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Abstract

In the developing nervous system, the axons of newly generated neurons extend toward destination targets
following an exquisitely designed program. Axon guidance molecules are critical for neuronal pathfinding
because they regulate both directionality and growth pace. However, little is known about the molecular
mechanism that coordinates proper axonal extension and turning. Here, we show that Metastasis Suppressor 1
(Mtss1), a membrane protrusion protein, was a molecular facilitator ensuring axonal extension while sensitizing
axons to Semaphorin 3E (Sema3E)-Plexin-D1 repulsive guidance cue. We demonstrate that Sema3E-Plexin-D1
signaling regulated Mtssl expression in projecting striatonigral neurons. Mtssl in turn induced Plexin-D1
localization to the growth cone where it signaled a repulsive cue to Sema3E. Moreover, Mtss1 was important for
neurite extension independent of Sema3E. Ablation of Mtss1 expression reduced growth cone collapse and neurite
extension in cultured neurons. Mtss/-knockout mice exhibited fewer striatonigral projections and irregular axonal
routes, and these defects were recapitulated in Plxnd-knockout mice. These findings demonstrate that repulsive
axon guidance signaling activates an autoregulatory program to coordinate both axonal extension and steering

during neuronal pathfinding.
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Introduction

In the developing nervous system, axons of newly generated neurons extend toward the destination targets and
make connections to establish a functional circuit following an exquisitely designed program. In this long-range
pathfinding process, axons encounter attractive and repulsiv3e signals from guidance molecules, and diverse
combinations of ligand-receptor pairs communicate signals to a neuron from the environment (Kolodkin and
Tessier-Lavigne, 2011; Tessier-Lavigne and Goodman, 1996). In addition to the conventional guidance mode,
which has been established, recent studies have demonstrated signaling complexity through different mechanistic
layers, such as crosstalk between guidance molecules (Dupin et al., 2015; Poliak et al., 2015), guidance switching
between different holoreceptor complexes (Bellon et al., 2010) or guidance tuning by intrinsic regulators (Bai et
al., 2011; Bonanomi et al., 2019). In general, the specific cognate guidance receptors that sense extracellular
signals are mostly localized in growth cones, a specialized structure at the fore of a growing axon, and these
receptors convey intracellular signaling cues within neurons (Dent et al., 2011; Franze, 2020). Therefore, proper
signaling from guidance molecules in the growth cone surface is critical as axons travel to their destination.
Because the axonal destination can be as far as a meter or more away from the soma, various transport systems
consisting of specific adaptors and motor proteins transport guidance proteins to axon terminals and are thus
critical for axonal movement (Dent et al., 2011; Winckler and Mellman, 2010). However, how individual guidance
molecules are correctly delivered to growth cones and can accommodate the axonal growth pace is unclear, and

the molecular machinery critical for the specific transportation of guidance molecules is unknown.

Growth cones are highly dynamic and motile cellular structures and facilitate axon growth and steering through
activated receptors that alter cytoskeletal actin and microtubule assembly (Lowery and Vactor, 2009; Vitriol and
Zheng, 2012). Therefore, guidance receptors undoubtedly need to be localized to these protrusive structures to
control actin dynamics. Since actin filament assembly is mainly accompanied by membrane remodeling, a group
of cytoskeletal scaffold proteins linking actin to the cell membrane must be activated (Vitriol and Zheng, 2012).
One such protein group consists of Bin/Amphiphysin/Rvs (BAR) domain proteins, which have been implicated
in many actin-associated membrane functions, such as cell motility, endocytosis, and organelle trafficking (Chen
et al., 2013). Among these proteins, metastasis suppressor 1 (Mtssl, also called missing in metastasis), one of a

few inverse BAR (I-BAR) domain subfamily proteins, is noticeable due to the capability of forming cellular
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protrusions by promoting inverse membrane curvature (Machesky and Johnston, 2007). Because of its unique
ability to connect the plasma membrane inner leaflet with actin, the role of Mtssl has been characterized in
promoting spine protrusions as well as neuronal dendrite growth (Galbraith et al., 2018; Saarikangas et al., 2015;

Yu et al., 2016).

Semaphorin 3E, class-3 secreted semaphorin family protein, conveys guidance signals by directly binding with
the Plexin-D1 receptor in both the nervous and vascular systems (Gu et al., 2005; Oh and Gu, 2013a). The
Sema3E-Plexin-D1 pair mainly transmits a repulsive guidance cue via local cytoskeletal changes, thereby
inhibiting axonal overgrowth and/or ectopic synapse formation in the central nervous system (Chauvet et al., 2007;
Ding et al., 2012; Fukuhara et al., 2013; Mata et al., 2018; Pecho-Vrieseling et al., 2009). Previous studies have
demonstrated that Sema3E-Plexin-D1 signaling is involved in dendritic synapse formation as well as traditional
axon projection in basal ganglia circuitry, which is essential for diverse behavioral and cognitive functions in the
brain (Ding et al., 2012; Ehrman et al., 2013). Notably, Plexin-D1 is expressed only in direct-pathway medium
spiny neurons (MSN) projecting to the substantia nigra pars reticulata (SNr), one of two distinct types of MSNs
in the striatum(Ding et al., 2012). Plexin-D1-positive striatonigral axons that travel through the corridor between
the globus pallidus (GP) and reticular thalamic nucleus (rTh)/zona incerta (ZI), in which Sema3E molecules reside
and emit repulsive signals to direct proper pathway formation toward the SNr (Chauvet et al., 2007; Ehrman et
al., 2013). However, how the striatonigral pathway coordinates axonal growth and steering during pathfinding

remains largely unknown.

In this study, we investigated the molecular mechanism of the repulsive Sema3E-Plexin-D1 guidance signaling
pair in striatonigral-projecting neurons during mouse basal ganglia circuit development. We found that Sema3E-
Plexin-D1 signaling coordinates axonal extension and diversion by enhancing the action of the facilitator protein
Mtss1, during active striatonigral projection progression. In the context of the important and intricate networks in
the brain, this study provides evidence showing that autoregulatory gene expression regulated by guidance

signaling leads to the correct neuronal trajectory to the destination.
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83 Results
84 Sema3E-Plexin-D1 signaling regulates Mtss1 expression in the developing striatum
85 The majority of striatal neurons are MSNs, and the number of MSNs are equally divided into direct- and indirect-
86 pathways (Surmeier et al., 2007). In a previous study, we found that Plxndl is selectively expressed in direct-
87 pathway MSNss (also called striatonigral neurons) projecting directly to the substantia nigra, with more than 45%
88 of striatal neurons identified as Plexin-D1-positive neurons (Ding et al., 2012). Because of the relative abundance
89 of Plexin-D1-positive neurons, we explored the potential downstream genes modulated by Sema3E-Plexin-D1
90 signaling. Specifically, we performed bulk RNA sequencing (RNA-seq) with striatal tissues at P5, when Plxnd!
91 expression is high in the striatum, and compared the results obtained with control (Pind”f) and conditional
92 neuronal Plxndl-knockout (Nes-Cre,; Plxnd”’) mice (Figure 1A). Plxnd] mRNA ablation in striatal tissues was
93 validated in pan-neuronal PlxndI-knockout (Nestin-Cre) mice (Figures S1A and S1B).
94 We also performed gene expression profile analysis, and the principal component analysis (PCA) plot showed
95 that Plxndl knockout accounted for the largest variance, and the results obtained in biological replicates showed
96 high reproducibility (Figure S1C). Application of a conservative DEseq approach to RNA-seq data analysis
97 confirmed 2,360 differentially expressed transcripts (Figure S1D). A Gene Ontology (GO) analysis was then
98  performed, and biological connections between upregulated (1,240 transcripts) and downregulated (1,120
99 transcripts) differentially expressed genes (DEGs) in Plxnd-knockout mice, compared to the expression of these
100 genes in wild-type (control) mice, were identified (Figure S1E). Clustering of the downregulated DEGs in Plxndi-
101 knockout mice enabled their classification into several categories that were associated with axon guidance,
102 regulation of dendritic spine morphology, and neuronal projection. Volcano plots present the statistical
103 significance of differential transcript expression with respective fold change (P <0.05, absolute log2 fold change
104 (log2 FC) > 1) compared to the expression observed in the control group (Figure 1B).
105 Among the downregulated genes, Mtssi expression was particularly noticeable due to its high relevance to actin
106 cytoskeletal rearrangement (Galbraith et al., 2018; Lin et al., 2005; Saarikangas et al., 2015). Mtss/ gene
107 expression was verified by qRT-PCR performed with Plxndi-knockout cells (Figures SI1F and S1G). The Mtssl
108 protein level was also markedly decreased in the knockout mice on P5 (Figures 1C and 1D). We also analyzed
109 Mtssl expression in Sema3e-knockout striatum samples obtained on P5 and found that its expression was

110 decreased, but less dramatically than it was in Plxndl-knockout striatum samples (Figures 1E and 1F). These
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111 results suggested that Sema3E-Plexin-D1 signaling activation can increase Mtss1 expression at the transcriptional
112 level in striatal neurons during development.

113

114 Sema3E-Plexin-D1 signaling directly regulates Mtss1 expression in striatonigral-projecting neurons in a
115  cell-autonomous manner

116 Next, we analyzed the expression profiles of Plexin-D1 and Mtss! from the development stage to the adult stage.
117 Both Plexin-D1 and Mtss1 were expressed in the embryonic striatum, and their expression was highly elevated in
118 the perinatal stage. Interestingly, Mtss1 expression was maintained at a relatively high level from E18.5 to P5 and
119 then sharply declined and disappeared in the adult striatum, and although Plexin-D1 showed a similar expression
120 pattern, its expression was maintained at a low level in the adult striatum (Figure 1G). To determine whether this
121 Mtss1 expression is specific to Plexin-D1-positive neurons, we performed immunostaining with Drd1a-tdT mice,
122 in which direct-pathway MSNs fluoresced red (Ade et al., 2011). As shown in Figure 1H, Mtss] expression
123 significantly overlapped with Drd1a-tdT striatal neurons (Figure S2), and its expression was reduced in Plxnd!-
124 knockout mice, suggesting that Plexin-D1 signaling mediates Mtss1 expression in striatonigral projecting MSNs.
125  Although Mtssl was expressed at a low level regardless of Plexin-D1 presence on E16.5, it seemed to be under
126 the control of Plexin-D1 signaling in the developing striatum from the last gestation period to the early postnatal
127 period (Figures 11 and 1J). Furthermore, activating the Plexin-D1 receptor, the Sema3E ligand was predominantly
128 expressed in the thalamus and released into the striatum, probably during thalamostriatal projection on E16.5, as
129  had been observed in the early postnatal stage in a previous study (Figure S3) (Ding et al., 2012).

130  To determine whether Plexin-D1-driven Mtss1 expression is autonomously expressed in cells, we compared the
131 Mtssl level in cultured striatal neurons isolated from wild-type and PlxndI-null mice. In the wild-type neurons,
132 both Plexin-D1 and Mtssl expression levels were low on day 3 in vitro (DIV3) and then had increased
133 significantly by DIV6. In contrast, Plxndl-knockout neurons failed to elevate Mtssl expression by DIV6,
134 suggesting that Mtss1 expression was induced in a cell-autonomous manner, not by indirect systemic changes at
135 the circuitry level in vivo (Figures 1K and 1L).

136

137 The Mtss1 I-BAR domain binds to Plexin-D1, and this interaction is Sema3E-independent

138 Both Plexin-D1 and Mtssl are localized on the cell membrane and regulate actin cytoskeletal rearrangement;


https://doi.org/10.1101/2022.05.03.490499
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.03.490499; this version posted May 4, 2022. 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.

139 hence, we speculated that Plexin-D1 and Mtss1 may interact with each other to induce actin-related cellular events.
140 To test whether Plexin-D1 and Mtss1 can physically interact, we generated multiple deletion constructs of human
141 Plexin-D1 and Mtss1 (Figure 2A). When we overexpressed full-length Plexin-D1 and Mtss1 together in HEK293T
142 cells, both proteins were successfully pulled down together (Figure 2B). However, Plexin-D1 with the intracellular
143 domain (ICD) deleted failed to bind Mtss|, indicating direct intracellular Plexin-D1 and Mtss1 interaction (Figure
144 2C). When we overexpressed full-length Plexin-D1 and each Mtssl deletion construct, every Mtssl construct
145 containing the I-BAR domain coprecipitated with Plexin-D1, but I-BAR-deficient Mtss1 failed to interact with
146 Plexin-D1 (Figure 2D). In a previous study, Plexin-D1 was found to form a complex with SH3-domain binding
147 protein 1 (SH3BP1), another BAR-domain family protein, and Sema3E binding to Plexin-D1 caused SH3BP1
148 release from the complex (Tata et al., 2014). Therefore, we examined whether Sema3E binding influences Mtss1
149 dissociation from Plexin-D1. In contrast to the effect on SH3BP1, Sema3E treatment did not interfere with Plexin-
150 D1-Mtss1 complex formation, indicating that the complex is formed in a Sema3E-independent manner (Figure
151 2E).

152

153 Mtss1 and Plexin-D1 form a complex and localize to F-actin-enriched protrusions of COS7 cells

154 Because the Plexin-D1-Mtss1 complex is localized on the cell membrane, Mtss1 may regulate Plexin-D1 function
155 at the cell surface. To investigate the role of Mtss1 on Plexin-D1 activity, we first examined whether Mtss1 affects
156 the Plexin-D1 level on the plasma membrane by performing a surface molecule biotinylation analysis. We
157 observed that overexpressed Plexin-D1 proteins in COS7 cells were efficiently biotinylated on the cell surface,
158  but the Plexin-D1 protein level on the surface was not changed during Mtss1 coexpression (Figures 3A and 3B).
159 Another potential mechanism by which Mtssl may affect Plexin-D1 activity might be endocytic regulation
160 because Plexin-D1 is rapidly endocytosed after Sema3E treatment (Burk et al., 2017). However, Mtssl
161 coexpression did not affect Sema3E-induced Plexin-D1 endocytosis (Figures S4A and S4B). Additionally, Mtss1
162 overexpression did not change the Sema3E binding affinity for Plexin-D1 (Figure S4C). These data suggest that
163 Mtss1 does not affect Plexin-D1 cell surface distribution levels, endocytosis after Sema3E stimulation, or Sema3E
164  binding to Plexin-D1.

165 Since Mtss1 plays a well-characterized role in regulating filopodia and spine precursors (Saarikangas et al., 2015;

166 Yu et al., 2016), we hypothesized that Mtss1 forms a complex with Plexin-D1 that brings Plexin-D1 to filopodia-
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167  like structures in COS7 cells. To test this possibility, we coexpressed Plexin-D1 and Mtss1 and analyzed their
168  localization in COS7 cells. Mtss1 overexpression alone in COS7 cells led to a diverse degree of morphological
169  changes, such as excessively spiked or thin and long protrusions. However, overexpression of the Mtss1 missing
170 the I-BAR domain failed to generate these changes in protrusive shape (Figures S4D and S4E ). As shown in
171 Figures 3C and 3D, when Plexin-D1 and Mtssl were coexpressed, both proteins were highly colocalized in F-
172 actin-enriched protrusions. However, overexpression of Plexin-D1 lacking the ICD colocalized with Mtss1 to a
173 lesser degree than wild-type Plexin-D1, whereas Mtss1 was abundant in the protrusions. In addition, Mtss1 lacking
174 the I-BAR domain, which possesses membrane-bending activity, did not generate filopodia-like protrusions in
175 COS7 cells but was localized with -actin, including in marginal areas, probably via the Mtss] WH2 domain
176 (Mattila et al., 2003). Interestingly, although Plexin-D1 was evenly distributed throughout a cell, most Plexin-D1
177 was not present with Mtssl missing the [-BAR domain. These results confirm that the Plexin-D1 and Mtssl
178  proteins form a complex in specialized cell structures such as filopodia.

179

180  Mitssl is colocalized with Plexin-D1 in the growth cone to potentiate repulsion

181 To confirm that Mtss1 leads Plexin-D1 to protrusive structures, such as growth cones, in cultured neurons, Mtss1
182 and Plexin-D1 localization was analyzed by transfecting Mtss/-deficient striatal neurons with expression
183 constructs carrying both proteins. Both overexpressed Plexin-D1 and Mtssl proteins were transported to the
184 growth cone and colocalized in F-actin-enriched regions (Figures 4A and 4B). However, the Mtss1 mutant lacking
185 the I-BAR domain was expressed to a lesser degree in the growth cone than wild-type Mtssl and failed to
186 colocalize with Plexin-D1, which led to reduced Plexin-D1 localization in the growth cone (Figures 4A-4C).
187 These results suggest that Mtss1 facilitates Plexin-D1 transport to the growth cone and that proper Plexin-D1
188 localization mediated through Mtss1 may contribute to triggering repulsive signaling by Plexin-D1 in response to
189  Sema3E. To test this hypothesis, we performed a growth cone collapse assay on DIV3 in direct-pathway MSNs
190 that had been genetically labeled with red fluorescence in Drd1a-tdT crossbred reporter mice. We found that wild-
191 type Drdla-tdT positive striatal neurons underwent a high collapse rate after exogenous Sema3E treatment,
192 whereas the growth cones of neurons lacking Mtss/ did not collapse at a significantly different rate (Figures 4D
193 and 4E). Moreover, since Mtss! knockout did not alter the overall Plexin-D1 expression level in the neurons

194 (Figures 4F and 4G), the reduced collapse rate in the Mtss/-deficient neurons was attributed to insufficient Plexin-
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195 D1 transport to growth cones, not to reduced Plexin-D1 expression. In summary, Mtss1 targeting of Plexin-D1 to
196  the growth cone is critical for robust Sem3E-induced repulsive signaling.

197

198  Mitssl is important for neurite extension in direct-pathway MSNs

199 Previously, Sema3E-Plexin-D1 signaling was shown to act as a repulsive guidance cue that interferes with neurite
200  growth in cultured MSNs (Chauvet et al., 2007). Consistent with this previous report, a reduction in neurite length
201 of cultured direct-pathway MSNs on DIV3 in the presence of Sema3E was observed, whereas the length of the
202 MSNs with Plxndl knocked out was unaffected by Sema3E (Figures S5A and S5B). Next, to examine whether
203 Mtssl expression influences neurite growth by inducing proper Plexin-D1 localization, we cultured striatal
204 neurons from wild-type or Mtssi-knockout mice for 3 days in the presence of exogenous Sema3E. As shown in
205 Figures 4H and 41, we observed growth retardation of the wild-type direct-pathway MSNs exposed to Sema3E,
206 but neurons lacking Mtssl showed a significant reduction in neurite length regardless of Sema3E presence.
207 Furthermore, we observed that a significant number of Mtss/-deficient neurons failed to extend neurites more
208 than twice the cell body size (Figure S5C). Considering the reduced repulsive signaling response in the presence
209 of Sema3E in the Mtss/-knockout cells due to the low level of Plexin-D1 at the axonal tip, increased neurite length
210 was expected. However, because the neurite length of Mtssi-knockout cells was shorter than expected, we
211 hypothesized that Mtss1 plays an important role in neurite extension to induce membrane protrusion. Lack of
212 Mtss1 in the cultured neurons presumably caused a severe neurite-growth-initiating defect, and the neuronal
213 outgrowth defect had a greater effect than the increased growth potential caused by the weakened repulsive signal.
214

215 The absence of Mtssl reduces projection density as well as Plexin-D1 localization in the striatonigral
216 pathway

217 To investigate the role of Mtss! in striatonigral pathway development, we performed an AP-Sema3E binding
218 assay to examine the Plexin-D1-positive tract in brain tissue (Chauvet et al., 2007). In mice expressing wild-type
219 Mitssl showed a significant level of Plexin-D1 in the neuronal pathway reaching the substantia nigra, whereas
220 MitssI-knockout mice exhibited poor neuronal projection and reduced Plexin-D1 localization on E17.5 (Figure
221 5A). In the coronal view, the bundle density of Plexin-D1-positive projections passing between the rTh and GP

222 was reduced in the Mtssi-knockout mice (Figure 5B). Previously, Sema3e mutant embryos showed misrouting
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223 defects in a few striatonigral projections (Chauvet et al., 2007), but we did not observe this phenotype, probably
224 due to the dramatically reduced projections in the Mtss/-knockout brains. Because most mice with conditional
225 Nestin-Cre-driven Mtss/ deletion were born alive, we analyzed the Plexin-D1-positive striatonigral pathway at
226 PO and P5. Consistent with results obtained with E17.5 embryos (Figures 5C and 5D), MtssI-deficient neonates
227 showed fewer Plexin-D1-positive striatonigral projections in the coverage area and a reduced path width (Figures
228 SE-5I). Since no significant change in Plexin-D1 levels was observed in the striatum of Mtss/-deficient mice
229 compared to those in littermate controls (Figures 5J and 5K), these results seemed to indicate that the weakening
230 of the Plexin-D1-positive striatonigral pathway was caused by inappropriate Plexin-D1 distribution as well as
231 neuronal projection impairment.

232

233 The absence of Mtss1 reduces the axonal projection of direct-pathway MSNs, and the projections exhibit
234 anirregular pattern

235 To further identify Plexin-D1-positive striatonigral pathway defects, we crossed Drdla-tdT transgenic reporter
236 mice with conditional Mtss/-knockout mice and visualized the pathway in the offspring. Consistent with the
237 results shown in Figure 5, the total boundary area with Drdla-tdT-positive projections was smaller and less
238  compact in the MissI-knockout mice than in the wild-type mice on P5 (Figures 6A-6C and 6L). On P30, the
239  projection density defects were more obvious, but the boundary area in the wild-type and mutant mice was not
240 significantly different, indicating that Mtss! deficiency led to the formation of fewer striatonigral axonal bundles
241 (Figures 6D-6F and 6L). We assumed that Mtssl regulates the initial striatonigral axonal projection during
242 development of the neonate and that the pathway establishment ends by P7 (Morello et al., 2015); therefore, the
243 scarcity of the projections may be clearer when the brain increases to the adult size. Through the sagittal view, we
244 confirmed that the width of the striatonigral paths was narrower in the Mtss/-knockout neonates compared to that
245 in the wild-type neonates, but any difference was not noticeable in adults (Figures 6G-6K). In another interesting
246 observation, the descending striatonigral projections in the wild-type mice were relatively straight and untangled
247 near the GP region. However, on P5, some Mtss! mutants showed irregular projection patterns with random
248 directionality, but the misguidance defects were not apparent on P30 (Figures 6G and 6H, inset images),
249 suggesting that low Plexin-D1 localization on the extending axons in the Mtss/-knockout mice may have

250 weakened the proper guidance response.

10
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251 Next, we wondered whether Mtss1 specifically contributes to descending striatonigral projection development or
252 dendritic arborization. Since global Mtss/ mutant mice had enlarged brain ventricles and decreased cortical
253 thickness (Minkeviciene et al., 2019), we first examined whether M#ss/ knockout causes any cellular impairment
254 in the striatum. Using cleaved caspase 3 staining to detect apoptotic cells, we found few dying cells in the wild-
255 type and MtssI mutant neonates (Figures S6A and S6B), indicating no significant cell pathology induced by Mtss!
256 expression deficiency. Because approximately 45% of striatal neurons are Mtss1-positive, we performed Golgi
257 staining to observe dendritic defects, such as aberrant branching numbers and/or lengths, and found no difference
258 between wild-type and Mtss! mutants on P5 (Figures S6C-S6E). Taken together, these results demonstrate that
259 Sema3E-Plexin-D1-Mtss1 molecules are specifically involved in the proper guidance of descending striatonigral
260  projections.

261

262 Pixndl knockout recapitulates the striatonigral projection defects observed in the M#ssI mutants

263 Since Mtss1 expression is directly under the control of Sema3E-Plexin-D1 signaling, we investigated whether
264 Plxndl deletion leads to phenocopying of the striatonigral projection defects observed in Mtss-knockout mice.
265 During the neonatal period, the boundary area and compactness of descending striatonigral projections were small
266  and loose, but only reduced projection density was observed in the PlxndI-knockout mice, which was similar to
267 that in the MtssI-knockout mice, as shown in Figure 6 (Figures 7A-7F). We also observed irregular projection
268  patterns near the GP similar to those seen in the MtssI-knockout mice (Figures 7G and 7H). Previous studies have
269  reported that Sema3E-Plexin-D1 signaling defects led to ectopic projection during development or misguidance
270 in the striatonigral pathway of adults (Chauvet et al., 2007; Ehrman et al., 2013), but these phenotypes were not
271 detected in our study. Collectively, our results confirm that Sema3E-Plexin-D1 signaling activates Mtss1 action,
272 through which striatonigral neurons are extended and steered through the proper route to the target destination

273 (Figure 7I).
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274 Discussion

275 Although many studies have reported the identification of proteins locally synthesized in the axon terminal (Jung
276 et al., 2012), most proteins required for growth cone behavior are generated in and delivered from the soma.
277 Because of the diverse roles of guidance molecules, such as driving neuronal cell migration, cell death, and axonal
278 regeneration, as well as in traditional axonal navigation in the nervous system (Kolodkin and Tessier-Lavigne,
279 2011), guidance signaling is generally thought to be involved in the activation of a gene expression program in
280  the nucleus. However, only a few studies have investigated gene or protein expression changes induced by
281 guidance signaling at the transcriptional regulation level (Arvanitis et al., 2010; Yeh et al., 2014). Through a bulk
282 RNA-seq analysis, we showed that Sema3E-Plexin-D1 signaling changed the expression of specific genes,
283 including Mtss1, required for the precise axon guidance of striatonigral neurons. This finding was somewhat
284 unexpected because it was counterintuitive: conventional repulsive guidance cues that mediate growth inhibition
285 induce the upregulation of a positive regulator of neurite extension. We revealed that Mtss1 plays a dual role in
286 axonal steering and extension. Therefore, our findings led to two important discoveries in understanding the axon
287 guidance mechanism. First, axon guidance signaling can switch on the specific genetic program necessary for
288 facilitating its own function, thereby generating the appropriate machinery to accomplish an intrinsic guidance
289 role during neuronal pathfinding. Second, molecules such as Mtssl coordinate negative and positive growth
290 potentials in the axonal pathfinding route. Axon guidance cues require various auxiliary proteins to perform their
291 programmed functions, in particular, transporting guidance receptors to the growth cone, endocytic sorting, and
292  activating signaling cascades (O’Donnell et al., 2009), but none of the cofactors discovered to date have induced

293 direct transcriptional regulation of the guidance signaling with which it is involved.

294 Our findings showed that the specific Mtssl expression and axonal pathfinding process mediated through
295 Sema3E-Plexin-D1 in striatal tissue were recapitulated in cultured neurons. These results imply that a cell-
296 autonomous mechanism is involved in the guidance signaling that regulates Mtssl expression and cellular
297  behaviors. Although Sema3E-Plexin-D1 signaling regulated the expression of a set of genes in the present study,
298  the precise signaling cascade that extends into the nucleus is still not completely understood. Increasing evidence
299 has demonstrated that diverse extracellular stimuli induce dynamic changes in actin and microtubule cytoskeletal

300 networks that depend on Rho family proteins, relaying signals that activate gene expression(Giehl et al., 2015;
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301 Miralles et al., 2003; Percipalle and Visa, 2006; Samarakoon et al., 2010). Therefore, Plexin-D1 protein expression
302 in the soma or dendrite during development may be involved in signaling related to the expression of other genes,

303 and this signaling is probably mediated through actin cytoskeletal regulation.

304 Mtss1 promotes membrane curvature through the I-BAR domain and induces the redistribution of lipids in the
305 membrane, thereby increasing the local phosphatidylinositol 4,5-bisphosphate (PIP2) level at the negatively
306  curved membrane. The elevation of local PIP> levels leads to membrane binding of the - BAR domain via
307 electrostatic interactions(Lin et al., 2018). Interestingly, Sema3E binding to Plexin-D1 elevated PIP: locally to
308 activate Arf6, resulting in rapid focal adhesion disassembly(Sakurai et al., 2011). Since the Mtss1 I-BAR can
309 interact with Plexin-D1 at the curved membrane (Figures 2 and 3), the local increase in PIP2 in the curved
310 membrane region may trigger signaling cascades. Although BAR-domain proteins play pivotal roles in membrane
311 dynamics, a direct association between BAR-domain proteins and axon guidance receptors has not been
312 extensively studied, and functional relevance in vivo is unclear. One example is the stGAP2 protein, which has
313 been studied and shown to bind directly with the SH3 domain of the Robol guidance protein in cooperation with
314 the F-BAR and RhoGAP domains(Guez-Haddad et al., 2015). Interestingly, in endothelial cells, Plexin-D1 forms
315 a complex with SH3BP1, another small GTPase protein containing the F-BAR domain(Tata et al., 2014). Similar
316 to the effect of Mtss1 and Plexin-D1 complex formation via the -BAR domain, SH3BP1 colocalizes with Plexin-
317 DI at lamellipodia in a complex formed via the F-BAR domain and mediates Sema3E-induced cell collapse
318 through Racl activity regulation. However, in contrast to the effect of the Mtss1 mutant missing the -BAR domain,
319 which failed to change the cell morphology, SH3BP1 lacking F-BAR led to cell collapse. Moreover, Sema3E
320 binding to Plexin-D1 caused SH3BP1 to be released from the complex, whereas Sema3E did not interfere with
321 the Plexin-D1-Mtss1 complex (Figure 2E). Because of the diverse roles played by Sema3E-Plexin-D1 across cell
322 types, the effect of signaling induced by this complex may be determined by distinct downstream molecules that

323 share structural similarities in a relevant biological context.

324 To modulate movement information conveyed through basal ganglia circuitry, two distinct types of striatal MSNs
325 send axonal projections to different targets: a direct-pathway MSN expresses the dopamine D1 receptor to promote
326 movement, and an indirect-pathway MSN expresses the dopamine D2 receptor to inhibit movement(Kreitzer and
327 Malenka, 2008; Surmeier et al., 2007). Because of these unique functional and anatomical features, decoding the

328 distinct molecular properties of the two types of MSNs and the regulatory mechanisms involved in circuitry
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329 formation is important. A few previous transcriptome analyses have been performed with juvenile and adult mouse
330 brains(Heiman et al., 2008; Kronman et al., 2019; Lobo et al., 2006), but an understanding of the molecular
331 repertoire of each MSN during development is very limited. In the present study, Mtssl was identified as a
332 selective molecule expressed in striatonigral projection neurons mediated by Sema3E-Plexin-D1 signaling, but its
333 expression is limited to only the early striatonigral projection period; therefore, the previous transcriptome

334 database in adults may have failed to identify Mtss1 as a specific marker molecule in direct-pathway MSNS.

335 In this study, Mtssl expression was found to be relatively high during the perinatal period and then was
336 dramatically downregulated by P7 (Figure 1G), at which time striatonigral projection has ultimately been
337  completed(Morello et al., 2015). Consistent with a previous study showing that Plexin-D1-positive cells in the
338 striatum were first detected on E14.5(Zwaag et al., 2002), we found that its expression increased in the early
339 postnatal stage (Figure 1G). During a similar developing window in the striatonigral pathway, Sema3E was
340 predominantly expressed in the GP and rTh/ZI, which is located in the route to the substantia nigra; therefore, the
341 absence of repulsive Sema3E-Plexin-D1 signaling resulted in defects in striatonigral projection(Burk et al., 2017;
342 Chauvet et al., 2007; Ehrman et al., 2013). However, we did not find ectopic projections, misguidance defects, or
343 enlarged paths in Mtssi- or Plxndl-knockout mice. However, we observed fewer projections with aberrantly
344 tangled patterns. These discrepancies may be explained by the following observations. First, because we used a
345 genetic model to selectively label the striatonigral projections, we could detect abnormal phenotypes at a better
346 specific resolution. Second, we noticed a certain degree of developmental retardation in the Mtssi- or PlxndI-
347  knockout neonates, even among those in the same litter; therefore, we strictly selected samples on the basis of
348  body weight. However, despite the low striatonigral projection formation rate in the MtssI- or Plxndl-knockout
349  mice, the adult mice showed a normal overall range of projection boundary size and width, suggesting that a
350 decrease in repulsive signals in the mutants may have widened the descending projections. Third, the mouse
351 genetic background may have led to the observed phenotypic discrepancies. We previously observed that certain
352 vascular phenotypes were more evident in Sema3e-knockout mice with a 129SVE background than in those with
353 a C57BL/6 background(Oh and Gu, 2013b), implying that relatively minor defects may vary depending on the

354  genetic background.

355 Although there are simply two main views of the traditional axon guidance concept, attractive cue- and repulsive

356  cue-guided axon growth, axon terminals are constantly facing both types of signals en route to the destination. In
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the present study, we showed that the repulsive guidance cues induced a dual-functioning facilitator through which
navigating axons ensure incessant extension to their target tissues while showing sensitivity and subsequent
steering in response to repulsive signals (Figure S7). Because of the tremendous wiring complexity in the central
nervous system, we expect that undiscovered molecules similar to those in the Sema3E-Plexin-D1-Mtss1 complex

are involved in the formation of other circuits.
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32 Materials and Methods

363 Mice

364  Plxndl"x (Plxnd1") mice(Kim et al., 2011) and Sema3e™ mice(Chauvet et al., 2007) were maintained on a
365 C57BL/6 (#000664, The Jackson Laboratory) background. Nestin-Cre (#003771) and Drd1a-tdTomato (#016204)
366 mice were obtained from The Jackson Laboratory (Bar Harbor, USA) and maintained on the same background.
367  The frozen sperms of Mtss"*" mice were generously provided by Dr. Mineko Kengaku and rederived at the
368  Laboratory Animal Resource Center in the Korea Research Institute of Bioscience and Biotechnology (Cheongju,
369 Korea). All protocols for animal experiments were approved by the Institutional Animal Care and Use Committee
370  of Korea Brain Research Institute (IACUC-18-00008, 20-00012). All experiments were performed according to

371 the National Institutes of Health Guide for the Care and Use of Laboratory Animals and ARRIVE guidelines.
372 Plasmids

373 A pBK-CMYV vector containing VSV-tagged human Plexin-D1 cDNA(Gu et al., 2005) was recloned into a pCAG
374  vector (p)CAG-vsv-hPlexin-D1), and a Plexin-D1 construct lacking an intracellular domain (amino acids deleted:
375 1,299-1,925) was generated by PCR-based mutagenesis (pCAG-vsv-hPlexin-D1AICD). pAPtag-5-Sema3E
376 vectors were reported previously(Chauvet et al., 2007), and the mouse Plexin-D1 extracellular domain (amino
377 acids: 1-1,269) was amplified from mouse Plexin-D1 cDNA and directly cloned into a pAPtag-5 vector (pAPtag5-
378  mPlexin-D1-ECD). The human full-length Mtss1 expression construct was purchased from Origene (pCMV6-
379 hMtss1, Cat# RC218273, USA), and the following Myc-tagged Mtss1 deletion constructs (Mtssl AI-BAR [amino
380  acids deleted: 1-250], MtssIAWH2 [amino acids deleted: 714-745], and Mtss1-I-BAR [amino acids: 1-250])

381 were generated by PCR-based mutagenesis.
382  RNA sequencing analysis

383 RNA sequencing (RNA-Seq) library preparation and sequencing were conducted at the ebiogen (Seoul, South
384 Korea). Libraries were constructed using a NEBNext Ultra Directional RNA-Seq Kit customized with mouse-
385 specific oligonucleotides for rRNA removal. Directional mRNA-Seq was conducted using the paired-end, 6 Gb

386  read option of the Illumina HiSeq X10 system.
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387  Bioinformatic analysis for the RNA-Seq

388  The entire analysis pipeline of RNA-Seq was coded using R software (ver. 3.6), which was controlled by
389 systemPipeR (ver.1.18.2). Raw sequence reads were trimmed for adaptor sequences and masked for low-quality
390  sequences using systemPipeR. Transcript quantification of RNA-Seq reads was performed with
391 GenomicAlignments (ver.1.20.1) using reads aligned with the Mus musculus transcriptome annotation using
392 Rsubread (ver. 1.24.6). The FPKM (Fragments Per Kilobase of transcript per Million mapped reads) values were
393 calculated using the fpkm function of DESeq2 (ver. 1.24.0) and were processed using the robust median ratio
394 method. Transcript reads were normalized by the voom function of Limma (ver. 3.40.6). To determine if a
395 transcript was differentially expressed (DE), EdgeR (ver. 3.26.7) calculated the results based on the normalized
396 counts from entire sequence alignments. Significantly DE transcripts with a fold change greater than the raw
397  FPKM value (> 2) and adjusted p-value (< 0.01) in all experimental comparisons were selected and used for
398 further analysis. Gene annotation was added by the online database using Ensembl biomaRt (ver. 2.40.4), and
399  visualization was performed using the R base code and gplots package (ver. 3.0.1.1). For differentially expressed
400 gene (DEQG) sets, hierarchical cluster analysis was performed using complete linkage and Euclidean distance to
401 measure similarity. All data analysis and the visualization of DEGs were conducted using R version 3.0.2 (www.r-

402  project.org).
403  Quantitative reverse transcription PCR (QRT-PCR)

404  Total RNA was extracted from dissected tissue using TRIzol™ (15596026, Thermo). cDNA was synthesized from
405 200 ng of total RNA with a QuantiTect Reverse Transcription kit (205313, Qiagen). Quantitative PCR reactions
406 were carried out in triplicate using SYBR Green I Master Mix (S-7563, Roche) on a LightCycler 480 system
407 (Roche). Expression was calculated using the 222" method with Gapdh as a reference. The following primers
408 were used (forward primer and reverse primer, respectively): Missl: 5’-CCTTTCCCTCATTGCCTGCCT,
409  5’-TCTGAGATGACGGGAACATGCC and Gapdh: 5’-TGACGTGCCGCCTGGAGAAAC, 5’-

410  CCGGCATCGAAGG TGGAAGAG.

411 Cell lines and primary striatal neuron culture

412 COS7 or HEK293T cells were maintained at 37°C with 5% CO2 in normal culture media (Dulbecco’s modified

413 Eagle’s medium (DMEM, 11995-065, Gibco)) supplemented with 10% fetal bovine serum (FBS) and 1%
17
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414 penicillin/streptomycin. Primary mouse striatal neurons were isolated from neonatal pups as described in a
415 previous report with some modifications(Penrod et al., 2011). The whole striatum tissues including globus pallidus
416 were digested with 20 units/ml of Papain (LS003124, Worthington, Lakewood USA) diluted in the dissection
417 solution (5 mM of MgCl> and 5 mM of HEPES in 1xHanks’ Balanced Salt Solution, pH 7.2) followed by multiple
418 washes in the inhibition solution (0.1% BSA and 0.1% Type II-O Trypsin inhibitor diluted in the dissection
419 solution). The tissues were resuspended in neuronal plating media (1 mM pyruvic acid, 0.6% glucose, and 10%
420 heat-inactivated horse serum in Minimum Essential Medium with Earle’s Salts) and triturated fifty times with a
421 fire-polished Pasteur pipette. The dissociated neurons were centrifuged at 1000 xg for 5 min and resuspended
422  with fresh neuronal plating media for cell counting. Then, cells were plated on coverslips or culture dishes coated
423 with 50 pg/ml poly-D-lysine (P6407, Sigma) and 1 pg/ml laminin (354232, Corning) at a density of 3x10*
424 cells/cm?. After 4 h of incubation at 37°C, the plating media were replaced with neuronal growth media (0.5 mM
425 L-Glutamine, B27 supplements in Neurobasal medium (10888022, Gibco)), and a quarter of the media was

426 replaced with fresh growth media every 3 days until harvest.

427 Transfection

428 DNA expression constructs were transfected into the COS7 or HEK293T cells by Lipofectamine 2000 (11668019,
429 Invitrogen) in OPTI-MEM (31985-070, Gibco) for 4 h according to the manufacturer’s instructions, then replaced
430 with normal culture media until the next procedure. For imaging analysis, 0.5 pg of DNA was transfected into
431 COS7 cells (1x10* cells/cm?) cultured on coverslips in a 12-well plate. For biochemical analysis, 4 pg of DNA
432 was transfected into HEK293T cells (3x10* cells/cm?) cultured on a 10-cm dish. To achieve high transfection
433 efficiency into primary neurons, the nucleofection technique using a Lonza Amaxa Nucleofector was performed
434 following the manufacturer’s instructions (Basic Nucleofector Kit for Primary Mammalian Neuron, VAPI-1003).
435 Four pg of expression constructs were added to at least 1x10° isolated neuronal cells for each electroporation, and

436  the transfected cells were plated and cultured as described in the previous section.

437 Alkaline phosphatase (AP)-conjugated ligand preparation and binding analysis

438 AP-conjugated Sema3E and Plexin-D1-ECD ligands were generated in HEK293T cells, and ligand binding
439 experiments were performed as described in previous reports(Chauvet et al., 2007, 2016). Briefly, the AP-

440  conjugated expression construct was transfected into cells by Lipofectamine 2000 (11668019, Invitrogen) and
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441 cultured overnight in DMEM containing 10% FBS. Then, the medium was replaced with OPTI-MEM and
442 harvested at 5 days post-transfection. The collected conditioned medium was filtered to increase ligand
443 concentration.

444 To measure the binding ability of AP-Sema3E to the Plexin-D1 receptor, COS7 cells on a six-well plate were
445 transfected with each expression vector and cultured for 24 h. The next day, cells were washed in an HBHA buffer
446 [1x HBSS, 0.5 mg/ml of BSA, 0.5% sodium azide, and 20 mM of HEPES (pH 7.0)] and incubated with 2 nM of

447 AP or AP-Sema3E for 1 h at room temperature. After seven washes in the HBHA buffer, cells were lysed in 1%

448 Triton X-100 and 10 mM of Tris-HCI (pH 8.0), and the supernatant was obtained by centrifugation at 13,000 xg

449 for 10 min. The lysates were heat-inactivated at 65°C for 10 min, and each lysate was used for AP concentration
450 using a BioMate™ 38§ spectrophotometer (Thermo Scientific) and the amount of protein was measured by BCA
451 assay.

452 For AP-conjugated ligand binding analysis of tissues, 20-pum thick cryosections were fixed in cold methanol for 8
453 min and preincubated in 1XPBS containing 4 mM of MgCl. and 10% FBS for 1 h. Next, a binding solution
454  (1xPBS-MgCl2 and 20 mM of HEPES, pH 7.0) containing 2 nM of AP-Sema3E was applied, and sections were
455 incubated for 2 h at room temperature. After five washes in 1xPBS-MgCl,, sections were briefly soaked in
456  acetone—formaldehyde fixative (60% acetone, 1.1% formaldehyde, and 20 mM of HEPES, pH 7.0) and heat-
457 inactivated in 1xPBS at 65°C for 2 h. Next, sections were incubated in an AP buffer (NBT/BCIP tables,
458 11697471001, Roche) until clear purple precipitation was observed at room temperature. For quantification, three

459 brain sections per animal were analyzed and averaged.

460  Immunoblotting

461 Brain tissue was collected in RIPA buffer with a protease inhibitor cocktail (11697498001, Roche), and protein
462 amounts were quantified using a BCA protein assay kit (23227, Thermo Fisher Scientific). A total of 40 pg of
463 protein was loaded into each well, after which it was separated on a sodium dodecyl sulfate (SDS) polyacrylamide
464 gel and transferred to a polyvinylidene fluoride membrane (IPVH00010, Merck) at 100 V for 90 min. All
465 membranes were blocked in Everyblot blocking buffer (12010020, Bio-Rad) for 1 h and probed overnight with
466 primary antibodies in blocking buffer at 4°C. The primary antibodies included the following: anti-Mtss1 (1:1000,

467 Novus, NBP2-24716), anti-Plexin-D1 (1:1000, AF4160, R&D Systems), anti-B-actin (1:5000, 5125S, Cell
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Signaling), anti-Myc (1:1000, 22768, Cell Signaling), anti-vsv (1:1000, ab3861, Abcam), and anti-Sema3E (1:500,
LS-c353198, LSBio). The membranes were incubated in TBST, and the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies and bands were developed with enhanced chemiluminescence using

Fusion FX7 (Vilber, Germany) and then analyzed using ImageJ software.

Immunoprecipitation

HEK?293T cells were transfected with Lipofectamine 2000, and after 48 h they were lysed in a buffer consisting
of 100 mM of Tris-HCI (pH 7.5), 100 mM of EDTA, 150 mM of NaCl, and 1% Triton X-100 with freshly added
phosphate and protease inhibitors (11836170001, Roche). Cell lysates were centrifuged at 13,000 g for 10 min at
4°C, and supernatants were incubated with antibodies (1:200) at 4°C overnight. Then, protein lysates were
incubated with a magnetic bead for 1 h at 4°C. Next, beads were washed five times with lysis buffer, and bound
proteins were eluted with a 2xSDS sample buffer by heating the beads at 95°C for 5 min. Samples were then
analyzed by SDS-PAGE and western blotting. The following antibodies were purchased from commercial sources:
anti-Myc (1:1000, 22768, Cell Signaling), anti-vsv (1:1000, ab3861, Abcam), anti-Mtss1 (1:1000, NBP2-24716,

Novus), anti-Plexin-D1 (1:1000, AF4160, R&D Systems), and anti-B-Actin (1:5000, 51258, Cell Signaling).

Cell surface biotinylation and endocytosis analysis

Transfected COS7 cells on a 100-mm dish were biotinylated by incubation in 1 mg/ml of NHS-SS-Biotin (21331,
Thermo Scientific), diluted in 1XPBS containing 1 mM of MgClz and 0.1 mM of CaClz (PBS-MC) for 15 min,
washed in PBS-MC containing 10 mM of glycine at least three times, and then rinsed in ice-cold PBS-MC twice
at 4°C. For the negative control, cells were incubated in a stripping buffer (50 mM of glutathione, 75 mM of NaCl,
10 mM of EDTA, 75 mM of NaOH, and 1% bovine serum albumin (BSA)) and washed in PBS-MC twice. For
the neutralization of glutathione, cells were incubated in PBS-MC containing 50 mM of iodoacetamide (11149,
Sigma) three times. All biotinylated or stripped cells were lysed in ice-cold RIPA buffer [S0 mM of Tris-HCI (pH
8.0), 150 mM of NaCl, 1% NP-40, and 1% Sodium deoxycholate] with a protease inhibitor cocktail (11836170001,
Roche), and 100 pg of protein extracts were incubated in pre-washed streptavidin agarose resin (20357, Thermo
Scientific) overnight and rotated throughout. Cell extracts were serially washed in the bead-washing solution
[Solution A: 150 mM of NaCl, 50 mM of Tris-HCI (pH 7.5), and 5 mM of EDTA; Solution B: 500 mM of NaCl,

50 mM of Tris-HCI (pH 7.5), and 5 mM of EDTA; Solution C: 500 mM of NaCl, 20 mM of Tris-HCI (pH 7.5),
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495 and 0.2% BSA] followed by another wash in 10 mM of Tris-HCI (pH 7.5). The bound biotinylated proteins were
496  recovered by adding a 2xsample buffer and boiling extracts for 5 min, and then the supernatants were applied to

497 the western blot.

498 To analyze endocytic protein levels, cells were incubated for 25 min at 37°C in the presence of pre-warmed culture
499 media with 2 nM of AP or AP-Sema3E ligands after surface biotinylation. Then, the biotinylated proteins
500 remaining on the cell surface were removed by stripping procedures, and the rest of the experiment was continued
501 as described in the above section. Excepting those used in the ligand stimulation process, all reagents were pre-

502  chilled, and experiments were performed in an ice or cold chamber.

503  Immunostaining

504  For immunocytochemistry, cultured cells or neurons on coverslips were fixed in 4% paraformaldehyde (PFA) for
505 5 min and washed several times in PBS. Then, cells were permeabilized in PBST (PBS containing 0.1% Triton
506  X-100) for 5 min, blocked with 5% horse serum in PBST for 60 min at room temperature, and incubated in primary
507 antibodies diluted in the blocking solution overnight at 4°C. The next day, samples were washed with PBST three
508  times and incubated for 1 h with Alexa Fluor 488-, 594-, or 647-conjugated-secondary antibodies (1:1000,
509 Thermo). To enable visualization of the F-actins, Alexa Fluor-conjugated Phalloidin (1:50, Thermo) was added
510 during the secondary antibody incubation. After being washed again with PBST, samples were mounted with
511 Prolong Diamond antifade solution containing DAPI (P36962, Thermo). Image processing was performed using
512 ImageJ] or Adobe Photoshop (Adobe Photoshop CC2019) under identical settings. All other immunostaining
513  procedures were the same as those described above. The following primary antibodies for immunocytochemistry
514 were used: anti-vsv (1:1000, ab3861, Abcam), anti-Myc (1:1000, 2276S, Cell Signaling), Phalloidin Alexa Fluor
515 488 (1:50, A12379, Thermo), Phalloidin Alexa Fluor 647 (1:100, A22287, Thermo), anti-RFP (1:1000, ab62341,
516 Abcam), anti-RFP (1:1000, MAS5-15257, Thermo), and anti-alpha-tubulin (1:1000, T5168, Sigma). Images were
517 collected using a Nikon Eclipse Ti-U microscope (Nikon, Japan), Leica TCS SP8 Confocal Microscope (Leica,

518 Germany), or Structured Illumination Microscope (Nikon, Japan).

519 For immunohistochemistry with tissue samples, brains were fixed in 4% PFA overnight and equilibrated with 20%
520 sucrose in 1xPBS. Mouse brain sections were cut into 20-um slices on a cryostat (Leica Microsystems Inc.,

521 Buffalo Grove, IL, USA). Mouse brain sections were permeabilized in PBST (PBS containing 0.2% Triton X-100)
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522 for 10 min, blocked with 2% BSA and 5% normal donkey serum in PBST for 60 min at room temperature, and
523 then incubated in primary antibodies diluted with 2% BSA in PBST overnight at 4°C. The following primary
524 antibodies were used: anti-Mtss1 (1:1000, NBP2-24716, Novus), anti-RFP (1:1000, MAS5-15257, Thermo), and
525  anti-cleaved caspase 3 (1:1000, 9661, Cell Signaling). After being washed with PBS/0.2% Tween 20 (PBST) three
526 times, sections were incubated for 1 h with Alexa Fluor 488-, 594-, or 647-conjugated-secondary antibodies
527 (1:1000, Invitrogen). For negative controls, brain sections were stained with secondary antibodies only. Image

528 processing was performed using ImageJ or Adobe Photoshop (Adobe Photoshop CC2019).

529  Growth cone collapse and neurite length analysis

530 For growth cone collapse assay, striatal neurons at DIV 3 were incubated with 5 nM of AP or AP-Sema3E 3 for
531 25 min. For the preservation of the growth cone structure, 8% PFA was directly added to cultured neurons to
532 equalize at 4% PFA for 10 min at 37°C, and subsequently, another 5-min round of 4% PFA fixation was performed
533 on ice before the immunostaining procedure. Growth cone images were collected from tdT-positive neurons using
534 a Structured Illumination Microscope (SIM, Nikon), and collapsed growth cones were determined blindly. Growth
535 cones with broad lamellipodia were considered intact, whereas those with a few filopodia lacking lamellipodia

536 were defined as collapsed according to previous guidelines(Oh and Gu, 2013b).

537  For measurement of the neurite length, dissociated striatal neurons were cultured for 3 days in the presence of 5-
538  nM ligands and immunostained as described in the above section. The neurons were imaged by a fluorescence
539 microscope (Nikon ECLIPSE Ti-U), and the longest neurite length from tdT-positive neurons was determined
540 using Imagel] software. The neurites that formed a network with another neurite and those whose longest
541 protrusions were smaller than twice the cell body diameter were excluded from measurement according to
542 previous guidelines(Chauvet et al., 2016). For quantification of the degree of co-localization, Pearson’s correlation

543 coefficients were calculated using the manufacturer's software (Nikon, NIS-Elements software).

544 In situ hybridization (ISH)

545  ISH was performed under RNase-free conditions as described in a previous study(Ding et al., 2012). After fixation
546 in 4% PFA for 20 min, 20-um thick cryosections sections were preincubated in a hybridization buffer (5x
547 Denhardt’s solution, 5% saline sodium citrate (SSC), 50% formamide, 0.25 mg/ml of Baker yeast tRNA, and 0.2

548 mg/ml of salmon sperm DNA) for 2 h at room temperature. Next, sections were hybridized in the same buffer
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549 containing the indicated digoxigenin-conjugated riboprobe at 60°C overnight. After hybridization, sections were
550  washed in a serial SSC buffer and formamide solution and then preincubated in buffer 1 (100 mM Tris-HCI, pH
551 7.5, 150 mM NaCl) with a 1% blocking reagent (Roche) for 1 h at room temperature. Next, sections were
552 incubated with sheep anti-digoxigenin-alkaline phosphatase (AP) antibody (1:3000, Roche) for 90 min at room
553 temperature, washed in buffer 1, and then incubated in AP buffer (100 mM of Tris—HCI, pH 9.5; 100 mM of NaCl;
554 and 5 mM of MgClz) containing 4-nitro blue tetrazolium chloride (NBT, Roche), 5-bromo-4-chloro-3-indolyl-
555 phosphate (BCIP, Roche), and levamisole (1359302, Sigma) until purple precipitates were observed. After
556 mounting them with coverslips, the samples were analyzed using confocal laser-scanning microscopy with a
557 Nikon Eclipse Ti-U Microscope or Leica TCS SP8 Confocal Microscope. For double fluorescence ISH, the
558 tyramide signal amplification method with minor modification was used according to the manufacturer’s
559 instructions (NEL753001KT, PerkinElmer). The following anti-sense riboprobes were used: PlxndI(Ding et al.,

560  2012) and Sema3e(Gu et al., 2005).

561 Dil injection

562 For the tracing of the neural projection, small crystals of Dil (1.1-dioctadecyl-3,3,3,3-tetramethyl-
563 indocarbocyanine perchlorate, Sigma) were inserted into the thalamus of an E16.5 mouse brain fixed in 4% PFA
564 overnight and sealed with 2% agarose melt in 1XPBS. Then, the brain was incubated in 4% PFA at 37°C for 2
565  weeks and divided into 100-um thick sections by vibratome (Leica VT200S). The serial brain slices were

566 immediately collected, and Dil-stained sections were imaged by a fluorescence microscope (Nikon Eclipse Ti-U).
567 Striatonigral projection analysis

568 For the analysis of striatonigral projections, P5 or P30 brains from wild-type (Drdla-tdT: Mtss ™), Mtssl cKO
569 (Drdla-tdT:Nes-cre; Mtss 1), or Plxnd1 cKO (Drdla-tdT;Nes-cre; Plxnd”/) mice were fixed in 4% PFA overnight
570  and embedded in a 4% agarose block melt in PBS after being washed with PBS three times. Then, the areas of
571 interest in the brain were divided into 100-pum thick sections by a vibratome (Leica VT200S). The serial brain
572 slices were immediately collected and mounted with Prolong Diamond antifade solution containing DAPI
573 (P36962, Thermo). Sections were imaged by a fluorescence microscope (Nikon Eclipse Ti-U). To perform an
574 accurate phenotypic analysis including dendritic morphology described below, samples were chosen only from
575 the mutant littermates with + 5% body weight variance.
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576 Golgi staining and dendrite analysis

577 Golgi staining was conducted according to the manufacturer's protocol (FD Rapid GolgiStain kit (PK401A, FD
578 NeuroTechnologies, Inc.)). In brief, P5 mouse brains were immersed in a staining solution for 2 weeks before
579 being transferred to a wash solution for 4 days. 100-pum slices were obtained using a vibratome and collected on
580  gelatin-coated slides. During the staining process, slices were washed twice with distilled water for 4 min,
581 immersed in the staining solution for 10 min, and then washed again. Slices were then dehydrated, cleared in
582 xylene three times for 4 min, mounted with Eukitt® Quick-hardening mounting medium (Sigma, 03989), and

583 imaged by light microscopy. Image processing was performed using Neurolucida360 software.

584  Statistical analysis

585 The estimate of variance was determined by the standard error of the mean (SEM), and statistical significance
586 was set at P<0.05. All data were tested with Gaussian distribution using Shapiro-wilk test before statistical analysis.
587 Pairwise comparison was performed using the two-tailed Student’s ¢ test or Mann—Whitney test, and multiple
588 group analyses were conducted with one-way or two-way ANOVA with Tukey’s or Bonferroni’s multiple
589 comparisons test, or Kruskal-Wallis test with Dunn’s multiple comparisons test. For growth cone collapse assay,
590 the x2 test was used as previously reported(Burk et al., 2017). Statistical analyses were performed with Prism§8
591 (GraphPad Software). At least three pairs of mice were used per experiment for all histological analyses. For the
592 quantification of image data, at least three brain sections per animal were collected and analyzed. All data analyses
593 were performed by an investigator blinded to the groups. No statistical methods were used to predetermine sample

594  sizes, but our sample sizes were similar to those generally employed in the field.

595  Data and code availability

596 The accession number for the RNA-Seq data reported in the present study is GSE196558.
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745 Figure legends

746

747 Figure 1. Sema3E-Plexin-D1 signaling induces Mtss1 expression in developing striatonigral projecting
748 neurons in a cell-autonomous manner. (A) RNA sequencing (RNA-seq) analysis of wild-type (WT) (Plxnd ")
749 and conditional neuronal knockout (cKO) (Nes-cre; Plxnd /) pups on P5. The box in red indicates the dorsal
750 striatum region from which RNA was isolated. (B) Volcano plot of significant differentially expressed genes
751 (DEGs) between WT and cKO. Blue and red circles indicate significantly down- and upregulated genes,
752 respectively, as indicated by fold change greater than 2. (C-D) Western blot image showing Mtss| in the striatum
753 of WT or cKO and quantification. Error bars, the mean + standard error of the mean (SEM); **P<0.01 by Student’s
754 t test; Values are averaged from n=5 for WT and n=4 for cKO (E-F) Western blot images and quantification of
755 the striatum of WT or Sema3e” mice on P5. mean + SEM; *P<0.05 by Student’s ¢ fest; values represent the
756 average values obtained for the WT mice, n=7, and Sema3e” mice, n=8. (G) The temporal changes in Plexin-D1
757 and Mtss1 expression in the striatum from E14.5 to adulthood (8-week-old). (H) Immunohistochemistry showing
758  Td-Tomato (red) and Mtssl (green) in the striatum of the Drdla- tdT:Plxndl”/ or Nes-cre; Drdla- tdT:Plxndl”/
759 mice on P5. The small boxes in the striatum image are presented in the inset images at better resolution. Scale
760 bars, 200 um (20 pm in the in the insets). (I) Mtss1 expression in the striatum of conditional Plxndl cKO mice
761 from E16.5 to PO and compared to that in WT control. (J) Quantification of Mtssl expression in (I). mean + SEM;
762 *P<0.05, **P<0.01 by Student’s ¢ test; the values represent the average obtained for the WT, n=4, and ¢cKO, n=4
763 on E16.5, WT, n=3, and cKO, n=3 on E18.5, WT, n=3, and cKO, n=3 on P0. (K) Mtssl expression in MSNs
764 derived from the striatum of WT and PlxndI-cKO mice on PO and measured on DIV3 and DIV6 in culture. (L)
765 Quantification of the blots shown in (K). mean + SEM; **P<0.01, ***P<0.001 by two-way ANOVA with Tukey’s
766 post-hoc corrected for multiple comparison; n=3. n.s., not significant; Str, striatum; Cx, cortex; Th, thalamus; SN,

767  substantia nigra.
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768 Figure 2. The Mtssl I-BAR domain binds to Plexin-D1 and is Sema3E-independent. (A) Schematics
769 depicting full-length constructs of Mtssl and their truncation mutants. (B) Coimmunoprecipitation and
770 immunoblot analysis of HEK293T cells transfected with Mtss1-myc with vsv-Plexin-D1. The interaction between
771 Mtssl and Plexin-D1 was investigated by immunoprecipitation with anti-vsv (top) or anti-myc (bottom) and
772 subsequent western blotting with reciprocal antibodies. (C) Immunoprecipitation and western blot analysis after
773 Plexin-D1 and Mtss1 overexpression. Mtss1-myc did not bind to vsv-Plexin-D1AICD. (D) Identification of the
774  binding domain in Mtss] that interacts with Plexin-D1 by pull-down and western blot assays. (E) Interaction

775  between Mtss1 and Plexin-D1 upon Sema3E (2 nM) treatment.

776

777 Figure 3. Mtss1 directs Plexin-D1 localization to F-actin-enriched protrusions in COS7 cells. (A) Cell surface
778 biotinylation and subsequent western blot analysis to analyze surface localization of Plexin-D1 in COS7 cells. (B)
779 Quantification of the surface Plexin-D1 level as shown in (A). A.U. indicates arbitrary units. The values represent
780 the averages of the fold ratios compared to those of total Plexin-D1. mean = SEM; n.s. P>0.05 by Student’s ¢ test;
781 n=3. (C) Immunocytochemistry for vsv-Plexin-D1 (red), Mtss1-myc (green), and F-actin (gray) in COS7 cells.
782 Images were obtained by structured illumination microscopy (N-SIM). White arrows (top) indicate colocalized
783 Plexin-D1 and Mtssl in the protrusion structure. White arrowheads (middle) indicate high Mtss1 levels localized
784 in cell protrusions without Plexin-D1. Yellow arrows (bottom) indicate the normal cell surface with Mtss1AI-BAR
785  but no Plexin-D1 colocalization. (D) Colocalization rates between vsv signals and myc signals were assessed by
786  Pearson’s correlation coefficient. mean + SEM; *P<0.05, **P<0.01, ****P<(0.0001 by one-way ANOVA with
787  Tukey’s post-hoc corrected for multiple comparison; vsv-Plexin-D1+Mtssl-myc, n=12; vsv-Plexin-

788 DIAICD+Mtss1-myc, n=12; vsv-Plexin-D1+Mtss1AI-BAR-myc, n=11. Scale bars, 5 pm.
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789 Figure 4. Mtss1 places Plexin-D1 in the growth cone to potentiate repulsive signals and contributes to
790 neurite extension. (A) Immunocytochemistry for vsv-Plexin-D1 (red), Mtss1-myc (green), and F-actin (gray) in
791 the growth cones of MSNs transfected with vsv-Plexin-D1 and Mtss1-myc or Mtss1AI-BAR-myc derived from
792 MitssI-null mice. Scale bars, 5 pm. (B) Quantification of the intensities in the growth cones. The values represent
793 averages of the fold changes compared to the expression in the control samples (vsv-Plexin-D1+Mtssl-myc).
794  mean + SEM; **P<0.01, ***P<(0.001 by two-way ANOVA with Tukey’s post-hoc corrected for multiple
795 comparisons; vsv-Plexin-D1+Mtss1-myc, n=8, and vsv-Plexin-D1+Mtss1AI-BAR-myc, n=9. (C) Quantification
796  of the colocalization using Pearson’s correlation coefficient calculation. mean + SEM; **P<0.01 by Student’s ¢
797 test; vsv-Plexin-D1+Mtss1-myc, n=8, and vsv-Plexin-D1+Mtss1AI-BAR-myc, n=9. (D) A growth cone collapse
798 assay in the presence or absence of Sema3E (2 nM) was performed with MSN cultures derived from WT (Drdla-
799 tdT:Mtss ') or cKO (Drd1a-tdT: Nes-cre; Mtss1’/) mice. Scale bar, 10 um. (E) Quantification of collapsed growth
800  cones in (D). **P<0.01, ****P<(0.0001 by x2 test; WT+AP, n=155, WT+AP-Sema3E, n=163, cKO+AP, n=149,
801 cKO+AP-Sema3E, n=149. (F) Plexin-D1 expression in the MSNs of Mtss/-WT or cKO mice. (G) Quantification
802 of Plexin-D1 shown in (F). mean + SEM; n.s. P>0.05 by Student’s ¢ test; WT n=3, cKO n=4. (H) Representative
803  images of Drdlat+ MSNs derived from MissI-WT or- cKO. Scale bars, 20 um. (I) Quantification of neurite
804  length(Chauvet et al., 2016). The values represent averages of fold changes ratios compared to the length in the
805 control samples (MtssI”/ mice treated with AP). mean + SEM; **P<0.01, ****P<(0.0001 by Kruskal-Wallis test
806  with Dunn’s post-hoc corrected for multiple comparison; WT+AP, n=179, WT+AP-Sema3E, n=144, cKO+AP,

807 n=184, and cKO+AP-Sema3E, n=147.
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808  Figure 5. The absence of Mtss1 expression leads to fewer Plexin-D1 molecules localizing to the developing
809 striatonigral projection despite unchanged Plexin-D1 expression in the striatum. (A) AP-Sema3E binding
810 assay (top) to detect Plexin-D1 expression (white arrows) in striatonigral projections on E17.5 and
811 immunohistochemistry staining (bottom) for neurofilaments (NFs) in adjacent parasagittal sections. The
812 diminished projections are marked by white brackets (middle of the striatum) and arrowheads (near substantia
813 nigra regions). Scale bars, 1 mm (top images) and 500 um (bottom images). (B) Coronal view of Plexin-D1
814 localization in striatonigral projections. Yellow dotted lines indicate the corridor between the thalamus and globus
815  pallidus. Insets show in the images in dotted boxes at higher resolution. Scale bars, 1 mm (top) and 200 um
816 (bottom insets). (C) Schematic representing the quantified region. The dotted red lines indicate the striatonigral
817 projection-covering areas. The width (blue segment) of the striatonigral tract was measured as previously
818 described(Burk et al., 2017). (D) Quantification of the Plexin-D1-positive area in the total striatonigral projection.
819 mean + SEM; **P<0.01 by Student’s ¢ test; WT, n=12, cKO, n=12 (3 sections/mouse). (E) AP-Sema3E binding
820 assay in WT or cKO mice on PO (top) and P5 (bottom). White arrows indicate the striatonigral projections. Scale
821 bars, 1 mm. (F-I) Quantification of the Plexin-D1-positive area and projection width on PO (F and G) and P5 (H
822 and I) according to the scheme shown in (C). mean = SEM; *P<0.05, ***P<0.001, ****P<0.0001 by Mann-
823 Whitney test (F-H) and Student’s ¢ test (I) n=15 at PO and n=18 on P5 (3 sections/mouse). (J) Western blotting of
824 striatal Plexin-D1 expression on P5. (K) Quantification shown in (J). mean £ SEM; n.s. P>0.05 by Student’s ¢ test;

825 WT, n=3, cKO, n=4. EP, entopeduncular nucleus; Gp, globus pallidus.
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826  Figure 6. The absence of Mtssl reduces the direct-pathway projections, and the projections show an
827 irregular pattern. (A) Immunohistochemistry of coronal sections of striatal projections labeled with td-Tomato
828  endogenously expressed through the Drdla promotor in wild-type (Drdla-tdT - Mtss /) or MtssI-deficient mice
829  (Drdla-tdT:Nes-cre;Mtss1”') on P5. The dotted boxes on the left images are shown in the inset images at higher
830  resolution. Scale bars, 1| mm (left column) and 500 pum (inset images). (B-C) Quantification of the intensity (B)
831 and area size (C) of the striatonigral projection in the dotted region in the inset images. mean = SEM; ***P<0.001,
832 *#%%P<0.0001 by Mann-Whitney test (B) and Student’s ¢ test (C); n=18 per group (6 sections/ mouse). (D)
833 Immunohistochemistry of coronal section images on P30. Scale bars, 1 mm (left column) and 500 pm (inset
834 images). (E-F) Quantifications as described for the results obtained on P5. mean = SEM; ****P<0.0001 by Mann-
835 Whitney test (E) and Student’s ¢ test (F); n=18 per group (6 sections/mouse). (G-H) Representative striatonigral
836 projections in parasagittal sections obtained from Mtss/-WT or -cKO mice labeled with Drd1a-tdT on P5 (G) or
837 P30 (H). Dotted boxes indicate the area magnified in the right monochrome images. White arrowheads show
838  misguided striatonigral projections observed on P5. Scale bars, 500 pm (left column) and 200 pm (inset images).
839 (I) Diagram depicting the width (red line) of the striatonigral pathway measured as described previously(Burk et
840 al., 2017). (J-K) Quantification of the width of the striatonigral projections on P5 (J) and P30 (K). mean = SEM;
841 *%P<().01 by Student’s ¢ test; WT, n=3, cKO/, n=4 on P5, WT, n=4, and cKO, n=3, on P30. (L) Schematic diagram

842 summarizing the results. Hp, hippocampus

34


https://doi.org/10.1101/2022.05.03.490499
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.03.490499; this version posted May 4, 2022. 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.

843 Figure 7. The absence of Plxndl recapitulated the phenotypes observed in the Mitss! knockout. (A)
844 Immunohistochemistry of representative striatonigral projection images labeled with Drdla-tdT in WT (Drd!a-
845  tdT,Plxnd ') or Plxndl cKO mice (Drdla-tdT;Nes-cre; Plxnd ') on P5. The dotted boxes in the images are shown
846 in the inset image on the right. Scale bars, 1 mm (left column) and 500 pm (inset images). (B-C) Quantification
847 of the intensity (B) and area size (C). mean + SEM; ****P<(0.0001, by Student’s ¢ test; n=18 per group (6
848 sections/mouse). (D) Coronal section images on P30. Scale bars, | mm (left column) and 500 um (inset images).
849 (E-F) Quantification of the intensity (E) and the area size (F) on P30. means = SEM; ***P<0.001 by Mann-
850 Whitney test (E) and Student’s ¢ test (F); n=18 per group (6 sections/ mouse). (G-H) Representative images
851 showing parasagittal sections of brains from WT or Plxnd! cKO mice on P5 (G) or P30 (H). Dotted boxes are
852 magnified in the panels on the right. Scale bars, 1 mm (left column) and 500 pm (inset images). Misguided
853 striatonigral projections on P5 (white arrowheads). (I) Model showing striatonigral projection via Sema3E-Plexin-

854  DI1-Mtssl complex.
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g5 Supplemental figure legends

856

857  Supplemental Fig. 1. Identification of Mtss1 in the striatum on P5 through RNA sequencing (RNA-seq)
858 analysis. (A) Expression of Plxnd] mRNA from wild-type (WT) (Plxnd ") or conditional knockout (cKO) (NVes-
859  cre; Plxnd1") littermate mouse striatum on P5 was examined via in situ hybridization (ISH). Scale bar, 500 pum.
860 (B) PixndI mRNA expression was determined by reverse transcription-polymerase chain reaction (RT-PCR). (C)
861 Common gene expression patterns were determined through two independent experiments and by RNA-seq. The
862 values in the principal component analysis (PCA) plot indicate the amount of variation attributed to each principal
863 component. Small circles indicate individual samples, and large ovals represent experimental groups. (D)
864 Heatmap showing differential gene expression patterns as determined through RNA-seq analysis. Each row
865 represents hierarchically clustered genes, and each column represents experimental samples with dendrograms
866 and clusters generated with RNA-seq data. Red in the heatmap indicates upregulation of gene expression, and
867 blue denotes downregulation of gene expression; measures were based on z score. (E) Most highly enriched Gene
868 Ontology (GO) biological process and cellular component categories in Nes-cre,; Plxnd 1"/ samples were visualized
869 on the basis of significant differentially expressed genes (DEGs) determined by RNA-seq. The size of a circle
870 represents enriched genes, and the color represents —logio of the P value. Relative levels of Mtss] expression in
871  the striatum of Plxnd”' or Nes-cre;Plxndl”/ mice on P5 were compared by RNA-seq (F) and quantitative RT-
872 PCR (qRT-PCR) (G) Error bars, the mean + standard error of the mean (SEM); **P<0.01 by Student’s ¢ test;

873 Plxnd1”,n=16, Nes-cre;Plxnd’f, n=14, in four independent experiments.

874

875  Supplemental Fig. 2. Selective expression of Mtss1 in the mouse striatum on P5. Immunohistochemistry
876 staining for Drdla (red) and Mtssl (green) in sagittal sections of the striatum and the cortex of the Drdla-tdT
877 mouse brain on P5. Boxed areas are shown in the magnified images. Scale bar, 500 um (top) and 50 um (magnified

878 images in the bottom two panels). Cx, cortex, and Str, striatum.
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879  Supplemental Fig. 3. Sema3E expression through thalamostriatal projection on E16.5. (A) The expression
880  levels of Plxndl mRNA (green) and Sema3e mRNA (red) in the brains of E16.5 mice were detected by double
881 fluorescence immunohistochemistry. The red arrow in the bottom right image indicates the Sema3E protein
882 detected by AP-Plexin-D1-ECD (extracellular domain). Scale bar, 1 mm. (B) Thalamostriatal projections in the
883 parasagittal sections of the brains on E16.5 were stained by Dil to visualize the projecting axons from neurons in
884  the thalamus. Scale bar, 500 um. (C) Sema3E protein in the striatum of E16.5 brain was detected by western blot

885 analysis. Cx, cortex; Str, striatum; and Th, thalamus.

886

887  SupplementalFig. 4. Mtss1 expression affects neither Plexin-D1 endocytosis nor Sema3E binding with
888 Plexin-D1 but leads to morphological changes of COS7 cells. (A) Endocytosed biotinylated vsv-PlexinD1 was
889  detected by western blot analysis following cell surface stripping in the presence or absence of AP-Sema3E (2
890  nM). (B) Quantification of samples shown in (A). The values in the graph are averages of fold change compared
891 to the expression in control samples (vsv-Plexind] treated with AP-Sema3E) in three independent experiments.
892 Error bars, the mean + SEM; n.s. P>0.05 by Student’s ¢ test; in three independent experiments. (C) Mtss1 did not
893 affect the interaction between Sema3E and Plexin-D1, as quantified by AP-Sema3E binding assay. The values in
894 the graph represent averages of fold changes compared to the expression in control samples (vsv-Plexind1 treated
895  with AP-Sema3E). Error bars, the mean = SEM; n.s. P>0.05 by Kruskal-Wallis test with Dunn’s post-hoc corrected
896 for multiple comparison; vsv-Plexin-D1+AP, n=8; vsv-Plexin-D1+Mtssl-myc+AP, n=7; vsv-Plexin-D1+AP-
897 Sema3E, n=8; and vsv-Plexin-D1+Mtssl-myc+AP-Sema3E, n=8, in three independent experiments. (D)
898  Schematics describing the full-length construct of Mtss1-myc and its deletion mutant constructs (Mtss1AI-BAR-
899  myc, Mtss1AWH2-myc, and I-BAR-myc). (E) Immunocytochemistry images taken after overexpression of each
900  construct. Constructs show the - BAR domain leading to diverse cell protrusion morphologies. Some of the
901 protrusions were excessively spiked (arrows) or thin and long (arrowheads). Overexpression of the [-BAR domain

902  only (I-BAR-myc) can induce extreme protrusion structures. Scale bar, 20 um.
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903  Supplemental Fig. 5. The Sema3E-Plexin-D1-Mtss1 signaling axis specifically regulates the neurite
904  extension of direct-pathway MSNs. (A) Representative images showing Drd1a-tdT-positive MSNs derived from
905  Drdla-tdT:Plxnd 1"/ or Drdla-tdT:Nes-cre; Plxnd1”/ mice in the presence or absence of AP-Sema3E and cultured
906  for 3 days. Scale bars, 20 um. (B) The growth of neurites of Drd1a-tdT-positive MSNs was inhibited by treatment
907  with AP-Sema3E, whereas MSNs lacking Plxndl did not respond to AP-Sema3E treatment. The values in the
908 graph represent averages of fold changes compared to the expression in the control samples (Plxnd "/ mice treated
909  with AP). Error bars, the mean = SEM; ****P<(.0001 by Kruskal-Wallis test with Dunn’s post-hoc corrected for
910  multiple comparison; Drdla-tdT:Plxndl”/ +AP, n=161; Drdla-tdT:Plxndl”/ +AP-Sema3E, n=145; Drdla-
911 tdT:Nes-cre; Plxnd 1’/ +AP, n=144; and Drdla-tdT Nes-cre Pixnd 1’/ +AP-Sema3E, n=109, in three independent
912 experiments. (C) The percentage of Drd1a-positive MSNs with neurites shorter than twice the cell body diameter.
913  *P<0.05, **P<0.01 by 2 test; Mtss "/ +AP, n=48; Mtss 1"/ +AP-Sema3E, n=47; Nes-cre; Mtss1”/+AP, n=48, Nes-

914 cre;MtssI”/+AP-Sema3E, n=48, in four independent experiments.
915

916  Supplemental Fig. 6. The absence of Mtss1 does not affect MSN survival or dendritic arborization during
917  striatonigral pathway development. (A) Immunohistochemistry staining for cleaved caspase 3 (CC3), marked
918 by white arrowheads in the striatum of wild-type (WT) (Mtss ") or conditional knockout (cKO) (Nes-cre; Mtss ')
919  mice. Scale bar, 200 um. (B) Cell death was quantified by the number of CC3-positive cells in a 1x1 mm? area
920 covering the dorsal part of the striatum in Miss” or Nes-cre;Mtss” mice. Error bars, the mean = SEM; n.s.
921  P>0.05 by Mann-Whitney test; Mtss I/, n=20; Nes-cre;Mtss1”/, n=20 (5 sections/ mouse). (C) Representative
922 Golgi staining images at low (top panels) and high magnification (bottom panels). Scale bar, 100 pum. (D) Sholl
923 analysis of dendritic morphology. The number of dendritic intersections on concentric rings spaced at 10 um
924 intervals from the soma. No difference was found between WT and cKO mice. Error bars, the mean = SEM; n.s.
925  P>0.05 by two-way ANOVA with Bonferroni’s post-hoc corrected for multiple comparison; Mtss”/, n =12; Nes-
926 cre;MtssI”/, n=15, of 3 mice. (E) Dendrite length analysis was performed with Imagel. Error bars, the means +

927  SEM; n.s. P>0.05 by Student’s ¢ test; Mtss 1%/, n =12, and Nes-cre;Mtss1”/, n=15, from 3 mice.

928  Supplemental Fig. 7. Schematic summary showing striatonigral projection development via a

929  serial reciprocal interaction of Sema3E-Plexin-D1-Mtss1 complex.
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Supplementary Figure 1
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Supplementary Figure 4
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Supplementary Figure 5
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Supplementary Figure 6
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Supplementary Figure 7
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Supplementary Table 1

KEY RESOUCES TABLE

REAGENT or RESOURCE

SOURCE

IDNETIFIER

Antibodies

Rabbit anti-Mtss1

Goat anti-Plexin-D1

Rabbit anti-B-actin/HRP

Mouse anti-Myc

Goat anti-Vsv

Human anti-Sema3E

Rabbit anti-RFP

Mouse anti-RFP

Mouse anti-alpha-tubulin

Rabbit anti-cleaved caspase3

anti-digoxigenin-alkaline phosphatase

Goat anti-mouse IgG/HRP

Donkey anti-rabbit IgG/HRP

Novus Biologicals

R&D systems

Cell Signaling Technology

Cell Signaling Technology

Abcam

LSBio

Abcam

Thermo Fisher Scientific

Sigma-Aldrich

Cell Signaling Technology

Roche

Thermo Fisher Scientific

Jackson ImmunoReasearch

Cat# NBP2-24716
RRID: AB 2716709

Cat# AF4160
RRID: AB 2237261

Cat# 51258
RRID:AB_1903890

Cat# 2276
RRID:AB_331783

Cat# ab3861
RRID:AB 304118

Cat# LS-c353198

Cat# ab62341
RRID:AB 945213

Cat# MAS-15257
RRID:AB_10999796

Cat# T5168
RRID:AB_477579

Cat# 9661
RRID:AB 2341188

Cat# 11093274910
RRID:AB_2313640

Cat# 31430
RRID:AB_228307

Cat# 711-035-152
RRID:AB 10015282
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Donkey anti-goat I[gG/HRP

Donkey anti-rabbit IgG, Alexa Fluor 488

Donkey anti-mouse IgG, Alexa Fluor 488

Donkey anti-goat IgG, Alexa Fluor 568

Donkey anti-rabbit IgG, Alexa Fluor 568

Donkey anti-mouse IgG, Alexa Fluor 568

Donkey anti-mouse IgG, Alexa Fluor 647

Jackson ImmunoReasearch

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 705-035-147
RRID:AB_2313587

Cat# A-21206
RRID:AB 2535792

Cat# A-21202
RRID:AB 141607

Cat# A-11057
RRID:AB 142581

Cat# A-10042
RRID:AB 2534017

Cat# A-10037
RRID:AB_2757558

Cat# A-31571
RRID:AB 162542

Chemicals, peptides, and kits

TRIzol™ Reagent

QuantiTect Reverse Transcription kit
LightCycler 480 SYBR Green I Master
RNasin® Ribonuclease Inhibitor

Halt™ Protease and Phosphatase Inhibitor
Cocktail

Pierce™ BCA Protein Assay Kit
Immobilon-P PVDF Membrane

SuperSignal™ West Pico PLUS
Chemiluminescent Substrate

SuperSignal™ West Femto Maximum
Sensitivity Substrate

Thermo Fisher Scientific
Qiagen

Roche

Promega

Thermo Fisher Scientific

Thermo Fisher Scientific
Merck

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 15596026

Cat# 205313

Cat# 04 887 352 001

Cat# N2115

Cat# 78444

Cat# 23225

Cat# IPVH00010

Cat# 34580

Cat# 34096
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ProLong™ Diamond Antifade Mountant
with DAPI

Eukitt®
medium

Quick-hardening ~ mounting

Alexa Fluor™ 488 Phalloidin

Alexa Fluor™ 568 Phalloidin

Alexa Fluor™ 647 Phalloidin

Gibco™ DMEM, high glucose, pyruvate
Fetal Bovine Serum
Penicillin-Streptomycin

Opti-MEM™ | Reduced Serum Medium

HyClone Dulbecco's Phosphate Buffered
Saline

HBSS, no calcium, no magnesium
Paraformaldehyde
Magnesium chloride
Poly-D-lysine hydrobromide
Corning® Laminin

2000

Lipofectamine™ Transfection

Reagent
Basic NucleofectorTM Kit
NBT/BCIP Ready-to-Use Tablets

Dil (1.1-dioctadecyl-3,3,3,3-tetramethyl-
indocarbocyanine perchlorate)

FD Rapid GolgiStain™ Kit

Thermo Fisher Scientific

Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Gibco™
Hyclone
HyClone
Gibco™

HyClone

Gibco™

Electron Microscopy Sciences
Sigma-Aldrich

Sigma-Aldrich

Corning

Thermo Fisher Scientific

LONZA
Roche

Sigma-Aldrich

FD neurotechnologies Inc.

Cat# P36962

Cat# 03989

Cat# A12379

Cat# A12380

Cat# A22287

Cat# 11995-065

Cat# SH30084.03

Cat# SV30010

Cat# 31985070

Cat# SH30028.02

Cat# 14170120

Cat#19202

Cat# M8266

Cat# P6407

Cat# 354232

Cat# 11668019

Cat# VAPI-1003

Cat# 11697471001

Cat# 468495

Cat# PK401A

Deposited data

RNA-seq (P5 mice, striatum)

This paper

GEO: GSE196558
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Experimental models: Organisms/strains

Mouse: C57BL/6J
Mouse: Nestin-Cre
Mouse: Drdla-tdTomato

Mouse: Mtss 1"

Mouse: Plxnd1/10x/x

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

Center for Animal Resources
and Development Database
(CARD) under permission of
Dr. Mineko Kengaku

Obtained from Dr. Chenghua

Stock# 000664
Stock# 003771
Stock# 016204

Card ID#2760

Kim et al., 2011

Gu
Mouse: Sema3e*” Obtained from Dr. Chenghua Chauvet et al., 2007
Gu
Software and algorithms
Image J NIH https://imagej.nih.gov/ij/
Prism 9 GraphPad https://www.graphpad.com/scientific
-software/prism/
Image Lab (v5.2.1) BIO-RAD https://www.bio-rad.com/
Fusion FX Vilber https://www.vilber.com/fusion-fx/
LightCycler®480 (v1.5.1) Roche https://lifescience.roche.com/
Leica Application Suite X Leica https://www leica-
microsystems.com/
NIS-Elements AR (v4.51.00) Nickon https://www.microscope.healthcare.n
ikon.com/
NIS-Elements (v4.50.00) Nickon https://www.microscope.healthcare.n

ikon.com/
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