between an ephrin receptor and the MYCBP2 421 

signalling network using an in vivo animal model. To do so, we turned to C. elegans which has 422 

a sole Eph family receptor (EPHR) called VAB-1 and a single MYCBP2 ortholog called RPM-1 423 

(Grill et al., 2016;George et al., 1998). Previous studies have shown that RPM-1/MYCBP2 is 424 

required to terminate axon outgrowth (Borgen et al., 2017;Schaefer et al., 2000). Furthermore, 425 

RPM-1 functions as a hub upstream of a number of signalling pathways (Grill et al., 2007;Grill et 426 

al., 2012;Tulgren et al., 2014;Baker et al., 2014). Genetic results from these studies 427 

demonstrated that mutants for RPM-1 binding proteins display genetic enhancer interactions 428 

with one another, but do not enhance defects when combined with rpm-1 mutants. 429 

 430 

Given the biochemical interactions between MYCBP2, FBXO45 and EPHB2, we first 431 

evaluated genetic interactions between VAB-1/EPHR and two known RPM-1 binding proteins: 432 

1) Rab GEF GLO-4, an orthologue of mammalian SERGEF that functions via the GLO-1/RAB32 433 

small GTPase and is not involved in RPM-1 ubiquitin ligase activity (Grill et al., 2007). 2) FSN-434 

1, an orthologue of FBXO45, that is the F-box substrate selector protein of the RPM-1 ubiquitin 435 

ligase complex (Fig 8A) (Liao et al., 2004). RPM-1 genetic interactions were studied in the left 436 
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and right PLM mechanosensory neurons of C. elegans, both of which extend an axon anteriorly 437 

until it terminates posterior to the cell body of the respective ALM mechanosensory neuron (Fig. 438 

8B). This process is visualized using a transgene, muIs32 (Pmec-7::GFP), that expresses GFP 439 

in the PLM and ALM mechanosensory neurons. As observed previously, a null allele of vab-1 440 

that deletes exons 1-4 showed a significant increase in incidence of PLM axon extension beyond 441 

the ALM cell body (overextension) compared to wild type controls (Fig. 8B, C) (Mohamed and 442 

Chin-Sang, 2006). To study the interaction between VAB-1/EPHR and GLO-4/SERGEF, we first 443 

evaluated glo-4 mutants, in which we observed two kinds of overextension defects: one where 444 

PLM axons extend past the ALM cell body in a straight line, and a more severe defect where 445 

PLM axons “hook” ventrally (Fig. 8B, C). The frequency of both types of axon termination defects 446 

were significantly enhanced in vab-1; glo-4 double mutants (Fig. 8B, C). Overextension defects 447 

were significantly rescued by transgenic expression of VAB-1 in vab-1; glo-4 double mutants 448 

(Fig. 8C). Similarly, we observed an enhanced frequency of both overextension and hook defects 449 

in vab-1; fsn-1 double mutants compared to either mutant alone (Fig. 8D). Thus, VAB-1/EPHR 450 

interacts genetically with two proteins known to bind and function downstream of RPM-1/MYCB2.  451 

 452 

Next, we examined genetic interactions between vab-1 and an rpm-1 protein null allele 453 

(AlAbdi et al., 2023). We compared the incidence of PLM overextension in vab-1; rpm-1 double 454 

mutants to rpm-1 single mutants and did not observe a significant difference between them (Fig. 455 

8E). Because rpm-1 mutants displayed a high frequency of PLM hook defects when the PLM 456 

axon was visualized using the muIs32 transgene, we pivoted to address phenotypic saturation. 457 

To do so, we evaluated vab-1 genetic interactions using the zdIs5 (Pmec4::GFP) transgene to 458 

label PLM axons. This axonal reporter was used previously to demonstrate that the frequency 459 

of rpm-1 hook defects can be enhanced by mutations in genes that are not RPM-1/MYCBP2-460 

binding proteins (Borgen et al., 2017). In contrast, the incidence of rpm-1 hook defects was not 461 

increased by mutations that impair RPM-1 binding proteins. Like prior findings, rpm-1 mutants 462 

on the zdIs5 background result in a lower frequency of hook defects than rpm-1 mutants on 463 

muIs32 (Fig 8F). Using the zdIs5 background, we found that vab-1; fsn-1 double mutants display 464 

a higher frequency of overextension defects when compared to either single mutant (Fig 8F). 465 

This outcome is similar to what we observed in the muls32 background (Fig 8D). Finally, when 466 

comparing the incidence of PLM hook defects in vab-1; rpm-1 double mutants to single mutants 467 

in the zdIs5 background, we did not observe any significant differences (Fig 8D).  468 

 469 

Collectively, these results suggest two general conclusions: 1) The enhanced incidence 470 

of axon termination defects in vab-1; glo-4 and vab-1; fsn-1 double mutants compared to single 471 

mutants indicates that VAB-1/EPHR functions in parallel to known RPM-1 binding proteins to 472 

facilitate axon termination. 2) vab-1; rpm-1 double mutants do not display an increased 473 

frequency or severity of axon termination defects compared to rpm-1 single mutants on multiple 474 

transgenic backgrounds. Thus, because we are using null alleles, we conclude that VAB-475 

1/EPHR functions in the same genetic pathway as RPM-1/MYCBP2.  476 

477 
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Discussion  478 

 479 

Our MS-based proteomics efforts to identify EPHB2 interacting proteins yielded MYCBP2, a 480 

signalling hub and ubiquitin ligase that is functionally linked to many of the cellular processes 481 

also mediated by EPHB2, including cellular growth, proliferation, synapse formation, and axon 482 

development. Our experiments argue against EPHB2 being a MYCBP2 ubiquitination substrate. 483 

Instead, we envisage a model where MYCBP2 controls EPHB2 signalling indirectly by 484 

preventing its lysosomal degradation and maintaining EPHB2 protein levels sufficiently high to 485 

mediate efficient cellular and axonal growth cone repulsion from ephrin-B ligands. The 486 

interaction between MYCBP2 and EPHB2 may allow the coupling EPHB2 to fundamental cellular 487 

processes that control growth, proliferation, and survival. Here, we discuss the molecular logic 488 

of MYCBP2 and EPHB2 association in the context of Eph receptor signalling, its potential 489 

implications for neural development and diversification of EphB2 signalling.  490 

 491 

 492 

Functional significance of MYCBP2-EPHB2 complex formation 493 

 494 

Our biochemical experiments validate the formation of a MYCBP2-EPHB2 complex and suggest 495 

that this association is decreased following ligand application. Because PHR proteins like 496 

MYCBP2 are large signalling hubs, MYCBP2 association with EPHB2 might sterically hinder the 497 

formation of EPHB2 multimers and clusters necessary for signalling. Thus, ligand-induced 498 

dissociation of the MYCBP2-EPHB2 complex could be a prelude to signalling. Our findings 499 

indicate that MYCBP2 association with EPHB2 is enhanced by FBXO45, a subunit of the 500 

MYCBP2/FBXO45 complex that mediates ubiquitination substrate binding. Previous work 501 

showed that MYCBP2 functions to polyubiquitinate specific protein substrates, targeting them 502 

for degradation and inhibition (Crawley et al., 2019;Han et al., 2012;Nakata et al., 2005;Desbois 503 

et al., 2022). We considered the possibility that the ubiquitin ligase activity of MYCBP2 is 504 

important for the termination of EPHB2 signalling, but several lines of evidence argue against 505 

this idea: 1) the application of ephrin-B2 ligand results in the dissociation of the MYCBP2-EPHB2 506 

complex, 2) loss of MYCBP2 function results in decreased cellular levels of EPHB2 protein, and 507 

3) impairing MYCBP2 increases ligand-stimulated EPHB2 ubiquitination. In addition, our 508 

quantification of EPHB2 signalling suggested that decreased EPHB2 and ERK phosphorylation 509 

seen in MYCBP2-deficient cells can be accounted for by the decrease in EPHB2 receptor levels. 510 

Thus, a more plausible model that is consistent with our results is that MYCBP2 association with 511 

EPHB2 protects EPHB2 from turnover by lysosome-mediated degradation and prevents EPHB2 512 

ubiquitination by the action of unidentified ubiquitin ligases. Interestingly, studies in C. elegans 513 

have shown that RPM-1/MYCBP2 regulates lysosome biogenesis via the GLO-4/GLO-1 514 

pathway (Grill et al., 2007). While this established a link between MYCBP2 signalling and the 515 

endo-lysosomal degradation system, our results now indicate that MYCBP2 can also influence 516 
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turnover of EPHB2 via lysosomal degradation. Our C. elegans experiments reveal complex 517 

genetic interactions between VAB-1/EPHR and members of the RPM-1/MYCBP2 signalling 518 

network. These are consistent with VAB-1/EPHR and RPM-1/MYCBP2 acting in the same 519 

pathway, while suggesting that VAB-1/EPHR acts in a parallel genetic pathway with GLO-4, the 520 

RPM-1 binding protein that mediates effects on lysosome biogenesis. As a caveat, we note that 521 

because C. elegans contains only a single Eph receptor, our findings with do not necessarily 522 

pertain specifically to EPHB2.  523 

 524 

The “protective” effect of MYCBP2 vis-à-vis EPHB2 ubiquitination and lysosomal 525 

degradation might be secondary to effects on other aspects of EPHB2 signalling that we have 526 

not explored experimentally. For example, since MYCBP2 is a signalling hub with multiple 527 

substrates and binding proteins, it could bring EphB2 into close proximity to components of the 528 

MYCBP2 signalling network integrating cell-cell communication via ephrin:Eph signals with 529 

MYCBP2 intracellular signalling to influence fundamental cellular processes.  One example of 530 

this is suggested by a recent study demonstrating a link between EPHB2 and mTOR-mediated 531 

cell growth signalling pathways (Gagne et al., 2021). One potential mechanism could involve 532 

Ephrin binding-induced dissociation of the EPHB2-MYCBP2 interaction, allowing MYCBP2 533 

ubiquitination of the TSC complex that regulates mTOR function (Han et al., 2012).  534 

 535 

The formation of a MYCBP2-EPHB2 complex that includes other signalling receptors 536 

could also explain the curious result that the extracellular domain of EPHB2 is critical for 537 

MYCBP2 association. The finding would be consistent with the extracellular domain of EPHB2 538 

interacting with the extracellular domains of other receptors, whose intracellular domains are 539 

linked more directly with MYCBP2 and FBXO45. An alternative explanation may be a non-540 

classical extracellular MYCBP2-EPHB2 interaction similar to the one proposed for the 541 

extracellular domain of N-Cadherin and FBXO45 (Na et al., 2020). 542 

 543 

 544 

MYCBP2 and EPHB2 functions in the developing nervous system 545 

 546 

Our proteomic, biochemical, and genetic experiments indicate that MYCBP2 and EPHB2 547 

function in the same pathway. This is also supported by the striking similarity of MYCBP2 and 548 

EPHB2 loss of function phenotypes in the mouse nervous system. In the context of developing 549 

neuronal connections, EphB2 and Mycbp2/Phr1 mouse mutants display similar axon guidance 550 

phenotypes such as abnormal limb nerve trajectories by motor axons, defective growth cone 551 

crossing of the midline at the level of the optic chiasm and decreased connectivity between the 552 

two cortical hemispheres through the corpus callosum (Lewcock et al., 2007;Luria et al., 553 

2008;Williams et al., 2003;Henkemeyer et al., 1996;D'Souza et al., 2005). Both proteins also 554 

function in synaptic development and their loss of function leads to decreased numbers of 555 
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synapses and altered synapse morphology (Wan et al., 2000;Bloom et al., 2007;Dalva et al., 556 

2000;Zhen et al., 2000). Furthermore, outside the nervous system, both are involved in a variety 557 

of cancers with recent evidence linking them to esophageal adenocarcinoma and c-MYC-558 

dependent control of cell proliferation (Venkitachalam et al., 2022;Han et al., 2012;Genander et 559 

al., 2009). Our proteomic, biochemical, and cellular experiments together with genetic interaction 560 

studies in C. elegans now provide a new framework in which to consider phenotypic and disease 561 

links between EPHB2 and MYCBP2. 562 

 563 

Importantly, the biomedical relevance of our findings are heightened by a recent study 564 

that identified genetic variants in MYCBP2, which cause a neurodevelopmental disorder termed 565 

MYCBP2-related Developmental delay with Corpus callosum Defects (MDCD) (AlAbdi et al., 566 

2023). MDCD features defective neuronal connectivity including a hypoplastic or absent corpus 567 

callosum, neurobehavioral deficits including intellectual disability and epilepsy, and abnormal 568 

craniofacial development. This constellation of comorbidities in MDCD closely resembles some 569 

of the phenotypes observed in mice with deficient EPHB2 signalling. Given our finding that 570 

MYCBP2 loss reduces EPHB2 levels and influences Eph receptor effects on axon development, 571 

the question of whether EPHB2 expression levels are normal in MYCBP2 patients remains 572 

pertinent.  573 

 574 

In conclusion, our study has revealed numerous biochemical and genetic links between 575 

MYCBP2 and EPHB2. Our findings indicate that the MYCBP2/FBXO45 complex protects 576 

EPHB2 from degradation, and these are functionally integrated signalling players with an 577 

evolutionarily conserved role in axonal development. Future studies will be needed to address 578 

how the EPHB2-MYCBP2 interaction affects nervous system development in mammals in vivo 579 

and to identify further regulators of EPHB2 degradation. Additionally, another idea worthy of 580 

closer examination in the future is the possibility that MYCBP2 signalling could provide routes 581 

through which EPHB2-initiated signals access numerous fundamental cellular functions.  582 

  583 
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Materials and Methods 613 

 614 

Vertebrate animals 615 

All animal experiments were carried out in accordance with the Canadian Council on Animal 616 

Care guidelines and approved by the IRCM Animal Care Committee. Fertilized chicken eggs 617 

(FERME GMS, Saint-Liboire, QC, Canada) were incubated at 38-39°C and staged according to 618 

Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951). C57BL/6 mice were used for 619 

hippocampal neuron collapse assay. Timed mating vaginal plug was designated as E0.5. 620 

 621 

Cell culture 622 

HeLa and HEK293T cells were maintained in DMEM (Thermo Fisher Scientific, #11965092) 623 

supplemented with 10% Fetal Bovine Serum (FBS; Wisent Bioproducts, #080-150) and 1% 624 

Penicillin/Streptomycin (Wisent Bioproducts, #450-200-EL) at 37°C with 5% CO2. Tetracycline 625 

inducible HeLa EPHB2-FLAG cells were generated by transfecting Flp-In T-REx HeLa cells with 626 

EPHB2-BirA*-FLAG expression plasmid using Lipofectamine 3000 (Invitrogen, #L3000015) 627 

followed by hygromycin selection (200µg/ml). Stable but not clonal CTRLCTRISPR or 628 

MYCBP2CRISPR HeLa EPHB2-FLAG cell lines were generated by infecting cells with packaged 629 

lentivirus, followed by puromycin selection (1µg/ml). Lentivirus particles were packaged using 630 

MYCBP2 sgRNA CRISPR plasmid designed to target the MYCBP2 exon6 (pLentiCRISPR2-631 

sgMYCBP2) and pLentiCRISPR empty vector was used as Ctrl CRISPR. EPHB2-FLAG 632 

overexpression was induced using 1µg/ml tetracycline simultaneously with cell starvation in 633 

DMEM supplemented with 0.5%FBS, 1% penicillin/streptomycin for 12-20h. Prior to cell 634 

stimulation, Fc control (Millipore, #401104), ephrinB1-Fc (R&D, #473-EB) or ephrinB2-Fc (R&D, 635 

#496-EB) were pre-clustered using goat anti-human Fc IgG (Sigma, #I2136) in 4:1 ratio for 636 

30min.  637 

 638 

Affinity purification - mass spectrometry 639 

HeLa EPHB2-FLAG cells cultured in DMEM supplemented with 0.5% FBS and 1µg/ml 640 

tetracycline in 15cm cell culture plates for 20h, were treated with pre-clustered Fc control or 641 

ephrinB2-Fc for 15min. After treatment, cells were washed twice with PBS and lysed using a 642 

lysis buffer (50mM Tris, pH7.4; 150mM NaCl; 1% NP-40) supplemented with protease (Roche, 643 

#11836153001) and phosphatase inhibitors (Roche, #04906837001). The lysates were collected 644 

in 1.5ml Eppendorf tubes and centrifuged at 13,000rpm for 15min at 4°C. Supernatants were 645 

transferred to new tubes with prewashed anti-FLAG agarose beads (Sigma, #A2220) and 646 

incubated on a rotator overnight at 4°C. The following day, beads were washed four times using 647 

50mM Ammonium Bicarbonate. The on-bead proteins were diluted in 2M Urea/50mM 648 

ammonium bicarbonate and on-bead trypsin digestion was performed overnight at 37°C. The 649 

samples were then reduced with 13 mM dithiothreitol at 37°C and, after cooling for 10min, 650 

alkylated with 23 mM iodoacetamide at room temperature for 20min in the dark. The 651 

supernatants were acidified with trifluoroacetic acid and cleaned from residual detergents and 652 
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reagents with MCX cartridges (Waters Oasis MCX 96-well Elution Plate) following the 653 

manufacturer’s instructions. After elution in 10% ammonium hydroxide /90% methanol (v/v), 654 

samples were dried with a Speed-vac, reconstituted under agitation for 15min in 12µL of 655 

2%ACN-1%FA and loaded into a 75μm i.d. × 150 mm Self-Pack C18 column installed in the 656 

Easy-nLC II system (Proxeon Biosystems). Peptides were eluted with a two-slope gradient at a 657 

flowrate of 250nL/min. Solvent B first increased from 2 to 35% in 100min and then from 35 to 658 

80% B in 10min. The HPLC system was coupled to Orbitrap Fusion mass spectrometer (Thermo 659 

Scientific) through a Nanospray Flex Ion Source. Nanospray and S-lens voltages were set to 660 

1.3-1.7 kV and 60 V, respectively. Capillary temperature was set to 225°C. Full scan MS survey 661 

spectra (m/z 360-1560) in profile mode were acquired in the Orbitrap with a resolution of 120,000 662 

with a target value at 3e5. The 25 most intense peptide ions were fragmented in the HCD 663 

collision cell and analyzed in the linear ion trap with a target value at 2e4 and a normalised 664 

collision energy at 29 V. Target ions selected for fragmentation were dynamically excluded for 665 

15 sec after two MS2 events. 666 

 667 

Mass spectrometry data analysis 668 

The peak list files were generated with Proteome Discoverer (version 2.3) using the following 669 

parameters: minimum mass set to 500 Da, maximum mass set to 6000 Da, no grouping of 670 

MS/MS spectra, precursor charge set to auto, and minimum number of fragment ions set to 5. 671 

Protein database searching was performed with Mascot 2.6 (Matrix Science) against the UniProt 672 

Human protein database. The mass tolerances for precursor and fragment ions were set to 10 673 

ppm and 0.6 Da, respectively. Trypsin was used as the enzyme allowing for up to 1 missed 674 

cleavage. Cysteine carbamidomethylation was specified as a fixed modification, and methionine 675 

oxidation as variable modification. Data interpretation was performed using Scaffold (version 4.8) 676 

and further statistical analysis was performed through ProHits integrated with SAINT 677 

(Significance Analysis of INTeractome) (Liu et al., 2010).  678 

 679 

Cell lysis, co-immunoprecipitation and Western blotting 680 

Cells were washed with PBS, lysed with RIPA buffer (50mM Tris, pH 7.4; 150mM NaCl; 1% NP-681 

40; 0.1% SDS) supplemented with protease and phosphatase inhibitors. For co-IP experiments, 682 

cells were lysed with co-IP buffer (50mM Tris, pH 7.4; 150mM NaCl; 0.1% NP-40) with protease 683 

and phosphatase inhibitors. Cell lysates were centrifuged at 13,000 rpm for 20min at 4°C, then 684 

the supernatants were collected, and total protein concentrations were quantified using BCA kit 685 

(Thermo Scientific, #23225). For FLAG co-IP, 500-1000µg of total protein was incubated with 686 

20-40 µl of prewashed anti-FLAG agarose beads (Sigma, #A2220) for 3h at 4°C. After incubation, 687 

the beads were centrifuged at 2,600rpm for 1min at 4℃ and washed three times with the co-IP 688 

buffer. The beads were resuspended in 2xSDS-PAGE loading buffer (5x loading buffer: Tris, 689 

150mM, pH 6.8; SDS, 10%; Glyercol, 30%; b-Mercaptoethanol, 5%; Bromophenol Blue, 0.02%). 690 

For western blotting, proteins were separated on 6-10% SDS-PAGE gels and transferred to 691 

methanol pre-activated PVDF membranes (Millipore, #IPVH00010). For MYCBP2 blots, gels 692 
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were wet transferred overnight at 4oC using 33V. Membranes were incubated in blocking buffer 693 

(TBST: 20mM Tris, pH 7.6; 150mM NaCl; 0.1% Tween 20; 5% skim milk) for 1h at room 694 

temperature, followed by primary antibody incubation (1-2h at room temperature or overnight at 695 

4°C) and corresponding secondary antibody incubation (1h at room temperature). Primary 696 

antibodies were: rabbit polyclonal anti-MYCBP2 (Abcam, #ab86078; RRID:AB_1925230), rabbit 697 

anti-pERK1/2 (Thr202/Tyr204; Cell Signaling Technology, #9101; RRID:AB_331646), rabbit 698 

anti-ERK1/2 (Cell Signaling Technology, #9102; RRID:AB_330744), goat polyclonal anti-EPHB2 699 

(R&D Systems, #AF467; RRID:AB_355375), mouse monoclonal anti-Actin (Sigma-Aldrich, 700 

#A5441; RRID:AB_476744), mouse monoclonal anti-pTyr (PY20; Santa Cruz Biotechnology, 701 

#sc-508; RRID:AB_628122), mouse monoclonal anti-GAPDH (Santa Cruz Biotechnology, #sc-702 

47724; RRID:AB_627678), mouse monoclonal anti-FLAG-HRP (Sigma-Aldrich, #A8592; 703 

RRID:AB_439702), rabbit monoclonal anti-HA (Cell Signaling Technology, #3724; 704 

RRID:AB_1549585), mouse monoclonal anti-MYC (Santa Cruz Biotechnology, #sc-40; 705 

RRID:AB_627268), rabbit polyclonal anti-GFP (Thermo Fisher Scientific, #A-11122; 706 

RRID:AB_221569). Secondary antibodies were: Donkey anti-Goat HRP (Jackson, 705-035-003), 707 

Donkey anti-Mouse HRP (Jackson, 715-035-151), Donkey anti-Rabbit HRP (Jackson, 711-035-708 

152). After three washes with TBST, membranes were incubated with ECL reagent (Cytiva, 709 

RPN2106) for 1min and chemiluminescence signal was acquired using film or Bio-Rad 710 

ChemiDoc Imaging machine. Band intensity was quantified using ImageJ or Bio-Rad Image Lab 711 

software. 712 

 713 

HeLa cell collapse assay 714 

HeLa-EPHB2 CTRLCRISPR and MYCBP2CRISPR cells were seeded on glass coverslips (Electron 715 

Microscopy Sciences, #7223101) in 24 well plates at a density of 20 000 cells/well. After 24 716 

hours, cell media was changed for DMEM supplemented with 0.5% FBS, 1% P/S and 1µg/ml 717 

tetracycline to starve the cells and induce EPHB2 expression for 16-20 hours. Cells were then 718 

stimulated with 1.5µg/ml of pre-clustered Fc control or ephrin-B2-Fc for 15min. Cells were fixed 719 

with 3.2% paraformaldehyde (Lewcock et al.), 6% sucrose in PBS for 12-15min. Nuclei were 720 

stained with DAPI and F-actin with Phalloidin Alexa Fluor 568 conjugate (Thermo Fisher, 721 

#A12380). Images were acquired using Zeiss LSM710 confocal microscope and 20x objective. 722 

Fully rounded cells are scored as collapsed cells. 723 

 724 

 For time lapse imaging experiments, CTRLCRISPR or MYCBP2CRISPR cells were plated on 725 

Poly-D-Lysine coated glass bottom 35mm dishes (MATTEK, #P35GC-1.5-10-C) at a density of 726 

300,000 cells/dish. The next day, cells were transfected with 1.5µg of EPHB2-GFP plasmid for 727 

4-5 h, using lipofectamine 3000 in opti-MEM (ThermoFisher, #31985070), and then media was 728 

changed for DMEM supplemented with 0.5% FBS. The following day, the images were acquired 729 

under Zeiss Spinning Disk Microscope using a 20x objective. During the imaging, the cells were 730 

maintained at 37°C with 5% CO2. Pre-clustered ephrinB2-Fc was added to a final concentration 731 
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of 2µg/mL directly into the dishes at the beginning of each experiment. The images were 732 

acquired every minute for 1h. 733 

 734 

HeLa cell stripe assay 735 

Alternative ephrin-B2-Fc or Fc stripes were prepared using silicon matrices with a micro-well 736 

system (Poliak et al., 2015). HeLa EPHB2 CTRLCRISPR and MYCBP2CRISPR cells, or HeLa EPHB2 737 

cells transiently transfected with GFP-FBD1 wild-type or GFP-FBD1 mutant (GRR/AAA: G2404A, 738 

R2406A, R2408A), were cultured with tetracycline for 20h, trypsinized and plated on stripes (~10 739 

000 cells per carpet); see (Desbois et al., 2018) for specific sequences. The next day, cells were 740 

fixed with paraformaldehyde (3.2% PFA, 6% sucrose in PBS), and stained with DAPI and 741 

Phalloidin Alexa Fluor 488; or DAPI, Rabbit anti-GFP (Thermo Fisher Scientific, # A-11122; 742 

RRID:AB_221569) and Phalloidin Alexa Fluor 647 (Abcam, #ab176759). Images were acquired 743 

using Zeiss LSM710 confocal microscope and 20x objective (three vision fields for each carpet). 744 

A cell was considered to be on an ephrin-B2 stripe when more than 50% of its nucleus was 745 

located on that stripe. 746 

 747 

Ubiquitination assay 748 

HeLa EphB2 CTRLCRISPR and MYCBP2CRISPR cells were seeded in 6-well plates at a density of 749 

0.5 million cells per well. Next day, cells were transfected with 1.2µg HA-Ubiquitin (gift of Gu 750 

Hua) using lipofectamine 3000 (2µl/well) for 4-5h in opti-MEM (ThermoFisher, #31985070), then 751 

media was changed to DMEM with 10%FBS. The following day, EPHB2 expression was induced 752 

using 1µg/ml tetracycline in DMEM with 0.5% FBS for 12h followed by 2µg/ml Fc or eB2-Fc 753 

treatment for 30min. After IP using anti-FLAG beads, precipitates were eluted with 2xSDS 754 

loading buffer, resolved using 8% SDS gel and transferred onto PVDF membranes. Membranes 755 

were blocked in 5% milk following an incubation with anti-HA antibody (Cell Signaling 756 

Technology, #3724) to detect EPHB2 ubiquitination levels. The membrane was then stripped 757 

using mild stripping buffer (1L: 15g glycine, 1g SDS, 10mL Tween 20, pH 2.2) and probed with 758 

anti-FLAG antibody to reveal EPHB2 levels.  759 

 760 

Lysosome and proteasome inhibition 761 

HeLa EPHB2 CTRLCRISPR and MYCBP2CRISPR cells were seed in 6-well plates at a density of 0.5 762 

million cells per well. Next day, EPHB2 overexpression was induced using 1µg/ml tetracycline 763 

in DMEM with 10% FBS for 16h, followed by 26S proteasome inhibitor (MG132, 50 µM, Sigma, 764 

#474790) or lysosome inhibitor treatment (BafilomycinA1, 0.2 µM, Sigma, #B1793; Chloroquine, 765 

50 µM, Tocris, #4109) for 6hr. 766 

 767 

Chick in ovo electroporation 768 

Fertilized eggs (FERME GMS, Saint-Liboire, QC) were incubated in an incubator (Lyon 769 

Technologies, model PRFWD) at 39°C with a humidity level of around 40%-60% according to 770 

standard protocols. At HH stage.15-17, chick embryo spinal neural tubes were electroporated 771 
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with expression constructs (TSS20 Ovodyne electroporator at 30V, 5 pulses, 50ms wide, 772 

1000ms interval). Following electroporation, eggs were sealed with double layer of parafilm 773 

(Pechiney Plastic Packaging Company) and incubated till HH stage 24-26.   774 

 775 

Chick spinal explants stripe assay 776 

Alternative eprhinB2-Fc/Fc stripes were prepared using silicon matrices with a micro-well system 777 

and pre-coated with laminin (Poliak et al., 2015). At HH stage 24-26, chick embryos were 778 

harvested, and the lumbar part neural tubes were dissected with tungsten needles (World 779 

Precision Instruments) in MN medium (20ml motor neuron medium: 19.2ml Neurobasal medium, 780 

400µl B27 supplement, 200µl 50mM L-glutamic acid, 200µl 100xP/S antibiotics,73mg L-781 

glutamine). The lumbar neural tube was then cut into around 20 explants which were plated on 782 

stripes (a 1cmx1cm square covers the whole stripe area). After overnight incubation, the 783 

explants were fixed with 4% PFA for 12 minutes at 37°C, washed once with PBS, and incubated 784 

with blocking buffer, primary antibodies, and secondary antibodies. After three PBS washes, the 785 

samples were mounted and neurites extending from explants were imaged using LSM710. The 786 

fraction of GFP signal on ephrin-B2 stripes was calculated by measuring the total length of GFP-787 

expressing neurites found on ephrin-B2 stripes divided by the total length of GFP-expressing 788 

neurites found on either stripe. The number of explants with significant outgrowth varied between 789 

one and five per stripe. 790 

 791 

Dissociated mouse hippocampal neuron culture and electroporation 792 

Primary hippocampal neurons were cultured from wild-type C57BL/6 mice at embryonic day 16–793 

18 (E16-18). The hippocampi were dissected out and collected in 4.5ml dissection buffer 794 

(calcium- and magnesium-free Hank’s BSS: 500 ml distilled water (Gibco, #15230162), 56.8 ml 795 

10xHBSS (Gibco, #14185052), 5.68ml 1M HEPES (Gibco, #15630080), 2.84ml HyClone 796 

(Thermo Scientific, #SV30010)). Hippocampi were added with 0.5ml 2.5%Tyrpsin and incubated 797 

at 37°C for 13-15min. After 5 times of thorough wash with dissection buffer, hippocampal 798 

neurons were dissociated in 0.8ml DMEM (Gibco, #11965118) with 10% FBS (Wisent 799 

Bioproducts, 080-150) by pipetting 10 times up and down. Then cell numbers were counted and 800 

desired number of neurons were directed for electroporation. After spin down at 2,000 rpm for 801 

2min, dissociated hippocampal neurons (1x106/condition) were resuspended with 100µl 802 

homemade nucleofection solution, mixed with 5ug of DNA, and transferred into the aluminum 803 

cuvettes (AMAXA/Lonza). Electroporation was achieved by Nucleofector I (AMAXA/Lonza) 804 

using program O-05 (Mouse CNS neurons). 1ml Plating Medium (PM; 500ml MEM (Sigma, 805 

#M4655), 17.5ml 20% Glucose (Sigma, #G8270), 5.8ml 100mM pyruvate (Sigma, #P2256), 806 

58ml heat-inactivated horse serum (Thermo Scientific, #26050088)) was added to the cuvettes 807 

immediately, and desired number of neurons were plated on 1mg/ml Poly-L-Lysine (Sigma, 808 

#P2636) coated coverslips in 12-well plate. At 1 day in vitro (DIV1), medium was replaced with 809 

Neuron growth and maintenance medium (NBG; 500ml Neurobasal medium (Gibco, 810 
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#21103049), 10ml SM1 neuronal supplement (Stemcell, #05711), and 1.25ml GlutaMAX-I 811 

(Gibco, #35050)). 812 

 813 

Hippocampal neuron growth cone collapse assay 814 

Electroporated hippocampal neurons were cultured on glass coverslips (18 mm, 100 thousand 815 

neurons/well in a 12-well plate). At DIV2, the neurons were treated with pre-clustered ephrinB1-816 

Fc or Fc control in NBG medium at a final concentration of 2µg/ml for 60min at 37°C. After 817 

treatment, neurons were fixed with paraformaldehyde (3.2% PFA,6% sucrose in PBS) for 12min, 818 

followed by two PBS washes, and blocked with Blocking Buffer (PBS, 0.15% TritonX-100, 2% 819 

FBS) for 60min at room temperature. Neurons were then incubated with rabbit anti-GFP antibody 820 

(1:5000, Thermo Fisher Scientific, #A11122; RRID:AB_221569) in Blocking Buffer for 90min at 821 

room temperature. Followed by three PBS washes, neurons were incubated with DAPI, donkey 822 

anti-rabbit IgG Alexa Fluor 488 conjugate (1:1000, Jacksonimmuno, #711545152) and Phalloidin 823 

Alexa Fluor 568 conjugate (1:300, Invitrogen, #A12380) in Blocking Buffer for 60min. Neurons 824 

on coverslips were then washed and mounted on microscope slides (Fisherbrand, #1255015). 825 

Collapsed growth cones were scored using followed criteria.  826 

 827 

Collapsed hippocampal neuron growth cone quantification  828 

Neuron selection: only neurons with moderate GFP staining (neurons with strong GFP signalling 829 

were excluded) and only neurons with more than three branches were scored. Branch selection: 830 

branches shorter than the diameter of the neuron cell body were excluded; branches 831 

intermingling with others were excluded. Collapsed growth cone: growth cones of a fan shape 832 

are scored as full, growth cones with a width smaller than that of the branches are scored as 833 

collapsed, and growth cones’ size in between are scored as “hard to tell”. The collapse rate was 834 

calculated using collapse growth cone numbers divided by the total growth cone numbers.  835 

 836 

Microscopy and imaging 837 

HeLa cell collapse assay images were acquired using Leica DM6 or Zeiss LSM710 confocal 838 

microscopy. Stripe assay and growth cone collapse assay images were acquired with a Zeiss 839 

LSM710 or LSM700 confocal microscope. 840 

 841 

Quantification and statistical analysis 842 

All cell counts, collapsed/uncollapsed visualization and explant neurite length measurements 843 

were performed with ImageJ 2.9.0 (Schindelin et al., 2012).  All numbers are illustrated in figure 844 

legends. In western blotting, each n represents one independent experiment; in neuron growth 845 

cone collapse assay, each n represents one independent experiment with neurons pooled from 846 

multiple embryos. All data statistical analyses were performed using GraphPad Prism 9.1.1. Test 847 

methods and p values were described in figure legends, with p value 0.05 as a significance 848 

threshold. 849 

 850 
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Data Availability 851 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 852 

Consortium via the PRIDE partner repository (Perez-Riverol et al., 2019) with the dataset 853 

identifier PXD041786 and 10.6019/PXD041786. 854 

 855 

C. elegans genetics and strains 856 

C. elegans N2 isolate was used for all experiments. Animals were maintained using standard 857 

procedures. The following mutant alleles were used: vab-1(dx31) II, fsn-1(gk429) III, rpm-1(ju44) 858 

V, glo-4(ok623) V. All mutant alleles are likely genetic or protein nulls. The integrated transgenes 859 

used to evaluate axon termination were muIs32 [Pmec-7GFP] II and zdIs5 [Pmec-4GFP] I. For 860 

genetic analysis the animals were grown at 23 ̊C. 861 

 862 

Transgenic extrachromosomal arrays were generated using standard microinjection 863 

procedures for C. elegans. vab-1 minigene (pCZ47) was injected at either 25 ng/µL or 50 ng/µL, 864 

and co-injection markers used for transgene selection were either neomycin resistance (pBG-865 

264) or Pttx-3::RFP (pBG-41). pBluescript (pBG-49) was used to reach a final concentration of 866 

100 ng/µl in all injection mixes. pCZ47 was a gift from Andrew Chisholm (Addgene plasmid # 867 

128414 ; RRID:Addgene_128414) 868 

C. elegans axon termination analysis and imaging 869 

Axon termination defects were defined as PLM axons that extended beyond the normal 870 

termination point adjacent to the ALM cell body. Two different failed termination phenotypes 871 

were scored: axon overextension (moderate phenotype) where the PLM axon grew beyond ALM 872 

cell body, axons that overextend and form a ventral hook (severe phenotype). To quantify axon 873 

termination defects, 20-30 young adult animals were anesthetized (10 μM levamisole in M9 874 

buffer) on a 2% agar pad on glass slides and visualized with a Leica DM5000 B (CTR5000) 875 

epifluorescent microscope (40x oil-immersion objective). For image acquisition, young adult 876 

animals were mounted on a 3% agarose pad and a Zeiss LSM 710 (40x oil-immersion objective) 877 

was used to generate z stacks. 878 

 879 

For statistical analysis of axon termination defects, comparisons were done using a 880 

Student’s t-test with Bonferroni correction for multiple comparisons on GraphPad Prism software. 881 

Error bars represent standard error of the mean (SEM). Significance was defined as p < 0.05 882 

after Bonferroni correction. Bar graphs represent averages from 5 to 10 counts (20–30 883 

animals/count) obtained from five or more independent experiments for each genotype. For 884 

transgenic rescue experiments, data shown in Figure 8B was obtained from two, independently 885 

derived transgenic extrachromosomal arrays. 886 

 887 
888 
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Figures and figure legends 889 

 890 
Figure 1. MS-proteomics and biochemistry in HeLa cells identifies MYCBP2 as EPHB2 binding 891 
protein.  892 
A) Schematic of EPHB2 affinity purification coupled to mass spectrometry (AP-MS) workflow. B) Scatter 893 
plot of AP-MS data showing known and putative EPHB2 binding proteins, including MYCBP2. Y axis and 894 
X axes represent the average spectral counts of the identified protein hits in the EPHB2 protein 895 
complexes from cells stimulated with Fc control or ephrin-B2 (eB2-Fc), respectively. C) In HEK 293T cells, 896 
endogenous MYCBP2 is pulled down by transiently overexpressed EPHB2-FLAG but not by EPHA3-897 
FLAG. D) In EPHB2-FLAG stable HeLa cell line, ephrin-B stimulation reduces the interaction between 898 
MYCBP2 and EPHB2. E) Quantification of MYCBP2-EPHB2 association intensity after Fc, ephrin-B1 899 
(eB2-Fc) or ephrin-B2 (eB2-Fc) treatment (eB1-Fc, p=0.1365; eB2-Fc, p=0.0002; one-sample t-test). 900 
EPHB2-MYCBP2 interaction reduction evoked by eB1-Fc is not statistically significant, probably because 901 
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of high experimental variability which could be biologically significant. Error bars represent standard 902 
deviation (SD). F) Representative image of MYCBP2 pull down with anti-EPHB2 or IgG control antibodies 903 
from rat cortical neurons. Asterisk indicates MYCBP2. G) Representative images from western blot 904 
analysis of endogenous MYCBP2 following IP of GFP-EPHB2 wild-type (WT) or its kinase dead (KD) 905 
counterpart. 906 
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Figure 2. Mapping binding regions for EPHB2-MYCBP2 reveals role of FBXO45 in this interaction.  908 

A) Co-IP of EPHB2-FLAG with MYC-FBXO45 using transfected HEK293 cells. EPHB2 co-precipitates 909 
FBXO45, but EPHA3 does not. Asterisk indicates MYC-FBXO45. B) In HEK 293T cells, FBXO45 910 
overexpression enhances EPHB2-MYCBP2 binding. Asterisk indicates MYC-FBXO45. C) Quantification 911 
of the association intensity of MYCBP2 and EPHB2 upon FBXO45 overexpression (EPHB2, p=0.0068; 912 
EPHB2 vs EPHA3, p=0.0005; one sample t-test). Error bars represent SD. D) Schematic representation 913 
of MYCBP2 N-terminal, Central and C-terminal fragments. E) Co-IP of EPHB2-FLAG with GFP-MYCBP2 914 
fragments in HEK 293T cells. EPHB2 coprecipitates with MYCBP2 central fragment. Asterisks indicate 915 
GFP-MYCBP2 fragments. F) Schematic of chimeric domain swapping of EPHB2 (orange) and EPHA3 916 
(grey). G) Co-IP of MYC-FBXO45 and endogenous MYCBP2 with EPHB2/EPHA3 domain swapped 917 
chimeras. H) Schematic representation of EPHB2 ΔECD (extracellular domain, aa deletions of 19-530) 918 
and ΔICD (intracellular domain, aa deletions of 590-986) truncations. I) Co-IP of endogenous MYCBP2 919 
with EPHA3, EPHB2 and EPHB2 truncation mutants. ECD, extracellular domain; TM, transmembrane; 920 
JM, juxtamembrane; SAM, Sterile alpha motif; PBM, PDZ (PSD-95, Dlg1, Zo-1) binding motif. 921 
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 923 
Figure 3. MYCBP2 CRISPR HeLa cells exhibit reduced ephrin-B2 evoked cell retraction and 924 
ephrin-B2 stripe avoidance.  925 

A) Schematic of generation of stable CTRLCRISPR or MYCBP2CRISPR HeLa EPHB2-FLAG cells. Note that 926 
these are not clonal cell lines. B) MYCBP2 is reduced in HeLa MYCBP2CRISPR cells generated by sgRNA 927 
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targeting MYCBP2 exon 6. C) Representative images of cell collapse assays using CTRLCRISPR or 928 
MYCBP2CRISPR HeLa cells that were stimulated with ephrin-B2. Red arrows indicate rounded/collapsed 929 
cells. D) Quantification of collapsed cells. Statistical significance between CTRLCRISPR and MYCBP2CRISPR 930 
cells was determined using two-way ANOVA followed by Sidak's multiple comparison test (CTRLCRISPR 931 
vs MYCBP2 CRISPR: Fc, p=0.9903; eB2-Fc, p<0.0001. Fc vs eB2-Fc: CTRLCRISPR, p<0.0001; MYCBP2 932 
CRISPR, p=0.0003). E) Representative time-lapse sequences of CTRLCRISPR and MYCBP2CRISPR HeLa cells 933 
after ephrin-B2 treatment. F) Quantification of cell area reduction after 60 min exposure to ephrin-B2. Cell 934 
area contraction ratio: CTRLCRISPR, 27.1%; MYCBP2CRISPR, 18.8%. p=0.0268, two-tailed unpaired t test. 935 
Data points corresponding to cells in representative images in panel E are in blue.  G) Ephrin-B2 stripe 936 
assays using CTRLCRISPR or MYCBP2CRISPR HeLa cells. Cells are visualized with Phalloidin 488 staining 937 
and nuclei are stained with DAPI (black, Fc stripes; red, ephrin-B2 stripes). H) Quantification of cells 938 
present on ephrin-B2 stripes (%). Statistical significance was determined using two-tailed unpaired t-test 939 
(p=0.0109). Error bars represent SD. 940 
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Figure 4. MYCBP2 loss-of-function increases EPHB2 protein turnover in HeLa cells.  943 

A) Induced EPHB2-FLAG expression is reduced in MYCBP2CRISPR HeLa cells. B) Western blotting for 944 
transfected EPHB2-FLAG in CTRLCRISPR and MYCBP2CRISPR cells. C) Quantification of transfected 945 
EPHB2-FLAG levels (p=0.0046, one-sample t-test). D) Representative western blot of EPHB2-FLAG in 946 
CTRLCRISPR and MYCBP2CRISPR cells treated with DMSO or cycloheximide for 4h and 8h. E) Quantification 947 
of EPHB2-FLAG turnover with cycloheximide (CTRLCRISPR vs. MYCBP2CRISPR at 8h eB2-Fc stimulation, 948 
p= 0.0474, two-way ANOVA followed by Tukey's multiple comparison test). F) Western blot showing 949 
EPHB2-FLAG degradation when cells are challenged with ephrin-B2 (1µg/ml) for different periods of time. 950 
G) Quantification of ephrin-B2-evoked EPHB2 degradation (ns, not significant; two-way ANOVA followed 951 
by Tukey's multiple comparison test). Although not significant, there is an apparent trend towards lower 952 
EPHB2 levels in MYCBP2CRISPR cells, which could become significant with additional replicates. H) 953 
Western blot of EPHB2 ubiquitination in CTRLCRISPR and MYCBP2CRISPR cells. I) Quantification of 954 
ubiquitinated EPHB2. CTRLCRISPR cells stimulated with Fc vs. eB2-Fc, p= 0.1349 (One sample t-test); 955 
MYCBP2CRISPR cells stimulated with Fc vs. EB2-Fc, p= 0.0195 (Unpaired two-tailed t-test). J) After 956 
tetracycline induction of EPHB2-FLAG expression for 16hrs, CTRLCRISPR and MYCBP2CRISPR HeLa cells 957 
were treated with DMSO (1:500) or inhibitors of the proteasome (MG132 50µM) or lysosome (BafA1 958 
0.2µM; CoQ 50µM) for 6 hours, and EPHB2 levels were analysed by western blotting. K) Quantification 959 
of EPHB2 levels following treatment with proteasome or lysosome inhibitors. Statistical significance for 960 
the comparison between CTRLCRISPR cells treated with DMSO or inhibitors was determined by one-961 
sample t-test (MG132, p=0.0598; BafA1, p=0.0200; CoQ, p=0.3632), whereas statistical significance for 962 
the comparison between MYCBP2CRISPR cells treated with DMSO and individual inhibitors was 963 
determined by two-tailed paired t-test (MG132, p=0.8893; BafA1, p=0.0361; CoQ, p=0.0835). L) GFP-964 
EPHB1 and HA-EPHB3 transfected into CTRLCRISPR and MYCBP2CRISPR HeLa cells and detected by 965 
Western blot. M) Quantification of GFP-EPHB1 and HA-EPHB3 levels (EPHB1, p=0.0588; EPHB3, 966 
p=0.4253; one-sample t-test). N) FLAG-EPHA3 transfected into CTRLCRISPR and MYCBP2CRISPR HeLa 967 
cells and detected by WB. O) Quantification of FLAG-EPHA3 (p=0.5369, one-sample t-test). Error bars 968 
represent SD. 969 
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 971 
Figure 5. MYCBP2 depletion impairs EPHB2 phosphorylation and ERK1/2 activation in HeLa cells.  972 

A) Representative western blot for pERK1/2 and pTyr-EPHB2 detected in CTRLCRISPR and MYCBP2CRISPR 973 
cells treated with ephrin-B2 (eB2-Fc) for different periods (n=6). Membranes were striped and reblotted 974 
with anti-ERK1/2, anti-EPHB2, anti-GAPDH and anti-MYCBP2 antibodies as controls. B) Quantification 975 
of EPHB2 tyrosine phosphorylation in CTRLCRISPR cells evoked by ephrin-B2 treatment (15 min, p=0.1363; 976 
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30 min, p=0.2056; 1h, p=0.0342; 2h, p=0.0234; 4h, p=0.0068; 8h, p= 0.0231; one-sample t-test). C) 977 
Quantification of EPHB2 tyrosine phosphorylation in CTRLCRISPR and MYCBP2CRISPR HeLa cells 978 
(unstimulated, p=0.5589, one-sample t-test; stimulated for 15 min, p=0.7463; 30 min, p=0.5520; 1h, 979 
p=0.1920; 2h, p=0.2009; 4h, p=0.1550; 8h, p=0.0331; two-tailed unpaired t-test). D) Quantification of 980 
pERK1/2 in CTRLCRISPR and MYCBP2CRISPR HeLa cells (0 min, p=0.0168, one-sample t-test; 15 min, 981 
p=0.6695; 30 min, p= 0.6649; 1h, p= 0.1776; 2h, p= 0.1479; 4h, p= 0.0494; 8h, p= 0.0078; two-tailed 982 
unpaired t-test). E) Quantification of EPHB2 in CTRLCRISPR and MYCBP2CRISPR HeLa (0 min, p=0.4604, 983 
one-sample t-test; 15 min, p=0.2222; 30 min, p=0.1376; 1h, p=0.0651; 2h, p=0.0736; 4h, p=0.2451; 8h, 984 
p=0.0437, two-tailed unpaired t-test). F) Quantification of ephrin-B2-evoked EPHB2 tyrosine 985 
phosphorylation levels relative to total EPHB2 protein levels (0 min, p=0.7058, one-sample t-test; 15 min, 986 
p=0.2464; 30 min, p=0.7835; 1h, p=0.9164; 2h, p=0.7196; 4h, p=0.8625; 8h, p=0.5750, two-tailed 987 
unpaired t-test). G) Quantification of ephrin-B2-evoked pERK1/2 relative to EPHB2 total protein levels (0 988 
min, p=0.3308, one-sample t-test; 15 min, p=0.3856; 30 min, p=0.0624; 1h, p=0.2683; 2h, p=0.1284; 4h, 989 
p=0.7998; 8h, p=0.7790, two-tailed unpaired t-test. Error bars represent SD. 990 
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 992 
Figure 6. Exogenous FBD1 fragment of MYCBP2 disrupts EPHB2-MYCBP2 binding and impairs 993 
EPHB2 function in HeLa cells.  994 

A) Schematic illustrating competition of exogenous MYCBP2-FBD1 fragment that disrupts MYCBP2-995 
FBXO45 binding and leads to MYCBP2 reduction in EPHB2 complexes. B) Exogenous FBD1 WT 996 
overexpression leads to reduced EPHB2-MYCBP2 binding in HEK293 cells despite co-expression of 997 
FBXO45. C) FBD1 overexpression also disrupts EPHB2-MYCBP2 binding in the absence of FBXO45 998 
overexpression. D) Representative images of ephrin-B2 stripe assays using HeLa cells expressing GFP-999 
FBD1 mut or GFP-FBD1 WT. E) Quantification of cells present on eB2 stripes (p=0.0107, two-tailed 1000 
unpaired t-test). Error bars represent SD. 1001 
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 1002 
Figure 7. Exogenous FBD1 overexpression impairs EPH receptor functions in chick spinal cord 1003 
explants and mouse hippocampal neurons.  1004 

A) Representative images of ephrin-B2 stripe assays with chick embryonic spinal cord explants 1005 
overexpressing GFP-FBD1 mut (negative control) or GFP-FBD1 WT. Images with inverted GFP signal in 1006 
dark pixels on Fc / eB2 (pink) stripes are placed beside the original images. B) Quantification of GFP-1007 
positive neurites present on ephrin-B2 stripes (GFP-FBD1 mut vs. GFP-FBD1 WT, p=0.0410, two-tailed 1008 
unpaired t-test). C) Representative images of DIV2 mouse hippocampal neurons overexpressing GFP-1009 
FBD1 mut or GFP-FBD1 WT and challenged with Fc control or ephrin-B1 (eB1-Fc). D) Quantification of 1010 
growth cone collapse rate for hippocampal neurites. GFP-FBD1 mut: Fc vs. eB1-Fc, p=0.0006; GFP-1011 
FBD1 WT: Fc vs. eB1-Fc p=0.1341. Two-way ANOVA followed by Sidak’s multiple comparisons test. 1012 
Error bars represent SD. 1013 
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Figure 8. C. elegans VAB-1 ephrin receptor interacts genetically with known RPM-1/MYCBP2 1016 
binding proteins FSN-1/FBXO45 and GLO-4/SERGEF.   1017 

A) A schematic showing the known RPM-1/MYCBP2 binding proteins GLO-4/SERGEF and FSN-1018 
1/FBXO45. GLO-4 functions independent of RPM-1 ubiquitin ligase. FSN-1 is the F-box protein that forms 1019 
a ubiquitin ligase complex with RPM-1. Adapted from Grill et al., 2016. B) Schematic representation of 1020 
axon morphology and axon termination site for PLM mechanosensory neurons and representative 1021 
images of failed axon termination defects observed in PLM neurons for indicated genotypes. Axon 1022 
termination visualized using muIs32 (Pmec-7::GFP), which expresses GFP in the PLM and ALM 1023 
mechanosensory neurons. Examples of moderate severity overextension defects (arrowhead) observed 1024 
in vab-1/EphR and glo-4/SERGEF single mutants. Example of severe overextension (hook) defects 1025 
(arrow) observed in vab-1; glo-4 double mutants. C) Quantitation of axon termination defects for indicated 1026 
genotypes using muIs32. vab-1; glo-4 double mutants show enhanced frequency of both hook (black) 1027 
and overextension (grey) failed termination defects. Overextension defects are significantly reduced by 1028 
transgenic expression of VAB-1. D) Quantitation of axon termination defects for indicated genotypes. 1029 
vab-1; fsn-1 double mutants show enhanced termination defects. E) Quantitation of axon termination 1030 
defects for indicated genotypes using muIs32. Axon termination defects are not suppressed in vab-1; 1031 
rpm-1 double mutants compared to rpm-1 single mutants. F) zdIs5 (Pmec-4::GFP) was used to quantify 1032 
axon termination defects for indicated genotypes. vab-1; fsn-1 double mutants show enhanced frequency 1033 
of overextension defects (grey). Frequency and severity of axon termination defects is not significantly 1034 
different between vab-1; rpm-1 double mutants and rpm-1 single mutants. n is defined as a single count 1035 
of 20-30 animals. Means are shown from 8 to 10 counts (20-30 animals per count) for each genotype, 1036 
and error bars represent SEM. Significance determined using Student’s t-test with Bonferroni correction 1037 
for multiple comparisons. ** p < 0.01; *** p < 0.001; n.s, not significant. Scale bar is 20 μm. 1038 
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